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Introduetion®
@
This monographlic haplier has wrovn QuL of a plapﬂ“d much

1ess exganéeﬁ veview srticle on the moon's surzachﬁ selxc;aeé

for the end of 18¢0. iﬂﬁb?&dg a comr1ete mecna dl and

.......

statils tzcal snatyslis of Eha Ilunay suriage hm

310?”

!,’!)
m?
)
4
i3
CD

I}

w

ney guan u?tﬁnive 1i @s? wmtasﬁ% hnucvu? _iteéﬁtiﬁg éﬁg»

thing like a comdlets review 0; the G‘i&tihg 1itera$u¥é. Aiacg
during the bLwo yeers whie? have pass o8 sinee the above~ t
-mentioned §fﬁvisiena1 ﬁeaélineg m&v§ new Taotusl moterisl

has been p;3v1ﬂea by yhe Amavican i eﬁ; Suvveyef and Ofbi%arg
as well 25 by‘hus&i@n spacecralfts; rome of these dsbs have been
ineerpcrated into the framework of 1his snslysis, incomple-
tely‘hcwevéra The materigl 18 too vnlullnou anﬁ-&till

incroea Siﬂgg aveiting exhaustive i?@atmﬂnt at s lafer date. Yoi,

a6 things ttend now, the selected data used here ap:

kY,
(}.}
&
1
lﬂs .
o
o
&
it

=

sufficient in characterizing the machenical znd 04 ther properiies
of the lunsr s0il and surface, so st not jueh‘substaw*inl
change ex *“t 1n se&e details can Dba expécied Trdw a coupre-
hansive dic é ssion of the entire maserisl. The suceess in
predicting st stic alty from flfsn principles the observed
distributicn of crater numbers over a wide vange of size$9
from 3 om to 8 km, lends support to the . reliabilit ty of the
thecretical besis of cratering and »rcsion which fcrms the

backbene of this chapter.

* In the t:bles; abbrevialed numerals are ofien used, substiub-

; - . " 6 ¥ .
ing for yowers of ten: 1.538 lleaig;a 10 lO; Gfﬂ::ﬁaa;x‘103o
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The phenomenal growth of lunar litersbure, while con-
tributing o the knowledge of our s&tellite,whaslnét;remove&
'uhe aceurrpnce ‘of conbvaaletafy'1ﬁb@r0rat&tiozs aven in such
ba51e gquesthions g th@ ovrigin of luﬁaﬂ cgravers. In this re &recu
“an old tendency manifests itself: to make hypotheses avout
sstronomical objects which are based on only one aspect of the
problem, while overleoking or ignoring contradictory evidence.
Hence an lroression is ereceted that astronowers slways disagree
betveen themselves, an impression that transpires even by
reading the best review articles on the moon {(Baldwin, i984a)%.

Undoubt ed3y9a1fficulty of a direct proof and impossibility
of experimentation were conducive tu such =z étaﬁe'ﬁf affairsy
surprieingly even in the cass of the nearest of all celestial
hodieg. Aleo, lJunar physical studry hes for oo lonz been
neglected bg’professibn“_ aotraﬂcme"w and 1eft In the nands
ot amaﬂaurs;wvhese mﬁfibS; however, are by no means +ta ha
underesiimsted.

At present, space researqh'hss Trought the meon sowtow

~Speak withia an arm's length, and wany thsories csn he prored

D d

*Symbolically in this context, there exists s purely formal
‘ambiguity in defining selenographic direections. Tn this article
the directims are reckoned "estronemically? as for the

terrestrial telescopie observer. Yhen South is gbove, West io
Lo the Jert, so that Mare Crisium is in the western hewie

sphere. In “he Tastronaubicalt reckoning, the direections are
inverted as for an observer standing on the moon.



or disproved as in s laborotory; and the woon ig increasingly
bécoming the object of professional study. Yet o now soures

é? misinterpretations is becoming Lircublesome. In the old

days; the sstronomer.-had btime for the study of oll the relevant
Literatures and for s critical =zssesiwent of the svallahle
evidence. Aovadsys., with the enormous supply of scisntifie
publicsliiongs 1% bacomes pfagreasivamy mere Alfficult o
master tﬁe entime litergture; or evan the deteils of one navrow
branch of science. This has led %o azn ever inersssing habit

of %rus%ing authority, second~ and even thlrd-hand. State~

ments are cepeated which pever would have been wmade upon

o)

rivicel study of Phe evidence. Brring is in humen natiire,y
but $oo much reliance on unchecked suthority mey lead to un-
warranted perpetuation of error, a8 has happened with the ‘
nueh publieized Soﬂcé“laé gaseous eruption from the crater
Alphonsus. The speeobrogram was not studisd properlys or it
would have becowe obvicns that no gas was smittédd, bub ﬁhaﬁ
iumineaéeaaé'af the 80lid peal of the erateyr wes responsible
for the phenomencn. As a clasdesl case af‘reﬁeaﬁed Jris N
interpretetion, the Alphensus "eruriion® is specially deslt

= b

witit in Seection I.

when this, and similar unfounéed oy one-sided Inter-
pretetions are disecarded, the pleture of the lunar surface
becomes wuch less codbroversial. As = powerful instrument
of interpretstion, w00 little used until noWy thé guantitstive

theory (and experiment) of so0lid-bedy impact (hypervelecity



P em
and low-velocity) helps o resolve the most relevant problems
of ecrater formation and erosion, dust formation sznd transport;
bearing on the strength of lunar so’l snd roek and the
mechenical structure of ﬁhé‘unper-few kilometers of vhe lun=zr
cruéta The quantlbptive gpproximation is of the order of
10-20 per cent in aboolute linsax measure, thus Far bettef\
than an orcer-cf-magnitude approach. Witﬁ ancther lifttle useid
lnstrument; the theory of Planetary encounters ag developad
by the auttor; it is possible to rerove mich (if not all) of
the smbiguity welating to the origin and internal structure

© the moorn, WQL ch is alse directly related to the present

structure end properties of the luner surface.

I. Ths honsus Fiyent, qnd,Piuovp gcyelslicy

ety sm it e

on the Lunar Surface

Instigated by some observations of Dinsmore Alter in
Celifornis, the Russian astroncmer Rozyrev kept unﬁer onservi
tion the erater Alphonsus in October snd November, 1958. As

stated in his report (Kozyrev, 1259a), he was intentionally

=t

1 search o volcanic phenomena on t1e moon. ILa the early

moxrning of Jleveiber 3y 19583, he notiied an unusuval brightenirg

[t

ot the peak of the crater and, while the br ightening 1 abteac

D )

i‘J

a spectrogrum teken with the S0-inch Crimesn reflector (1in
scele 10 seconds of are or 18.4 km to the m,dispersion
23 K/mm at By exposure 3¢ min) shoved strong banded emission

over the peck. The emission no longe: was visible on the next



P
gpechrogran, nor wg%zit vi q1b"lo in pvev¢oublj Laken SPactra.
The moon was_cne day before las® quarter, the altitude of
‘the sun ov:r Alphonsus was 18°, .ané about 31° over the
1liuvminsted blOgC of the pesk. hbDIOGUC'iOQS of ihe spectro-
gramsy witt photograohs of the erater itself, were published
repeatedly (Kozyrev, 1858b, 1882) Twi no essentisl poinits
were aﬂdeé to the first diséussien {KGZJTEV, 195%a) which
oz ap0e9r=u‘vndew hbe caallonﬁlng title of "Volcsnic nCLlVT&y
on the oo 1, Essentz _1y Kozngvﬂ~aaa GLthsuﬂldEﬂtWIled
the band sﬁrﬁcture of the observed ewmigsion with that of the
cometery radi;él Co as fiuevescenb in "unlighte

Yet @}e éétails of the spectrum slong the slit,hor at
right angles to the dispersion, ghow w*theuh The lesst trace
oi doubt that the luminéscence wag strictly confined to ithe
1iluminated portion éf tne pesk, ané that therefore no
gruption of gas ﬁié ever taoke pléceu This hes been peinted
sut hy' Opdl: (19FL Pe 252 and b, p. 218; lo”ob) ﬁut somehow

rlonkea. Digtingvished avthors, trusting Kozyrev‘s anpouﬁ:e»
ment and without tal 1ﬁg & critical look at the pasLlshea
SchET05TaﬁSg haﬁe been led to discissions of the "gaseous
exruption" (e.g. Baluw1n9 1263, pp. @15w419)= Actuallvg Kozyrov
did measure the dlstribution of mopochfcmacwcal brighitness
of the Sp cltrum along the 611L and his measurements did show

1ndeed-*what was also obv10us from v direct inspection of Tht:

spectrogray s--that the ?acreaue Aﬂ brightness did not affect



-~ 9‘@
: : ig.23 iousiy th
tha shadow of the peak {Rozyrev, 1982, Fig.2; obvicusly the
- i % 3 i 1 - T -
Jineqr scals there should be kilomsters, notb seccn&& o are,
and the orientabion is inverted relstive to the qpc&t;@mram)a

e

Howaver, he &id nol see ﬁh&'eﬂﬁsequeﬁees of this fact; everye
body‘ulsegacéggggd thfﬂ)nwrgv ev's interprabation on his authority.
Rozyrev!s ennouncement was balled as~thé’first gefinite

proaf of gaseous phéﬁmmena on the meome. After some doubts and
T hiefly concerned wlth the hand structure of tho

g

quastioni~gg c
spectrums the sstronomical commnity seems to have asccepted
this intefgvet%““ one Hobody Seems ©e have worried about th@
geeond 4 ﬁEﬁwiDﬁ‘Gf the speotrogrem vhich reproduced the sur-
laee’;@atuxés'amd showed a puszling detai;é?he cmission wag

Spﬁt cil}' e

i‘.l"
L"L

dieted to the bright Feak ghout 4--5 km wide,
vithout treapossing inte the shadow of zshout the same widthe.
The trsnsition was sbrupt at thd Border of the shadow and
tooK place éver & distance of about 1 ka which corresponds

te the resolving power of the Photograph. The neutral Cy gas
could not hsve been restri cted by a wsgnetic field and, with -
a molecular veloeity in excess of 0.3 km/sec; the gas waulg
have spréad over a radive of some 200 km durlng the exoeaure‘
covering bevh bh@ peak and its shsedov. Qases emitted from a poink
source {(the peak} would have formed something similar to o
comelts head (coma,9 with a strong ¢ nbral QGFﬂQﬂSQﬁiQH and
an 1nben$1tv decress sing 1nverseiy agé the first power of
distance. T}e average intcnsi%y over the shadow would then

have bBeen ecual to ahoub one~half th: average intensity over



st 1 ew

the peak. MNothing of this sori wes shown in the spectrogran.

There nevertheless sppesrs 1o he some Simﬁlarity bétwaen
the emissioﬁ.fram.&lphﬁnsusf Peak and the cometary or Swah
bands of Cp. JIn this respech E@zyweV'(LQSQaglgog?} poinhs
out a strange Getail (trénslaticn fromﬁﬂagsiani; " The Svan
bands should be couplstely sharp on the Long-wove éi&ag yes
They turred out to be washed outb tver about & Euﬂvﬁeré seers
£o be the clue to the interpretation  Bands originating
i# o 801id lattlce must be washsd oub, on acsount of
pevturbaticﬁ by nearby ct_ag STOWS » K@ﬁnyV'pyapasea anothney
interpretation, t%igt intoe his congepit of a gas; nam&lyAthet

)

. . . ) . .. wos
the radiatioa was created in sibetu nasgendi when Cé produced

LY
from its Darent molscules. However, this would mesn that

cach Cy molecule was radisting only once, not beling re-

o e S

peatedly (510 bimes per second) fuorescent in sunlight
{(what could have prevented it from doing 39@9 and the brigh.
‘ness could then never have been #10% timse as intense as in
comets” (Yozyrevis estimate).

Cleaxly{ K@zyrevi$ phenomenon can be intervreted only
a8 emlssion, probebly fleorescent, froem a solid surface; and
1ot from an éxpanéinﬁ gas. Most thal hes bheen writien sbout
this event is, therefore, not ﬁalié; also, the iﬁentificaﬁiﬂﬁ
of the emisting molecules cen hardly be made with any degree

of veliability, although there mey lieve been blurred ewmission

»

from Co sorehiow present in the solid lattice.
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Eixpex*:‘mfzen’i;a}.lvg‘&‘ it heg been ehown thet moteoritic ensta~
tite (MaSiC3; FeSi0z, as dis &.*.Re"a; from the move usual olivines,
A:i%‘.:%ﬁm 3 }"C%:LO {7 HgFeSiOq) emite fluorescent Light wndm:r
;g::‘:ca'l:,m‘z bembarduent (40 ffft,vu and aleo that certein reglons
a‘n the moon; around Avisterchus snd Xepler in particuler, mey
‘h‘esa;omé :%E’ii.um:mscm?ﬁ:‘ﬁa}"}iﬁamn‘i;ly in response to bursts of
corpusculer vedistion from solar fisres (Kopal, 19562). Thove
ie a grave ILffieulty in cie:sc:f.*i‘bisag; the source of the ohserved
hzm:'r fluoruscence in terms of the enerey of the proton
stream which falls short by many orders of megnitude; as
follows from the chserved intensities of solay wind. Foousing
effects of the eaz*iﬁh'& mggn@'tosé:he?e have heen sugrested
whileh would i’;aré}.y work. It meews ‘tﬁa the only explanation
is %o aserile the fl.m“e&eem ragiatlon te dlrect sunlight
(as 5:‘03:* Ca in. comets), wheress the rols of the corpuscular
bursts would be %o raiss the molecules o & metasiable state
capable of fluorescencs. The grﬂunﬁ £hate of the Cp molecule
3;43 & singlet, wh il. the lowest level of the Swan bends is a
'tr.mleb swmag only shout {)‘,E}:) ev above The ground state.
The ‘transition from triplet o singled is Torbidden and ean
be erfieient] ¥ achieved only by collisions. A simils
situation ‘m::z;«,«‘ cbtein in the ecase of lunar ”lxs,mimseeme; the
emission frow the mebastable stabe would then derive from
dz,z-eeu suniigat, which ig amzpl*; suf*f.m lent as it is

in comets,

and not from she in tadeguate enermy of the corpuseular shroom

acting c;n‘t‘*,, & 8 trigmer.
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I1. Cratering Relatinnshing

Ao Testructive lmoosel and Volesnisgnm
There are no sigas. of countinuing volcanism on the moon.

Exiensive-lwva flowe as witnessed by the maria; flocded
craters and small "domest must have happened garly in the
history of the moon, duf'ﬁg the firs? one milliengeren the
Tirst 20,000 years of its existence. On esrth, volesnism is
related t¢ mountain bhuilding and this in turn is .the consequaencs
of powerfil ercsion eyeles leading to racurvent imbalance

in the esxth's crust. Cn the moon. erosicn from interplans o~
ary cust is about 2000 timeé_less ¢fficient then in terrestial
deserts (Upik? i962a)§ if on(agfth The major orogenic eyelels
folloved at intervals of the order of 2 x 10° yeéfs; on

the woon the interval shpuld be of the order of 1012 years:

it never could happen.

‘ The_l;nar.surface markings, from croters down to the
compacted dust layery ayxe undoubbedly produced or evolved
under‘the Dombardnent of interplenelary bodies and pParticles

£y
28 well s of the secondary ejecta from the surface ibsels.
The quanti-etive study of cratering containg therelore the
most import.ant clus 4o +the structur: and history of the
lunay surf:ice.
Ususliy, ﬁhe‘term."hypervelociiy“ is applied te crateriyg
ilmpacts. This vefers sither o the (ase when the initisl

veloeity of +the progectile exceeds the veloeity of sound in
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wlBe

¥ - - _‘ -~ - ‘.]_.L_‘.-
he target.,end/or when the fronbtol pressures eh, penstrsihion

",

T e ST b maacred
exceed toe strength of hoth the projectile snd the terget,

I

ttself 1s cestreyed and flatiensd

[

s¢ thet the projectile
wnile entering the target.

Actuslly, cratering is not a parely mypeyvelecity pheno-
menon when t#e vwhole of the erater volume is considered.
Hypervelaéitv Phencmena wmay occur ¢aly in the heary of the
creter. Destruction and ejection of the tarset mimrist

mataﬁial taxes plage over most of tas, grater volume when

Lhe shock Tront velocity is less fhan The veloglty of sound

Jet vhen the shock pressure still eceeads the gtreangth of tha
moteriel s ur vhen Lhe energy densits of vibration is more

Than can be borne out by the elastic foveces in the tarzet

> (¥} S )

From this etandpoint, a miform quantitative theorsy of de-

I,

Live cratering, applicable WL&Q Lo low-veloeity i«

e

has been werked out by Opik (1935, .0

.

based on the consideration of averaie

transfer over shock fronts, from first prineis
expar imentsl adjustment of the parsweters gives an ap
mation 1o experiment within L0-20 per cent. In linesr dimensicns
and cen efﬁegt”vely substitute for the huge smount of expari-

nental wmoterial é“CUVLquGG and not vet, Properly cystemeti

13
('J

2L .
B¢ DBegtructive Tmoach: Heehnniﬁel-Thesrz

Full o2 mutually dest tructive impact is the commen "oypey -

velocity! eise when both the target nd the Projectile are



.y
destroyed during the penetratiOﬁquoymulae Tor direct.application
to lunar >e similar cases ars given below) they arc ps 2rbly

new deve!cgm@nu 25 a sequel Lo the latest published papew

In Fiz. 1 a schematic half-section of a cratering eveni
is represeated. The relative dimensions. are yavt1v Eent to
cale of the ."Tespot® nuclear crater lu the deserd allaviun
of Nevada (Shoemaker, 1983). A meteorite of Tequamnt shape”
{whose linsar diménsion$ in differeat directions do not differ
wmore thawn in o watio of about 2 %o 1) s mass }gg Genglity 5kaﬂd
initial veloeclity ¥y normal tq the target surface ISLS

Tea, .

penetrates invo target and, while

[iR

tself Tlatbened and de~

Tformed or roken up, stops. st Ty with ite front surfac

1>

reaching o.depth x, below the surfTsze. If the veloelty was

sufficiently hlqhg The meteorite wizh a Ygentzai fnnnej"

Q (20-25 -;imes the mags of the ‘wetorite) way be completely
.0 partly véporized and backfired. ‘the Fforwarad vassage of tae
meteorite combined with the backfir.ng ereate o destructive
shoek wave which stops 8$_ﬂ§ at a depih X, in the frontal

directien rnd propsgates 3 lateredly 8 o padisl momentunm

(Rad.) eitter wita the shock velocily u, or the sound velociiy,
whichever 1s greater. Io the crater bowl the materisl is
crushed; pulverized; or even melted (neaz Q) ends sfber stopned
at a2 bedrock surface AAL as conditicned by a Limlting

Yerushing” yalue of U=Ugs 18 partly ejected upwards (velociuy

veeltor v inside, Vo abt the surface uander =an angle @ w0 the
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wl Fe
nerpmal). The bedrock surface ALL i3 itself disﬁlaeed Oute
words, produciug a relssd lip LLLMN, with the wnderlying
$trata Lis Lgs Ly charesteristically Dent over imte the Lip.
Part of tae éebfis falls back into the eratev, part is +throwm
out over the 1i§y férn$h£ the anparent é?atéy a1, AuUrTound-

*
z
-

epLh X

AT

Tipg surfaze BCB with the vim a2t € and an apparent

o>,

(s distivet fron ¥ &nd Xp), The volums of the erater Bord
AALL g below the bedrock rim level, Ly, is glose to
V0,363 3, Bo® W
waere By is the rim to rim diamster of ithe arater
The "mags sffected’ is assumed egual Yo
He=pV - : (2}
whore 4 18 the original target dersiiy: it depends on the

radisl momentum,

Hek F—’:f{';:ffis 4 {:3}
where
E ﬁ/f’ {&)

Here s(dyne/em®) is the laterel erushing L“ﬂﬂbﬁh of the
iargetg 214 k 2 eoefficient of rsdial mumentuwm varying

s

between 2 and 5 a8 depeanding on thr degree of vaporization and

baslkfiriny, defined by the quaérati egtsﬁiea {up Lk L9”1 }

}mmog(l o (o041 )3" 2, (&3

vhere 1m=3,58 % 10“19 for iron 413&"‘ into stones snd

z

3

- Faxd

: 10 for stons impact iuto stone when v, is in ew/sce.

B
4‘

2

P?@E ﬂum@?feam integrations {wp1g§ 1938} an intervols-

tion formala for the velstive depin of puﬂ?+““b’0ﬁ can be

7 g

/

J



we | e

set up: L
1730 i
P xj /c ulg?ga('!?}?'{wgifsﬁ} / GGQ{? 5 (&)

L]
)
pe
0
b

nﬂ from sqmaﬁie (3}y (3)% (3); end {4) the relative cra

diameter-reﬁulﬁa as

H

il

i

I)mB/f"flﬂl@EOZ(lm’_ & If{i / Gs)“"% (73
Here the non-dimensionsl numerdicsl fagtors 1.28, alliows
oy the Tunnel-shaped crater profile and dififers Trom the
factor of unity formerly used(épik, 1861a) . Baguation (6) ten-
tativély allows for oblique incidenca, ¥ being the angle

of ineidence relative to the norms: to So? and s

is
ecompressive sﬁfength or Irontal repisitanes {&ﬁﬁmf6¢2} of
the target; material {usually an order of megniitlde greoater
that 8). Yhe reduced sphericsal equivalent dismster of

the projectile 1

1]

V)

-

&= (6 7S YY1 panc ii,tv/ffi )3 (8)
end p and D are the depth end dizwmeter of the crater in
wmits of d.
The wratio of depitbh to dismete:r becomes
%, /Bow B/D= 1.99(cos 7 yh 8 )*/{(kg )%1,}00‘,@%0005}& (9)
The nomerical coefficients in (6) and (9) are dimensicn-
allﬁ%daptud @c Ceo8 X% umits[%n (2) the dimension of the
coefficlent ie cpl+15 é“@e@ﬁ? an@i}a (&) it is emO™ g"1j3§1¢

Typicel parameters cap be assimed: silieate gtone of 2

9
planectary upper crust, ?1123@9 SECRS A4 LO 3 sp . 2'x 10

10

nickel irnngdlf?.S; = 2 x 10 “'able I contains some

rel tive orater dimensions caleulased with these constanis.

Jie
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R TADLE I

Relative Croter Dimensicns Tor Vertleal Impsch into Saiid

o LS
Hogks 7f =0°

Wookmfsee 3 6 10 15 . 20 25 80 35 40 50 75
_ ‘ Shons impect inte stone, éiff?m-l

K £.03 2.14 2.35 2.78 3,31 2.79 4,18 4,44 4

D 2.03 212 2.20 2.26 5,30 2.33 2.87 2.39 .41 2,45 2.5

D 4,82 6.36 .9.12 12.0 14 O 17.8 20.8 23.4 28.9 26.5 821

Iron 1Wp@ﬁb into stone

Bd 444 4.44

k2,085 2.22 3.06 Fel2 307D £e81 4452 470 -4£.T0 470 A.T0
P 3035 36‘,’.39 3;83 3a 93 "g:e;@{} d:EQQ‘B ‘{‘3&: l-}, !-‘:“301.5 £ 33..9 ":‘:e 20 - 4@ 3?
D 6.63 9.17 12i5 18,7 20.9 24,6 28.2 30,4 32.4 95,9 43,4

*

winume2, Al mm-?“v“f

- e % -

TABLE 11
i

Comparisin with Ewoerimenh $ Aluonm

Ly ETED © 1.285 0.378 0,158 0,047 0,376 0.376 ...
Vigs km/see 682 6.87 8,83 8.05 T.80. 6.88 ..,
8,s 10%yne/ca - 1,01 L.01 1.0l 1.0l 5.07 £.88 ...
k, calc. 2.11 2.19 2.83 2.30  2.23  2.17 ...
% Lips obs.y om 2,36 1.86 1,58 1.04 1.50 .1.41 ...
116, colees 03 2.40 1.65 1.24 0.84 1.56 1.57 Aver.
FoysX vaiLio esle./os. 1.02 0.82 0,72 0.8l 1.0¢ 1.11 0.84
Bys obs.; em 4.4 3.32 .76 1,82 2.Y1  2.48 sew

1,16 - 0.93  1.04  1.08

Bgyaratlo eale./oos. 1.08 1.02 3.12
3

By 3 aalcf; om 4.71 82 3.10

b
fos
X

2.07 2.78 cae
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The squatloniy 're supposed o be wolid
dynamic pressura, J\,} ?weé L5 "%i?'«i}hﬁ grag coefficient Ka\; Ge By
greatly exceeds By the cammﬂ ive sirength of both the
target and the projectile. For a silxfold safety wmargin,
Wy 3 kn/gec for ivon lmpact into stons, and we ¢ 1L kw/ssa
Tor 2 hayd stone prejechbile lmpaes into stone. In such o case,

aadde

f-\.-

£cin baekzaﬁlnw a radial momentuwa sgual Lo }two is
genevated hoth in the berget and the projectile, adding up
in kX as = componsnb eqyal Lo 25 baekfiring due to ex 3531ve
vaporizetlon inereases the velue »f X ag the veloeity ine

-

eresges  of. equation (5f]¢ '
| Only the serodynamic gomponent of fronbal presours
gensrate: radial momenium, whereas the “®desd registance”,
B, 5 doet nob paﬁgifipameo Henga "ot smoller veloeitios %
fu?ther&ea?ea@esgjgowng no jonger valids in proportion to
the watic of asvodynamie Lo tobal resistange, and dovin to

a value ¢f unity ond even less. This iz reached at the

rb -

rower veloelty 1imit w_ for the appli,’%éjjﬁy of the modeal
e

then the projectilw is no longer subject to lateral ex-

pensions or when -
%-?w gxésp (prajeetile). {1
For hard stone impact inte stene, w$$:é¢8§ xw/sec) Tor
iron impeet into stone,‘wﬁleczé am/ééau
1 arge-s¢ale phenemena friction generstes an addf -
ticnal ccaponent of lateral resis‘ance depending on the

vieight ef the overlying maess aad she goefficient of Trietion,

L



£, 3 @ 11)-
e 8= Bt TE0 %y (

&8
Here g, i the cowmpouent of” 1ab rvel st?&ngzh due o COP@biOH9
) ‘ -4 r 2y KN ke . o G - )
g ‘the accileration of gf&V%LYg ané. x, the haif-depth of

-

radial moneniun vhich approximately can he set co al ©o

P 0,610 g, (12)
with
Xz 0200 xp‘, (13)

these velies vepresenting more or less overall aversoes
Tor destrictive impsct (ef. Fig.l).

In sHme cases s, itself may devend on Septh; an

R RL) Ev c and M J - -
effTective depth corresponding o ¥ is then to be sdopied

To compare the preceding forulse with experiment would
reguire labo ri g studys on accourt of the smount and

t

complexitr of the Uerlmenual material aceumulated. 1% is
also unnenessary abt this Stage because it turns ouwt that tre
fermulee deserive the expériments 7ith an accuracy that is
net iunferdor to that of the p?vammueﬂs involved vhen they

ars knswn« such as the strength eharacteristics ef the

meterial; ana in many csses the Perenelers gre unknown and

only cen te derived best from the Texry Fformulze as given
gbove. Thie especlially applies 4o she s Tes

A couple of examples may illustrate the approximation

1o experiment obtainea by the appl:

ation of equau1oas (3),

ef7* g tq

e behavicy



20

Table IT summarizes experiments with aluminum spherlesl

" s

pellets s accelerated in vapuo i

aitoa light-gas gun and fived

o

nto slurdnum texgets of differem: tensile strengin (sy) as

§1L

etermined In the laboratory(Rolsuen, Hopkins and Hamt, 1066).

5?:;$S€_§ $:.L3t cely e ansuned,
5 :
E Y

and much of The mess affectsd will stiek to tha orater.

for duettlie metallic ﬁeli“s

~

¥

-making'its dlameter swaller then predicted by egquation {?)a
This expechation i¢ borne oub by she last
ﬁ3t ough the systemetie diffevence is tut elight. Whe

+

»

ebserv@d penetrations include the height of the 1ip, and o

sxe the data‘eomparahlﬁ the caleulated penetrations, X oy
were ineressed by an sverage factor of 1.18. Viith this,
there 1s g perfect~-and vather uau“p&ctﬁﬁr—agré ement beltwsel
theory end observahion.

In‘enbtﬁer'set;of experiments (3 ﬂPfor@,F} 266) the
results were compared with bpxg?w theory WibhfZGSﬁluSidﬁ.
that ”*nca?y end experiment sgree reagsons bly well for Weidnl
meterials, but there is oniy partisl sgreement when theory
is compared with measur mants on cuetile moterials®. The
latber point, refferring to the beshavior 01 6uc+i?@

materisls, has also heen anticipatad znea“eb?eqxiy'(ﬁpld

. L&
1868a. p.32). The discrepancy is shown o ha stiributable

V4



gﬁié to t&e‘ébil v of ductile meterisls to deform plestic~

Q
o~

'ﬁ‘" ‘ = F4 E3 4~y
glly without Lrectfidng? {Comerford, 1868). ‘Planets ary erustal

or suriace meh erisls are ?TQ&DTiLaHLlY of the brittle typs

and the theory should wall apply hare.

Rot o1l of the mess affected is demolished; part of it
ie plastically displsced inte the vim or lip {cf. Pig.d,

Mholl)e The ervshed volume of debris, as contained hetieen

» " ot < -, ‘ ] r* iy s
the basic vock (AALLNS) end the spparent surface (x BBCE...)
gquels 0,869 ¢f the tobtel volume sffected, for the tvpical

¥

ereter contour. Hence the mess erished can be .assweed ‘equel to

Jncx.0¢659kfgw0/ug 9. (14
end tae voluvme crushed
\ - - . 2
.irﬁv.: On &4:% .(’Lp B‘C’t & {.?_E‘}

Part of it £alis back inbes or stays inm the ereter
i<y 11 e £ i -' v on "‘ >
(¥£allbaei?, s Fps PlgoL)y vart is ejected overy the rim

(*threwows", The, Tig. 1).

2

lidection Veloedty, lestins ang Cratey Bllinticity

The wodification of the target in eratering events ig

besieslly of two types (apart from the hypervelecity phenomnna

e,

in and ariund the cbnayai ianﬁefy )y with poss;ble trensitlong:
Lh“ deabtrretion of Lhe bargst over the voiume of the erﬁth
bowi (IVLAK, Fig.1); and the Plasiic covpression and de-
formation of the bedroek suy zaﬁe mu¢¢;yﬁg Wost of tﬁe debris
of the bowl are fanning out into an expan&ing volume s being
crushed as in one-sided compression. In “novmal" Ffragmente-

tion, fer Iregments of “Linite! diuvensions, only wmoderate

]
e
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w2 D

hegting teokes ploces bacsuse evcesslvs

¥

Triotionasl
malevigl. E{.sw'é‘amv. Bone of ‘i:;m—‘,

around e cs:,m' wl funnel, may

-

3|
earrywﬂsmﬁ walchis at pressures

way be subiszel o proesnre modif

TEEO

shook reguired for

I ond e eossionad heatlog would pulveriue the

torget nuterdal, especlieily

1:::{ Wed in all-sided
&
%(} 1

ieotlony of iU

“a

gtyucture (codelzal end Lo moye internse hesting wit

nopevver supquiring considerahie

cmoumt of such wmeterd al, suBjecl to hyperpresguras wi Lot
ultimete Frepmentstions 18 relstively tmell. In the follow~
ing we will coneern curselves anky with the wessive debris
sud ¢jecta of the erslsar howl whdch gye the product of grush~

ingy lead.ng 0 "anormel® Cregmentstion. With o fow

tions {eentrel funnel; vaporization) the formmine oF this

section apply aiso to semi~dostructive lwpact (c¢f next

seeblon).

et ¥ {(Fig.l) represem a suvfece of conetant shosk

velocilty iy that

the meps enclosed in it being v, so

e

Pfeatad!,

v K, %v, mu/xg

entral ,{mn@}_

is the "fractlional mess The shock velceity at

18)

3) st which approximetel s

(17)

(18}

¢ and convertsd



malnly iato hesat, parily inte the kKinstic eneygy of ggaﬂtieno
il }qg in vhe kinetie effdciency »f the sheck at depth x,
the teansversal veloeiity at the shock froni is

2V SR (19)

.
e heal release in erg pev gram of the orater materisl

In toe centwal funnel bturbulent wixivg is suppesed to
iead 10 2 uniform hesting and iwpilse ejection veloeity
" an . » i, .

Gcéjie Wo » 80 That the heal relesse becomes {(Opik, 19568a,

1861a) o R
qemﬁ,{g,%a(l - 0,02 (L "’?1“(3 J (21)

I£ lea&iagﬂﬁo veporization, it increases tie velogity of
ejection f?em:%he central funpel orer the value of D;S}wéﬁﬁ
and increases the recoil mementum: thig ghas been teken
inte ageovnt in equetion (5). The Iraction veporiged in

_ -
the centrel funnel is then (Oplk, 1961s)

"‘lq‘i“ ’21 2 :5%
fo=88 2 107 (4 = 0.02E)w," - 103K . (39)

e s N - . .
%g«nmwxmwraaeh@a (k%220 for high veloeities and shone
i .

igpact ints stone). £ = 1 is reached ab Vg w 24 Jo/sec
(kgwnlﬁ}g Jer higher veloeitvies, shiek vaporizsiion at
the expense of yeleased heat {g) besomesg possible Gutéiﬁ&
the centrad funnel. Ué@ariéatimﬁ uavr teke place only when

Wy 2 0.4 lw/gee; according to thi

s

equation.
An element of mass Ay belween two shoek surfaces P and

Py (Pig.1). is streaning out in 2 menner analogous 1o



hydreostatic flow of a Iiguld frowm the bottom sgenm of

ny
a vessely the veloelly docreasing goctrding wo be .-.u %e“

Filwld lewel of the vessel. For a vassol of constent widih

the meds i8 Ghe the kinstice eunergy v u By and the fmquem‘:y'
» G 3 ) -

ot 'if‘?’ L ‘i;&m% &v™ is uropoertional o &k or Lo é‘.(vg} : toe

Enetic e:rwrf:f Lias 'r:: gonstant frequenty Led,

Z, 2
""W V™Y = A{v”) ¥ const. {33
s€ assuwe tae same law for the distribution of v inside
dys the ejesction veloely j Geergasing lineariy with depih x,

Conventionsllyy ve sgouwe },1 dy clements to resch Lo the

and the elative {(normalize
s 2 5 et ’.‘2 5 2 2ol a
Traciion of 9 Detyween v& and v’“‘ﬁ av™ 4o e

%”;/‘?*ff%i-di dn = W)ﬁé/}&v v = wE,

althopgh the ?‘jm”";*'% Sobic v..na._agz‘,y‘ 1s yewmobs, the ace

zed) frequency of V@ oy tha

(s

23

pLed

ﬂo o

(=5 ot N

velceivy distribution accounts, qualltatively al lesst,
for lose of kinetic energy in coliisions and turbulent

friction while g mass elemnﬁ; makes its wey oulwavrds, sg
* .

-'-\.-

that the loss wili 13@ Ereater the deaper it had soarited.
The gsswplions are justifiled by the epplicstion 4o lunar
end terrestrial crater profiles (of. Seevions 1I, P oang

A} ancg pm'ﬁmhly) are not far from reollily even quanbite.
tively.

33. siwmilay prough assumption ir 4o be made for the



=B

5 -2 : + i} s ]. &
digtribution of the exit sngles, (3 s OF Ghe ejecta (Fig. 1)

The condition of conbtimpiiy and nes ?«.Encmmp“e cibility of
the target maierial over the relevant mﬂgs:{* frogbion of |
'Lna mﬁss. affected r—eqr;:m 8 that the ejeebion vectors must
be 21l in "movidian® plancs ci“-lrecuec:% oulwards s, and that the

e L
exit ang .es f'or*'n 2. eontinuous sequonce feon O ab the canter

,r,

Lo (’).-, st the x'im} 2% ¥ = 1, where the dirvection is in nZent
L

te the @rater 1ip st L. An int werpliation Tormula,

sin fi=y S:in{.fzg (£7)
ig here proposed withoud further Justifieation, to

TEDTES G the fannisg-out of the 2jection engles ab tLhe
eriginal ua*egu, surfeoes,

Bguation (7) defires an average craver dlesmeter vhnict,

¥

in the case of elliptieity; can b: sssume

ot

¢ to De the mean

ol the maximum and minicum dismeters. In g hemegencous

terget the cratew elliptici‘i}r E= (s ~ BY/e, in the c:zu@e ion
& ¥

of motion of the pz rojectile, shousd depend on th:ﬂ an e

/ (1) (23)

_%
¥
»if

in former net taltions, The farmvia fhould be valid

oL incidence, N s as follo (éipii}.“» 1863a)

iz 2 secy 4 (p tan ¥ )/3 -

e

fer

-y o Y = e =0
angles less than j=8& 80% ; and rousnly up to 75

X B. Bemi-Bestructive impact,
. Ve AWDact

This the case oi‘ a hJ‘d projectile entering a softor

tavget with o velocity b low v, L qu,..umu (10)] The

projectils essentially retains 1ts shape and, 1o some ex-

tent,; also its sspeat relstive to the ddrection of’ motion,



while the % erget ylelds; being crushed and forced into
w - ] =] " { 0 A
hydradynerie flow. The equebtion of moticn (for§=0") is
I} »
rad (29

wméw/ Jb = m<ha¥ W sp}
in formey notetioms, with the wmass Llosd per om® eTO8S

* a » -

sectlon Dezing defined as

m.ﬁ}ifiﬁ?ﬁgf

<
s

vhere K 1s the equivelent radius of tis crost section {67

K .

contour st ri ight angles to the dircetion of woticn, o< Gk

The dvag coefficisnt depends on ii shepe of the
projectile, For s flattish angular front surfacs K= 0,75
¢on be assumed as an oversll mesn chara Lepigtie value

(wbile & velue of 0.5 betbter siuite o aemispherical front,

a8 well as the ezse of full - destruch th s

pes
;..».

mpach

6]
e

ETR

Inte

ra

hydrostatically deforming projectila),
with

dw/at = wfw/ax

o
'l
<

egusil

n (29 ca2n be integrat@d fer the specific cmge of

vihere Wiy is the initial entry mx veloelty and
¥ = s, / (fXds P=22p/m .
For we= 0, the depth of penetraticn Xo is éﬁtermiuua by
PrRa=dn (Lew® &) . L - (31)
Lagussion 7 remsins valdd, 83 vell as otﬁe;ﬁ

eguatlons of Sectiens II. B and € axcept’ (u)g (8), (2),
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S

(13} {(17),% ex{ 37 rad {29} Instead of (17) and (18
y‘,;‘ P-/H snd vy, = kg, can be sab.
At fivisy combaclt of the projeciile with the btarget;

there is = shock foreing a hydrodynamic flow patiern on the
warpet; oaly e¥ter the Tluw 1s estesblished iz eguation (2%)
valid. For an incompressible model vith a blunt' Tront the
snock momrntum transwmitied Lo the Lergel is closce to .
gy . FIG and this mist egual the loss of momentun

by the projectile, {(wy— ssz.-;)mﬁv s where w, ig the initigl
veloelity wafore contast. I{e nee the shoek vabtic of veloeities
hecomes

”‘mel/wg} = {(I+gfR Jey ™t (32)

The coefficient of radial momsnbum is less than unit vy

and is obtained by m‘tegr tmﬂ' the first {(hydrodynamie)

term of (28), .
- N e Y, 2-&*,” ; -
L_Lmj Kaf’“’ 4t {Zﬁamzl)
K, not czncelled with purpose),
(a~Yirex, + Yk, (z3)
The mamentum integral ds rather inconvenient fop cuiak

use. Iusteads the work integral yiclds the Traction of

F

nydrodynamic wcn;Lfay of first berm inm (29), with (30)

3

Su‘nrstn_mwedj Lo tobal work as
= - 1 t {-‘/& g; 3 2‘ ) T3
*}a{,.#. /vy } In{i+4 #° JE) (24)
For very vameé condltiond and parameters sn empiriesl

relation hes Teen establighed by nuerical integration,

s 2 - &Y ¢
=z (0, 65T e85y "’f }{ -
’}‘fi.u, /) & : (?*



DR
. - et i Tn Pow Der
which represents the momsntum transfer within a few p

Il
)

CEllY .

rmaterial in the tarvet esh he assimed egual o

X 5= i (33)
Ap--‘ J:-o -t~ d}' *
The above equations are for sn idealized case of a

Tlat evenlyiload@d frowt surface of the projectile parallel

to the torget surface and Y=0%. The actual shape of the projec~
tile end orientation of the Frout surfece would iutroduce
compiica.ions, including rotetional souples which ners are
disregarded. For oblique impagct under maderaie angles, a
symnelical improvement, would consLet in replacing x by

xsec§ ir. the oreceding equatimns.and in taking the

-encounter cross sechion at right sngles to the Ai-
. of motior,

T

Lo Impact of Rigid Projectile into Granular T sreet,

In the preceding the frontal resistance fronm target
cohesion, sp p Was assumed to be constant. On granular

surlsces—-aust sand, gravel; including Partly consolidsted

malerial; the resigtance is varisbie, increesing with the

depth of penétration; this is obvious from the experience

- -

that a heavy load sinks deeper inty sand then a light one.

Lment,s as reperted below have shown that for an upper

cotesive .
thin layer- of sand (0.5--15 o) th@/f§3;;a1 resistance non



be well represented by a2 small consitent term plus a main

quadratic verm of the deplth =,

s. = 5 {Xg‘l" 9.2} S
P P
Netural sand or gravel conte ining an msifted variety .
: Cr
of grain sizes; and natursl ngy‘progacﬁ iles with a flatireh

botton were preferred Lo artificd ially normallzed laboratory

conditions. Hxperimenis on a naturasl besch (Almutidear,

Spain, October 1986 and 1967), though shovwing considerable
logal differencesg'gener'xly were conforming to (87). Theye
L vere noe OSbvicus differences betwesn the static values of
Sy {pure pressure without woticn) and the dynamic values
cpmputedffrom cratering impact experiments; according to
the modi*ied cratering formulse as given below. It was
surprising to find that sinils erly conducled sxperiments by
Surveyor 393§&craft_yielded aven quantitativély similar
mechanicz]l cheracteristics of fhﬁ,@:;;k£§§§g38011L

Yher. (37) is, substitubed inte (29}, inmtegration yislds,

for this particulse cese of vsviwkﬂ resistence.
v/e= (o2 /or 2+ ajp Jexp- (=) - (2 = 28 g%a""p‘ah (38)
with §ﬂ~Fx s P helng the same as _1n (30)y 2nd with
=8’ /(e g, "0% (ewsea)® . . (39;
The ultimate ﬁ@pth of p@ﬂétT%ulUnglh wj§/iP, is ohtained
rom (38) with w = 0, or from
2.2 5.2
{m?:;,\ tn-&—a (w /0)—*- 2 2°p {40)
hquaéi&n& (22), (33) and (35) furkther éatgrmlne w,; the
“f"*/
entry mctucwnyg and kgfﬁQQijC ent of radial momentuw

L)
2
w ee'\r-)
§=

U

transfer; but dnstead of (84) the iynamical work ratic nov
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hecomnss Y R AP .
e 1= Q{7 Pp° % = .:% 5'{'. . }gm ~ . (&11
& ~ T T Ve
| AT S 2 3
. K % e =TIV s = =l
when 3‘-0 ~3 (L 0:20) ; % %G ey (" Q0 = 8% p £, and
& i}’ o4 :31_')‘4‘).:‘“ z g fn 2 =
}{_;-—"9’ (3‘50 —~ BAT] LE;“ ,:) jssi’l":’

vt . o e s e e
With the botsl vadiedl womantun Gelined =

and on the provisional sgsumpition that ecrater volors is
é&t&rmiﬁ@é.th?amyh dynrmical actiovn alone asccording to (1),
(2}, (3)s end (@), 2n "apparent! average lsteral strength

Sg is deiined ag

&

8 ;}x Byx 'J;“J/i f%"g}: .’iaxs";;‘»;f /( s{? }{.ngg% i {dynefc 2{33 o i
Mhie is sn apparent value ani a lower limlt because,
at the 1oy veloeities and enersies invelved, ths sbtatic
work of penetration {(aganingt édheﬁ‘va strength) also
appf@eiahlf participates in produsing a erater ba shoun
by experiments in gra?&le
& srtisfactory representatisg of the experiments by a

lawr of cchesive resistance in the Torz of equation (57) has

o

5]

g

heen srrived at by trisl aﬂ&,éyra?a Surprisingly,
gepandencs éf the séatic‘er dynam'e resistense (bearving
“sﬁrength) on the linesr dimension could Te d@técﬁed axeent
the inevitabie shock interzebion 132). Shape of the conbaos
surface (projectile or slug) iss; of gourse, of aheisive
impoytance in The dynewmie interaction s it determines Ey
end k 5 the use of flabttish surfaves throwghout has given

a degrap o1 homogensity t¢ the experimenis which also should
correspond Lo low-veloeity impacts of thrédwout bonlders

on ths moone
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The cousteant component in (a?) was oo small and vari-
ghie for exasct determination, buu its form as az‘p s ‘Lhus

proportionsl to the Strength at greame? depth and nct an

e

abaolube constand, was‘p u&@rib e, with an oversll value

of the paameter N 2+ 0.5 en®. (The same constant worked
wall also in 1AtmrprL'iﬁg Lﬂc Sﬁ?V@FOT’OXP”Tlﬁ@HbS on the moon
The constant terms is, of conrse;_ﬁf importance only aob small
lﬂaés‘&né peaetr&tienso

| 5ta‘ié tasts of c?étering interprebed zeedrding o a -
cerﬁéig rational model gave the clue to the ratio s/8, y0f
the true :é‘a@parenﬁ éverage leberal strengih. If‘?fis the
ftatic mais ltad, z the weeale isn cx gravity, o’ the
frontal crose seevion (of stone. slug, or rodd, X, the

equilibrium depth abtained by'gvacusl lcading so %hat $h

&

%

velooily '8 kevnt fnesy zere, bthe merimum resistanc usl

)
w
£
L7

SP (max u-qu fe . 3né the re@is vance Darameter of sgquation
(87)s with 2o= 2 and C.f.8. units bhacomes

‘gﬁf,p ”“ﬂ%’ Bp= g /o7 {25+ 2) (dyne/ e
The ?esiéﬁahee averaged %?&f Zp0 the entire depth of
?en@tratiﬁn}ia then

Sp—-;.:- (3“{0 +.2)

"

A "pressure craber" is formed, of diﬁﬁﬁtgf'gﬁ and ae;sﬂ

-

X LAy (unlike the imaaet ¢roters in sand or gravel

- -
where x = Xy o, invarlablv reaching the bhottom ccnaaco suy-

13
face)s The. volume éisp?aoea by siu* and crahbar %hen equala

ef Bqu. 12

- 7 2
ifpw({}a{BﬁS x' B wrx! )4—@'3{03\{1 4+ Vo
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The total work of Ystatlce'penetrablion evidently is

=8 %, (eva),

a Traction ¥ m vileh is _assvumed to be Lransmitted. st

d

ight aﬂgi@@m’; Llater ral wo z*k of eyatering as measured by
the product of laberel streuglh ard volume displaced,
. FRL= sV ¢
Y b ‘ _
In an incompressibls mediunm the vcluvme displaced is pliimae-
1y 1ifted up, the average 1ifting beight being 3(x’ + 1)
Tor Vi and ﬂx 1} for Yos h dencting the rim glevsiion

\

off the creber. This involves a woii again revitation,

U?
o
QQ

&
The work of uplift sgainst gravitetion is transmivted atb
vight anzles from lateral expansicn, in the same marmer as
the latersl work originated from ihe dowmvaré&. work of
penetiation. It is sensibdble ‘then to assume { '-’md the nuzert 3
applications amply sugocm {.;.he af swption) that
! Eg“‘“ '“‘VL F p i O F = {fi:,/}':}l})'é-
whence a value Tor the sverage latersl Strength in stati
penetration resulis as
s = Php / V= (Bg }3;,})%/ Vo (43)
“As axample, in the “ﬁua*t‘i{;“ <xnemmmt 2 of ec}e i1,
Part a, with a roungd rod of rr’.. 3.63 cn") ang a‘ final leod of
7.28 x 10" 84, x,=15.0 cm, 2! =1.7 om; B =10 em; By=12
Hence V= 11-;q0 cms, V= 53,7 33713 spimmﬂ =1.97 = 107
ayzw/em 5 81:,.-— B.65 2 104 oyne/cm Spﬂﬁaﬁt’; b8 mﬁdjméfcm“;
= 3.62 2 1{} ergs FBow 9.73 % 'LO QT 5 F*&Gabéls and

oy

Bp=
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PRd s = 1.12 x 10°.

gt

With fg= 0.63(deternined from angle

of veposel, g= 930 %:f’ #6¢s the conby ”Li‘}utf.:%.{‘}ﬂ';‘.}'(}{i Trigtion
becomss ‘I‘équat:i:e‘ns {12} and {138 6407, @yne/cng and tha
Llateral strongth, secording to (1, is then o,=1.12 » 10°
- $600= 1,02 x 10° dyne/cn®. Tnlike s.. , this is an average
er effective value, Lo De comared with the svers ge bearing
strengti ¢ “’s"? /;fse; 65.3 {an unusual 3.}7 high-retio}. Although
variable, there did not seem Lo he a spsiematic dependence

his retdo on penctration; whence {37), pfo;)erly modi-

fisd, can #lso bz sdspied o represent the gyer-:ai‘fﬁ_ lateral

strength, \ 5
S Bl %54 4%) ‘

I} '} th]
the value of g%= 2 _cmg being used ihrovghout.

o irterpreting the dynsmie ( lepact) experiments, it
wes sgsumed that the independen‘tly‘ caleulated dynamic (V C-i)
and static (\f } cravering volumes sre ﬂodmlveq Liet
V=i i’p .denote the total crater velume, proportional to

2 \ . .
In Bg©  of equation (42), Aceording to this equation,

. 2 w12 F B, \"?
o/sg WNVDEvE v - v )8, (1. F D)

A gnadratic equation with respeet wo & lv obbained whiceh
vltimetely yielas N
. H
aa// Sz A %A}- (’L % gg&. Yv (44)
where 1

A =8,V pgp.g,,
An oversgl: value of P = 01135 obtained from the FTivst six
. ‘ T ‘ .
static tes s El-‘ame I_u-'g;l}‘i wes used. Table II1 gonmtains s

-t

summery of the experiments. No twe perinents (static with
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{, - . .
graduel losding) were mads on the same spot) ouly the
ultiwate Load and penetration are recorded.
Beeaﬁs% of the lapge dispers s logarithmic wean
) moYve .
values are gu@ﬁed<as being(§§éﬁifiaante The "prohanl
deviatlon ratic” of & siugle expe“am“u"i ﬁar?esycnéing to

0.R45 of the absoliule deviation 1 %h@ Loﬂaritanﬁ
A

{Jlffqn(n - i{j s would iﬁ@ieaun 4ﬁah 505 nv the devx tiong

Mf

if Gaussisn ave expected Lo be within tals racio off the
logevithmic mean and its Peﬁip?ecalﬁ Etperiment (25§ was
made gt olique 3ﬁcza@nceg B**P% € from the vnfixcaigmnﬁ is
interpratnd with cmﬂregpanumng mod. Lieation, é“’ > &ecY' %

o

and using By c@s?g instead of Sy izlﬁeu“tien*Bég while &e
remsing wnaffected. Dxperiments (33} (31) (82) yield snomal-
ocusly high frontal resistance wh1¢v the 8¢ values ave
normal. desplie hzgh 8/s, vabics. These were the only ex-
periments vwhere a longish slug viss made to impact on its
nerrew enty and every time it tiltcd over and was found
iying overturnsd on ¥ its iong side alber imraeﬁ; POSSIhly,y
in this twisting movement the avea of resistence was inereas ¢d
vhich could asccount for the shnormsl waliues caleuleled on
the assumption of the swall avea of encounter. The lateral
resistance was not affected, depending on tobal momﬁﬁtumg'
actual volume of crater ang peﬁhtwatlong without direct imter-
vention of aspect o ares of ccnﬁacﬁf

Although measurements of x, anld B, on sanderaters

cannet be very accurstes the dispersion in the inferred S5
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& TABLE 13T

Yechanical Birength end Cret ering in ¥Nsturel Beach Gravel
Bilte T T, Iz v Vv

£y ot - i. "y
Aversge grain size, mm 5 3.5 A 1.5 1.8
Stete of myisture vy dry dry:  web. wolsh
Assumesd ﬁe:}&ity,g/cmg 1.7 1.7 L7 240 1.7
Priction, T 0.3 0.63 0.83 0+40 (.63

]

{2) Static Byperiments with Craters igesured (xf= 0.18%, aver ag;g}

Gyne/cn® dyne/en® dyne/en® dyne/cm™
2.32:10° 1.98x20% 35800 1620  22.1
. )
6.66:10° 1.02x10° 86500 130 65,5
= . 4. i "
2.20:010% 1.75%10% 72300 5300 12.6
8.51:010° 8.82x10% 32600 1460 22.3
2.33:10° 3.9 x103 21600 810 28.8
3.22010° 1.28010% 20200 300 25.8

Logarlthmlc ®ean ccosee 2505
Probable devistion rahio 1.36

ted in situ ::ﬂd the same

-applied. The additional neneurauj on was

HWo Site e B{) . F Spmo&vﬁ
cm  cm  om “dyne/cm” ¢
(1) I 55 115 3.63 0.107 1.165210°
() I 15.0 12.5 2.63 0.052 1.97%107
(3) I 1.78 23.5 198 0.004 3.69x10°
(#) I 8.8 22.5 2.3 0.105 2.42x10°
(8) I | 5.2 10.5 3,250,176 6.27218°
(6) I 6.5 9.9 3.25 0161 9:02%10°
enn O lj:é—
28) The rod of Fxperiment (2) was exonral
1028 of 8,7 1.97 x 107
% 5= 5.0 cm(thus resching s
the wndisturbeg surfaae}
(o) Qther
Mo Si‘t@ . I~ W ~?1
M O - ? i PR 1,
1> o g™y i
(7) T 0.2 35.63 2.82x10 100 000
(8} I 1.263.63 4.31x10° 121 000
(©) I 2.82 8.63 6.16x10° 61 900
&
(10) I 4.9 3.63 1.15x10° 44 200
(L1} I 17.8 3.53 1.86x167 61500
G2) T 0.28 29,3 1.685x10° 70 300
(13} T 1.7 3. 25 2.48x107 50 400
(Tad T 2.0  3.25 3,50x107 B2 300

\

Jrobable devisticn rabio

totsl of 15.045,0 « OoﬁO o helow
~ St @“ » Bxperiments
- . g
o & % N o
i 2-’- vin S ™ "i”’F;'/j;'.}mm ft%“./&}“hf
H . -
[ (18) 11 2.5 wﬁ‘fo?oxlo 57800
(i) I 4,0 44 1.50x10° 300
C (1Y) IIT1.4 4D 4.80x20° 12000
(1 Tvo,owﬁ5mﬂ* 242008
{1 IV 2.25 04,8 x10° 85000
{ Log. mean of Expe
; (1}w~{19‘ 5Ha00

vme D



& TARLE 111, Contimed

(e¢) Dynanic (Impost) Dxperiments

Ho Site L ¥ By b7 o o W W;/WO K 6/8a SQ i S Spf:c
) em e ar/om® ow er/sec dyne/cn™ dyneom®

(20)y r 5 6¢ 8.5 525 B77- 0.75% 0.253 1.80 31500 8250 0.7

(21) I 2.6 21 18.4 108 221 0.788 0.211 L.82 18300 2520 7.9

(22 T 3.8 26 18.4 108 479 0.78% 0.250 1.9% 92000 208) 10,7

(28) IT 2.3 8.8 8.03 15.8 2372 ' 0.809 0.260 1.7 26200 4237 6.2
(2¢) IT 2.4  10.0 8.05 15,8 525  0.802 0.257 1.9
R

(25)11 2.2 12.0 8.06 15.3 573% 0.309 0.271 £.41 ° 60300 3330 1.9

(26) IIT 2.9 4.7 7.55 22,1 1266 0.770 0,317 2.03 132000 975D  13.5
(27) IV G.®  20.1 12.83 140 220  0.860 C.257 1.43 50100 242) 7.0
(28) IV 1.2 20.1 12.93 140 372  0.650 0.268 1.43 112000 14100 7.9
(29) IV 2.2 23.56 12.93 140 525 0.660 0.300 1.49 70800 853 5.7

(30) Vv 3.2 13,3 10.5 9.0 1286  0.830 0.937 4.31 220000 5210 42,85
(31} Vv 2.5 12.5 10.5 9.0 525  0.880 0.205 4.60 795400 1631 48,0
(32y Vv 1.3 2.3 10.5 9.0 372 7 0.880 0.182 3.87 77800 208D 25.19

(83} ¥ 2.8 .12.1 -4.87 19.4 1266 0;6?? 0297 L4/ 03300 098D Bed

(34) 2.1 10.3 4.37 19.4 525 - 0.677 0.355 1.48 20800 3349 6.0

(35) V 1.7 0.4 4.87 19.4 372 0.697 0.339 1L.53 Y700 2810 G.8

(36 ¥ 3.7 6.1 7.85 22.1 1286  0.770 0.344 2.00 60700 8370 15.7

(837) V 2.65 12.0 7.55 22.1. 525  0.770 0.304 1.78 28800 358D 8.1

(38) V 2.2 1l.4 97.55 28.1 378  0.770 0.281 .31 23500 278D Beb
Logarithmic meun, Brper. (20)-(38) ... cer eee 4BGCO 4380 10.9
Probable Gevisiion ratio ... . ,.L‘éi _jf ﬁ %‘J_/\E:L’)ww s

Experiment ' 25) at oblique incidenee.

A
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- (23 . $ 4 e A : o v o 3
and O vxlues 1o mueb greabs? than could o dus ©o *i‘*m k-

Poraesd gorers of Gusarvalion. A nstural granulsr layer

poaggssed sn dntrinsie nen-nomogenzity of wh

‘b
5
e
Tl
£
£
[
~
[
i
¢

v
n
3
1£]
e
n
Al
3
a2
44
&
i
Jadn
S
y
bex)
in
pvs
o
o
ol
e
&
fo
8’
" l‘
3o
H
ot
%)
£
b
b
b
L
&
&
L
iy
at
=
=4
P
g
£
0
by
o
b
ot
[
o
b

ageidenial configurations of the lavger gyeins or pabblas.
The inoressce of strongth ?‘i‘i:.‘ h; aoh depends o Lwo

faotors! fhe Lightey paciking of i'&zﬁa deep layayn, snd ths

i

strengthoiing effect of the welight of the overlsyisng Llojus .o
In Frperviwent (8s)s when these layors in Duperiment (2)
wWEYE remoseds the surface laid bar: in sueh o manmer Uas
vnshio to su;murf.. p losd of Bp = 1.87 x 107 dyne/em® which
it withsisod undey the weight of the former iayer of 15 oo
with S = 2 ‘-:‘5 - -L{}‘:-’,: 2 ,-..f/ ;2 et tﬂ..’ 2t I 42 o
AJEN = <35 2 YR/ ¢” o HALh re~apolicetion of the
formar load, :!i.w\” penetration of Hpz 5.0 om was achieved,

a3 e Gt - ey | Lol 3 . ¥ %
yieladog a strength esefficient & = 730 X% “m&' <:ams,f(‘rrfzg

=

&
8.4 times Lerger than the former valusewz ohy wacteristi

LY

£ 2 < RO A Ao F el 3
T {\4 - 4 . - P . | - -
of the initrinsic tightening of the Fromuler wmabeix with devih,

With unresoved layey. the resistenze at .z L5.0 + 5 :‘::3{1 G

Qe aceord q-.-,. o {37), would have been 8, 8.95 x 1W0% % 40 =

b
3.48 x 197 aynesoem™s 1.77 times tae value when tha layer

A

was vemovrd; this indicstes the deorres of additions?

LI Rad
veinforeenent below the depth of 15 cm due Lo the weisht
of the overlying 1S centimeters.

All “hese details avre Dbrought out beeause of thelr close

guslitatiy re and guantitative aneloyy with simllisr expepri-

x
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ments made on the lunar surfoge by Surveyor spaceeraliis; 8o
thalt the vesults of these tervesurial experinments can be
spplied with some canfiéeucvp by way of exirapolation.
o the meebanleal prapernles of the lunar sﬁil;

Although of good vrofking valiz, 1t would be wrong to
extrapolate cquations (37) and (37a) to greater depths withe
out limi-ation. The guadratic law of incressiog stwengﬁhf
can be valid only in & top layer; at greater depth it shorld
merge 1mso & constant value coérresponding to compacted
gronular material. For the "Teapot! wnuelesr crater in
desert ablﬁviﬁm (ef. Shoemaker, 1263), st Ho= BLBO cum,

S 4.0 X lo?'dyne/emg {ef. Sechion TI.F)s a value of
Se=4 x 0% which is about the ¢ an in Table ITX(e) ¥

—t

gravel vuld reach the observed value ab o 100 oy and inhds
shell noe be suryg passed in a granular matrix exesph &t wvery
much greater depth when plastie compaction into solid
rock takzs place. The same must he true of ihe frontal
surength; wjfh spzﬁ,z x 10° as for sendstone and.Sp:>5 x,iﬂé
as a wean valve In Teble IXl{e) tie limiting depth For the
quadratiz texm is only aboub xyx 33 cwm. Thus, it can be
assumed provisionally that (3?7) and (37a) ave probahiy
velid to a depth of abgnﬁ 80~~100 ems beyond which So and

8p assum: constant "compacted® values.
The 1ogaw1bnmze mean of the ratie of frontal to lsteral

.

: T ~
cohesive resistancs at impact-&?ealg IZI(C}} is 13. 'This
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2

is sbout the same a8 the ratio of compressive Lo crusihing
szrengnh of brittle msiterials.

A11 experimencs were conduct“d at vertical incidence

¢

except one on October 12 vithy = 2 = 259, wy= 573 cw/sec;
it gave the erater eliipticity azes 20,038 %0.008
‘measuredl,. to compare with a theor@tigal value of 0,048
according to .equaticn (28).
For some of the impact experlments 0 Table ITT(e);

\1tes If, IIT, and V, the typieal crater characteristics
mostly aversged in the form as they occur in equation (7).,
are collucted in Table IV. The sevand helf of the table co
the relative dismeter limits to which throwout of the

qualitetively described intensity &8 .resching.

Fe Kinetic Effic 1encv and Thr owout

In low 1@1001ty co7llslons of stone or otneﬂ'brlthle

subs Lanccs, part of The Llne 1; energy is Llost into heat-
ing, des%ruétion or ratatlong 80 that the vellec ed tra ﬂ&»
Tational kinetic energy is a fvacb1on.,A? cf The owlgwnal
égee ¥ ecusiions (19) and \25} 1. the proposed cvatering
model (Flg° 1) uhe fraetlon is essumed Lo vary uni i formly
from O (at X = ¥5) to xx (at x::O) at constsnt w, so that
jhe average translational kinetie energy'pér gram-of The
ejecta at y = const is %)‘\Zug .

Expeviments with stony proﬁectiles falliné on o

magsive sitony surface from a height of 0.5 = 2 meters and

. 5 .
T
reflected from 1t gave A= 0.23 as an average. If an equal



TABLE IV

©

Tyoiczl Gravel Craterdng Perameters

Bxperiments 2.3) {(24)(858)(

37) weighied

i i . i Lip L
<30§cm g4 g whd ] W £a xO/RS height gfgo prﬁe
Qe em‘ﬁ cm/sec  om hycm ’

Averape L1.Y 12.0 éu ?ﬁlC& 257 Ga0 2.35  0.H36° 0.50 0.086 0.286

T

Throwoeath Dstimatbed Chorsctearigtics s in Undis of 3
Bxperiment (26) only; Ba= 14.7 om
Outer Crater Massive Considerable BExtreme notlce-

‘1!

well throwoult  thapowout ashle throwout o8 k Wo
B/By  1.355 Lo 965 3.9 G2 4.87x107 3,217 1268

TADLE V

.}

®iesoot? Huclesyr (rater Zjeeta (Wallbeek Throwout) Distribetion

(Ballistic distance)

Hwho . $ 1w000 1.185 20304 Lo4ld L3SL 1732

S . .
taleulst *3@ 2w 1.82, b= 0. 5:303 uiﬂf‘ =C. 200 for ballistic dislence
w_ e . i e I
- 13 . 34 _GQQOO Ooar8 (o263 Q.O0LT7 0.831 - 5.000
Ubserved, Fig.L volume x araz 533

. .

R 087k 0.538 0.480 0,570 C.985 0731 (L.000}
Czleulated Gistances reduced by atmospheriec drag

M/ Pa 1.0

00 1.175 1.260 Ix&RL O L.522 1007
“ 1288 ) .

0.550 0.831 0,676
0.488  0.517 0.561

274 0.38% C.4

2
o cm.c&lax:&d Q. 345 QQ%{}Q 0.4

-x’t

i
)

TARLE 'ifI
Variation of Mass Iam“ oF Two fcoreting Huoleil

o L.000 0,512 0216 0,125 0.0%4 0,027 0.008 1072 1078 ®

}»L(Yabl &84 275 12.0 12.7 8.0 4.5 .'_..,a'? L.10  1.01




il o
smount weas storsd an rotavion, the ceefTicient of elastie

reflectivity would be 0.48. The experiments consisled in

measvring the length of £light [eq stion (aifﬁ)i' on ‘the

-

gesumption of z=45/%, the apparert values of ﬂ; znged

from 0.08 to 0.43 (n=28) with an soperent average of 0, 1803
altowing  for s dispersion in 2 . s correction fezobor

of 447 was then applied.

The gregher internal freietion during cratering is
1ikely to lead to s smaller velne ef\f&tka& in the simple
teo~body ecllision. From Taeble IV it can be szen that the
gjecta £nread over aﬁ exbtreme dlameter of 6.8 ngimx@efinent
(26&; or over a horizomtel distsnce of L o 47 cm. The flint
given by

L= (v~ /g) * 2sinz cossa (45
where zwﬂg (Fig.1) dis the zenith sngle of ejection. ¥iom
equam;fg (4) 2nd 8= 4.87 x 10@3 %rlo? and wp= 12586 em/see
a8 fbrx%ggerimantg Ugw 188 cm/sec. With the condition
R A instead of equation (17, (18) ﬁields ¥Y>y=

Ve wbv:9j133 in the present caus. Taking yﬁxZﬁg:;chﬁﬁ

28 8 mvldl value for top ejection u=635 cm/seo, smn; m-098

--...

snd sinl 0.213, caaP.ﬂ 0.977 according to (27), the fop
veloeiti of edectlon agecording o (45) bheeomes ¥ =333
om/sec, Hence AX333/635 = 0,527, I 0,975 with a cone
siderable mergin of freedom, however. It is perhéps an
overesbimate,s as, for constant ?\, u incresses with de-

creasing y and the farthest throvout will come from the



e
innermost ?QP@iGRS}fTQE.XTU yQ « Taking = now y=0.15,
u= 1126 cw/sec, slna=0.12, v=440 cn/gec ie obbzined whence
A =0,391, N=0.153. The grain eize{0.4 cmy m=0.7 a/cn® )
-wes such that over the f1ight length of 47 em or through an
gir msss of about (.07 gﬁem%; abgtt & ver cant of the velocity
would have been lost at the endpeint lhrough air drag. Au
ineraase ef.ﬁ‘hy 2.5 per cewut would e requived; meking 1t
0403 and AE:'Oblﬁu This latter value is probébly the besi
guess thet can be meda.

with the adopted cratering mcdei'[équaﬁiuns (4}, (18).
{24}, (28), {(86) and {2??} s the fraction fy (fallbeck) of
ejecta Telling inside a radius 5B from the center of impact.
snd originating along shock surface P of y = const. (Fig.l}
0% ¥= const. eguals

B .‘g—-:"\'rg = 1y "; _';%-'; = 2{— %i Yoy i
= C»!,a‘;' ..;._t}}?\ﬁ/im{) - }}:‘)i {1 =~ ¥ O8in i% ) /K}_“}*ag}* Yo {48)
Tne Eerm,né represents conventionally the distancs 1E of the
ejection point (Fig. 4) in units of By. Vhen fi,> 1 is
obtained, Fy,=1 1ls to be taken. Here
a = 8z sinfl,/B F
o i—“o/ [+ ¥ ( ?)
H
so thet a3 agcounts for the work o gravity in lifting the
ejects from the depth of the crater to its surface, and
) X
b= g0 /{4 N - $:in(§,p) . : {48)
takes care of the horizoutal length of the trajectory.

The ".otel deposition of ejecbn inside 43 is oblained

hy numerival integration.

r i
By © Y fY =¥ o J‘ £, 8y (49)
g

- ‘}?‘Q



e the tuo peraafors; b is by Lar the more Imporisut onc.
Mg, B rﬂproseabF the fune ‘aﬁ log {1 = ¥n) es depending on
log by £37 four SGL?Cde velues of & end for sinf, = 0.80.
the lusert, Pig.2s, valid for a > 0.91, rgg?esenés log
(L = ) as depending on log ﬁab)c

It =mey De noted that the destruclive end ejection
phenomens depend primarily:on the prop ?TEL“” of the pook
terget ( ?plﬁi g} For ?,gggﬂ orEts gr of give n gimensions
the distvitwmticon of the'eject" will be pé&chicaily the Somz,

whatever the vmicc¢1V'oL Lhc projactile, or whalever the

-

origin of the eraterv»mhtae,_t, iapscet, high ex;lasive or
nelesy hlast if the chavge 1b|p?3?€?¢j vlaced (not Toe des
#nd 0ot 106 neer the surfsce) €0 that a ot oo abaormal
crater profile results. The differenee im tne origin of the
) blaﬁtg‘veloeiﬁy end lmpaciing mssisy ebc.s wounld revesl it
sell chiefly iu the central funmel s @ while over wost of Hae

. erater voelume thi is irrelevaﬁtg onceg the cratey siz

»

D
-
W

-

given (b;e size, of course,; is denermined by the condition
sronnd Lba center of 3mgaet}q
e choge the Mleapot” nueclear ersier (Shoemsker, 1363:

Fordyke, 1961) whose profile is roproduced in Fig. 1. Tha
% D

dimensions eave : 2(I)Lg= Bo== 10500 cm; of the ground-level

bowl, 20L =3100 emj Xo= 93_8:{}'3::* 3360 emy xpw 0.8ly, = 1920 crt.

The targed ig Ya loose sand-gravel mwix with a density of
<

1.5-1.7 218 2 water content {at cepitl) of sboub 10 par centi.

Ve agsume ?:ﬁic? in sity and ?::} for the ejecta deposit



wdpim
vhose volume is thus to he ﬁultipiied by 2 factor of
1.8/1.7= 0,883 $o vweduce It Lo that of the parent T trit.
In similar grouﬁés e YScootert TNT explosion indicsted
‘a radial stress of 600 psl ab a distance of 200 feet
{marphey, 1961} wxiéhg at the n?atef howl {150 &) and an
inverse-cube dlaw for the siress, 'would corvespond to laleral
strength s=%.8 X 1{)?'&};%,%’ emgs with a ae“mh e f 1800 emy
fS:;Oo7é; a small frictioenal component of 2.1 x 10% woula
"make litile difference, s,=%.8 % 107 dyne/em® according to
eguation (11). Within +100 to -50 per cent, this.should hold
alse for the "lespol®.

Iutegrations sceording to {(43) snd (49), with »=1.32

P

b o 0686, s:nﬁ‘&SQEOO gave the distribution of the ejecta

as shown 1n Tabie V. The value for B/B, L 1.000 is the trus fall-
back (Fy, Fig.1%). There is a systematic Gifference between
the obgerved and calculsied values which cannot be rewnved

hy 2 diferent set of paremelers. Hgmelys only the choipe

of b is 1o some extent free, vhils g anaAﬁ% are prescribed

by the crater profile. With a change in b, all ilhe coloulated
valnes oy ?E move in the seme direction;- so thet an im-
provement, at one end of the teble will De counbered by
detericr:tion at the other. Some of the difference msy be
attributed to aly drag vinleh forced the ejecta to deviste
from the purely ballistic trajecior ies and descend st
distances smaller than those of ecuation (45). The air dra

-

on these massive ejenta does noit cepsnd on grain size bhutb



e

on Lhe wobal wass ;37 the stresm, m; il m, is the traversasd

kel

sir mess. the loss in veiecity*is
OV =~/ TmA L/L

The relstive loss in the-distance is twen egquai o the
aversge loss AvE/vE 5ver the entire trajectory. or to one-
half ihe finel loss, %iﬁvz/vﬁ s vhien is Av/v as indiested.
With this, and n determin&d.ffam the thickness of the depesit
{from 4 t3 1 meters), the bhslilisfie dzataﬂac ars decreasad
Lo 3*/90 28 given in the bﬂttom.g*wt of the table. The last
Twe lines contain the comparison Tetween observabion snd

caloulation with this refinement. The discrepsncy is &imi-
nished buws gtill persists. Nevertheless, for sn a priori
epproachy the vresulits are quite sstisfactory. '

With b = 0.80 and the other psrameters, eguaticans (47)

snd {(4) yeld
2 .
Pong® o W 8/¢= 4.0 x 10°

&
ox, with ¥i= 1.7,
2 8
MNeat.8 x 10
for the deqeft alluvivm. ¥ith s=5 %o 20 x 107 as For "Scooher?

one would obbain ) #0.14 to 0,034, Taking I« 0.18 a5
for the grsvel crabers, s,= %8 X 2o} dyne/en® esn be cone
ventlonally regarded ss the best estimate for the "Teapot
QLLuv?a&; the gravity 1*10Li3p correction amonmhine +o o

mere 2.5 x 10° dyne/ cm®

IT3. Pleunetary Encounters

.The s wlace propgerties of the moon cermot he well

interpreted without ite past history, beginning with its



i
origin and followed by Turther exiosure 1o collisions with
interplenetary stray bhodies. This purpese is basically
served by the theory of interplanstary encounters vhich in
ite original "linear® fa%m {@Qik, 1981y 1983a) is conesrped
with very small gollision cross Sactimngas‘compgreﬂ £0 The
orbital dimensions. Supplemented oy the cansigeration of
acceleroidlon in repeated grevitationsl "elastic!" encounter:
(5pikg 1566a) it‘feguires essential m@@ifieatimﬁs whan
dealing with rings of "planetesimile" orbiting in tightly
packed neerly circeular orbits. The relative velocities ave
then suwsily the cross sections lerge and the linesr approxi-
mation (i.e. tresting the orbitsl are segments negar the
Jbointe o encounter 2 &s straight lines) is no longer work-
able. ﬁyprnpriéi@ fermulae for tﬁése cases are for the

first tlwe given further below.

The linear spvroximabion Tormliae for plznetery en-
counters are as follows. In e Jacubian frame of the
restricted three-body probdblem, 2 smaller body {plenet; wmoon
To be called further Yesatellite") of relztive mass }LI?m
volves ground a cantral body (sun; earth to be called
tgain h@iy“ifﬁass 1 {1~ ?emare precisely) in a neariy
¢ircﬁla? erbit of radius 1 snd pericd 2% , so that ite
orbital veloeity is taken a8 unit; and the gravitational
constent le also 1. A stray body {io be called “particls')
when at @i$tance‘% has a veloeity U relastive to -the
ci?ﬁﬁl&?*?@l@tii?lﬁf }L; in the urit

5 chosen,
f‘_‘:: c‘” N
T=3 - 2{a(1 -~ %2

cosi = 1/A (50)



L
and a T@ﬁial component U, _
1%,m2-ﬁﬁ.m 2)~“Mﬁ - {80)
wﬁmﬂef\& $em1um930f axﬁw, amdﬂhﬁnt 1&1%3, ana i= incling~

[ *

Llon af the D“hlb ef The pa?»lcls wcl;txva to that of the
sotellite,

. A-particze vhich can pass g distance 1 Ycrogsest
the orbit of the satellite withoul necessarily intersacting.
e to soculsr perbturbations, precesgion of the node and
advence of the periastron of the satellite’s orbit; rew
sulting ;2 a Secular mobicn of the srgument of periasiren
(p@rihelaongrperigae} w 9:§ particle crossing the crhit
ef the satellite will be dntersecting it twice amring Bhe

period of w2y t{G3). For the earth in heliocentrie orbit
the repetition imterval is %h{ 007 == 32000 vears. The "pro-
‘ ;

babdiity Fe(mcthematical ex 9@ eu}ef encounter per one

reveluticn of the partiele 18 ther

2 X {_ 2} Z 5
Po= {0 ﬁ:&lﬁl}\* Qo#&ﬂg : I;X?? 4 0,440} Z (B2)
unave 9Qv:€GGGﬁtT101ty of the Batellitels orbit, G;::targ@t

i*".

ading 01 encounter {call&sxﬁﬁ} purameter in uvnits of thé
orbital vadius of the eatellite. I'o o the inclingtion the
gversge vechor sum )
(53)
must be laken; where i, and 1y aru the average orbital

- inglinations of particle and satel lite wo the invaricble
plsne of the s system. Howe vay' whest the encounter Lifetime

fequatiin (569) below| is shorter thsn ona-half the



i oe
Taynodie period & orbiial pvée ssglon, the Yingtasnlanscust
velue of the inclination must e taken :4 simllay ve-
striction ﬁolﬁf'far tne term 0.44e,°in equstion (52)
with respect to the synodic pericd of the longitude of
perisshroin.
For poysicsl collision with the satelldte

Rp (in Yae same relatbive units),

- 5 ™
2 L2 . QL NPT .y
Ga%= 65 =R~ | 14 2 16"1} >,! (54)
whero 5
BLL;'R{} Vo (58)

is the square of the escepe velocity from the surface of
the sstellite. For a complete gravitational ”elastic

caitlﬁ;anﬁg Yl@1U”Qg a mean angular dsflection of 9605

the cryess: sectbion radius is defined thraﬁgh

; .
2, 4 /\
=07 % 1_1n k.(w'f‘ j(k}n e s (56)
“with

= 18 [LL,, (TEU (57

whers -

- SPTE: V4:

Ro= (3 1) | (58,

is the radinus of ins "sphere of action“ upon the pariticle
of the saleliite sgsinst the main bedy. This is not o
clesyeut 1limit of action, but its use in 1ogariihmic‘form
renders unimpectant this uncertairty. The average per-
turbation vecbov of the main ho&y on ﬁhe.rgc¢ml zecelaration
the particle -relative to the satellitc is zera, so that

there is no vértusl Limit of acticny, only s disarrancement



by the.perturbation.
The lifet 1ac of the particle with respect to & given
vac of encounter with probability P, i§
te) =27 at e, (59)
and the trus probability of encounter Gurinz & time intep-

val b is

7= 1w emlv/e (6] (50)
The validity of the linesr sporoximation Po 1a restricted
to the cste when the curvature of the sfe of encounter is
léss than thé target radius ¢ , which for o , 258 for the earta
and PEaT*(iﬁil&V orhits of the partieles requires (5pik91951)
= 0.0063; sini = 0.0064, U > 00000 = 0.27 km/sec. (61)
FPurther, provided that sini and e exceed J° s the target
redius, tre lifetime must exéeed 5de~half the pericd of the
argunent of periastron (not the svicdie pericd in this esee)y
Co) > Bb(e2 ) (622;
If this is not fulfiliéd,
(o) = H8(W) (8:)
must bhe takehg unless 8'5h5TL61 liz'e nime not depending on
the cecular sdvance ef;aais indicaied [cf, equa£ions {69) -

\ g
-

-(73) | .

The .breakdown of the linear spproximation leads to un-
reesonably high values of Pe in (%), Iﬁ suck a case an upper
1Timit Fotr R, ds (b41A5 19682) ; still Cepending on the
secular varsistion of LO yet indepencent of the orbitél elemerts

e and 1 , , -
Po £ Py o= 20% !/(3»: (V5] (64)
1



w50
When this condiiion is not fulfilled, Py=P, must be

Geken instead of Py (unless superseded by another Llimit).
For smell velues of U, when 5,7 § » repeated elastic
encounters bring the variable sini snd Up velues often nest
zeTo, S0 thsak paft1§ (64£) has o step in ingtead. The
statilsticsl mean probability P, i€ then
(e aver.® Po= Ko U (¢5)
where Kpiﬁ 3 for heliocentric enccunters with the esrth ,
ana‘ap.n E.fa? those with.Jupiter(gpik, 1966a) . &pglying
equaetion {(64) to Pém-Pa with K?:=3 the éonﬁitioﬁ of walid-
ity of (65} becomes
G 4 2/9% = 0.0707 or 7> 0.00¢ " (66)
Otherwise Py as in (64) must be uced.
On the othsr haﬁd, the target radii should not exgeed
the S§h9ﬁ&'9f aation,
% < (7

Yhen equatd ons(54), (58) or (68) execsed this 11m1%$uﬂ = R

gt

o

shall be copv*anOﬁa¢iy teken; although achion is not iimited
¥ this distence, it camot be treated by the simole

-;' + 4 - ‘- -
statisticel wmodel of Two~body encounte ers; classical vepe

turbationzl methods must then be used instaad.

The oreceding equations of encounter apoly when the
oxrbital range of the partiele comes within the weaeh of thst
of the saeliite, augmented by the targel radius. The range
of apblicability is defined by the two conditions of fuli

Crossing Lo be fulfilled simultanenusly; wheh e

n

::"“ eQ 4§ ‘tb.e;

k)
-

condition:s. are



AEL ~ o3& ey - Gy .
: (88}
fi{’l":‘ Q}:}\l'—{“ CC‘ i {jé:'o-o j
and when & & 4 the roles ef perticle and sabellilte are

In interdhenged.
4 Trectionsl Tacter mey sometimes be applled to the

?wﬁmﬁ;ﬂﬁmﬁgfm*mwm&_mﬁ&hg{&ﬁmiﬁ&dl%ﬁﬁn
Tor v&ry smwell vel ves %f‘Ug as those which would oceouwr

in pre-~-plonetary rings uf planeté&inmla; an overall up;

liwld to the probebility of encounter evidently is ¥, <1,

1imits exisy which canuot be survassods

2

the aversge lifetime for an encowmter, whatever ile terget

mowevar, two narrower

radiug, must be longer than the shorter one of two ipliher
one-nsll the synodic period of revolution, &
periiele,y oy the time of uanpeyiturt -ed Tall from o distaace

of Y2 (w.ddle of cireuler orbit) uncer the attracticn of

the satel’ite. Thus,

ki -~ le:f’ of& i Y
Blo ) “,’J*"‘E%'—"-ff! i :}’ {A}" S Ui {69)

oy ;
t(a“) > t:}f (» 83?1-1'} 5 {70}

when 27F is tae 0“§¢ta1 pericd of vhe satellite around the
ccn rol body.

These ceses occur only when the orbital semi-amajor

axis of the psrticle is close to urity,.
A Lhh, {71}
so that 2 lipesT spproximaiion Lo (892) cen he used
R GTEINS (72)
pe |
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e i e

At.  is 8hor&nr than t, s equation (70}, when
- , Fat!
A2 21,261+ (7)

xanﬂ wWnen gt is the lower limii to t{sv). vhen (73} is nob
R

3

Cfulfilledy tp is the 1imit. When She lifetime ag celoulsbed

Trom (59] comes out shorter than “he limit, &4, 5 o1 bn must

be substituted for it; the equivaient probability P. can then
be caleulated from (58).

A4S ¢an be seen, complications zrise when U 1o swmell.
A ”Fermiwt§pe“ scesleration of The encounter velﬁcity for 3

*

non-cirveular precessimg orbit of uhe S“LPlTLbP iupl&s 18654,
1988a) cuula 1neﬂease it sufficiertly before a collision bLakes

places 80 that equations (88) or [84) epuid appljs The acezlee

ration is given.by ]
o
3 (0.2} (0. 6286,y gin’ 10)f {0yl (74}
1'
in Lﬁlnmp‘ﬂeiviﬂehbg whare lﬂuu:u_ﬁi/ and F{lur)z= ]

i, -
AUty fat 3 L.

Y

vhen ﬁG@;):i%tG&J)g When the defluaction Lifetime is shorte»
than t(c‘-?jg
o0 12
P{ea) = 4{F é}; {O?{j {753)
While being deflecied sng accelersted in the elsstic

gravitational encowrter g, the particles orve remove by

Physical ccllisiogﬁ, 82 that they virtuelly disappear befme

& ceritalrn sverage value of T is reached. The fraction sur-

t

%_(Tﬁgmexpg- i ()o/@\j &
- L 4}0
when T 1ie sccelerated Trom ﬁl a

iving is

/

tlag ) . {78)

M.k

L= 0 to Us at 4. Tn ihig

equation (L3 does not avpear and there is no restriction



3.

L
depending on lifetime which enters, however, impliciily
through {74} from which the interval © is to be destermined.

whan T cxcceﬁ" the eriticsl value of M2 - L=0.414 .

] - Py

sddditional éeyiatimn of the purticle population begins,

varouvgh ojecetion out of the systenm by way of hyperbolic e@. ol

rfor partlecles encouvantering the earth with low initisl

1

aneouihes velocities, U1=-D,L (3 m/see); rapld Geplebion

by phyeicel collisions prevents 99.3 per cent of the partizles

Trom reaching U2 0.3 (8 lm/see). "he average encounter

jelocity of such particlesy when 2sptured by the earth or

17
the moon, ig then U= 0,178 (5.3 kw/sece) (Upik, 196

f-lg lgféﬁb) 3

A,

Of CoOUTSL gravitetional sction will ineresse this vsluoe
W oa ealiiaiaﬁ.v&lacity of abous 12 Lm!qn or the earth
and 5.8 ws/sec for +the woon. The xrgcnlon accelerated above
Tz Q.4ld 1e less than 10"13, so‘tnat ejeetian is negliginlas,

the entirce “eﬁula%ian being removad in co sisl . Fop
& piter, hGMﬂverg the C?Eﬁiéi@ﬁ& are ver§ diftferent; and 50
‘ar& thos s 20y the woon with res De % b0 earthbound orbiting
peviticlas.

The §?ecc&1ng eq ione poply to free orbviting particles.
In o pre-plenetary ring mubual collisions and drag will
redues U to vefy gmall values and will also prevent the
accelerasion mechanisn Trom workiog {ﬂpiky 1966a) ., condltions
which must have prevailed during the origin of the moon. $1s0,

1,

when the “"particie” is no longer >f infinitesinel dimensioas

[N


http:earthbouw.nd

as cowparad to the,“SaL 1litet, thz radius LP==R1+‘RE 5
snd the mass ?,==FT+FE must be teXen as the su@ of thg
values Tor the two colliding or inberacting bodies, the
galellite and the pa?ticié.

IV The Oripia of the Moon

fo Toeoretical amd Observationsal Basis; the Alternstives

. The 2vents vwhich shapeé the present su”xace of the meoon
mist be traced Lo {¢he vcrj origin 30 our satellite as en
individual body. Three principsl wrdes of origin have heen
envisaged.

(8} Thé Tisgion thedry propos:g by Sir deorge Darwin
which at present has Tallen inso disrepute though without

cenvineing resson;

(b) The theory of formastion from,swarm of planetesimals

=y

orbiting tﬁe earth, simelbtanecusly with the formalion of our
planat (Scholdt, 1850; Uplkg 1962

(c} The thecery of capture, suggested by an extension
of Darwin'g calculstions backwards by Gerstenxorn (19 3 )
(6pik9 1985, 1962a) and recently- sponsored by Urey {1568s2)
and Alfver (L2963, 1965).

As will be seen; there may be more veriants of these
typiéal hypotheses.

Hypotiesis (b), originated by 2.J. Schmidt (1980) , has
been st?ongly supported by'Ruésian aétrophysidistsnnﬁuakolg

Levin and >thers; Levin (1965

-...z

provides a fair survey not



w85
only ot the work of O.J, Scoamlidt's school in this dlrection,
bhut slsoe on work done elsgwheré on hypoethesis {(e), vwhile
(a) h% rejacts oubright beeause T the dimpossibility “of

e ohjection

}“

the smooth separabion of o robating fiuid wass®, 7

ek

wids oy 1f 2 reaady-nade mooen is supposed Lo be the end-
product., However, the products of fission, broken wp into

»

nuwberless fragments inside Roche's limity could later on
gather ond recede; lesding thus wo a variant of hypothesis
() {Vﬁ‘Kr 1855

Ovzervationel daba, based on the stetlstics of elllipti-

citizs ¢f lunar eratars sud the seomstyry of tidal detorma-

ticns (Cpik, 18810) . point with ¢ good {though not over-
vnelming) probsbility to the cralers in the lunaw

continentes having formed ab a distence from 5 to & esrth

3 ?3'}'

O

redii.suzporting Lhus Thopothesis (b) a8 outiin
Q,fo’Seﬁm;i‘c “hile tire upper 11mmd is th“Tﬁ 1iny; owing o
the statistical ervor ¢f samﬁllng the lower Lliwit dis well
determined. 1t is pretiy certaln that the luner ersiers in

the highlends have not been formec. st s distance clog

After @éysﬁenkaru, rewrasvective caleulziiong of the
evolubion o1 the maaﬁ{s orbit heve heen madie by hsebeneld,
Slichier, Sayokin; with very diffsrent vesults as depending
on tlie sspumed peraweters (Levin, L966a). 411 these point,

Lo a wmindmm distance somewhere neny or inside the prasent



-

. 1 - g + '._f_\

Hoche's limit, 2 - 5 2 107 years 2gc. Yebt the hi oryof
the moon preceding this miohinen distrnce or Mzero hour'! can-

not be dzeided wethematically becauge not only the tidal
fricuion pargmaters but aven the masses of the inveracting.

bodisg themselves could hgve boon varisble and their idents

~l
-4
.
o
f=ts

unknewn there could hmvu xisted several meons, of which
only oune survived; and the roon may never hegve gone thyough

this gtage st 21l (6pik; 1€58)L Ts dis veasonshle Lo sscume
: /

L2y

bhat zere hour was some Liwme near the begipning of the solar

-

system, 4.5 x 109 years &80, AU tigt time the mass o he

)

1
e2rol Wat accumulating, and capture of the moen covld have
taken place at clese approach into sny near-varsholic erbit,
and nob necessarily into a reuﬁograde one s by non-tidal
trapoing tarough incresse of the carth's mass and loss of
momentum in collisions during ‘the passage.

Tt aust be cuphasized that & rect condensstion of the
moon frop a gaseous stalte is a ralher incredible propositiim.
tven if the required extremely lou temperature and high
density of the gas prevaile ed, the earth wouvld have profited
from it first, turning into a giert planet lilke Jupiter,
Acceretion of particulate matier is reasonably the onlj'way
the moon could have come into b eing. The impact velocities

s

mw

¢ not utave exeseded 11 km/sec; ostherwise loss of mass
- - - Vs s i . -
instead ¢ accretion would have resulted (Opik, 1261a) for

the preseat lunar mass; a lower 1init down to 2 ku/sec and



G

T

. - ; ustingr
less must be set for a growing swaller mass | of. eguatien

P

{LB}% « It is thevrefore iwmporabive that acerenion must have
teken §léce from some kind of a ring of solid particles in
‘which the reletive velocities were smell.

Eo Inass Accurulstion frow Orbiting Debris

mver in the capture hypothesis of ﬁhé moon, it must
hove entered the spheve of action of the esrth on a near
~énr3hmlic relative orbit, or U £ 0. According to eguzstion
(503, thie'fequires'ﬂiﬁl, &= 0, i: 0v The moon mﬁst‘have
Tormed on the'éame circular orbit with the earth inside tho
pre-planetary ring end fron thé same material. Any hope to
on tae woon cosmic material of different o?igin than
that of tarrestrial wateriasl is thus noé Justified. Also,
“h

@ time scale of the major accumaletion, or depletion of

the pre-planetary ving, was determinsg by the earth as the

major hodi.

g20Lar nabuls

ot

L

In the pre-plonetary ring,; a vemnent of the

the origiral cosmic distribution of the elemenis with the

predominarce of hydrogen must have prevalled. Juplter and

the outer planets spparently heve incornorabed hydrogen,

halium snd other volatiles in coswic proportion, whils the

terrestrial planets consist to 99,9 per cent of the non-

-volstile silicates and iron. IF in cosmic proportion, the

earth woulil have captured about 100 times 1t8 mass in hydrogen,

enabling o keep gravitationslly this and other voelstiles at



= )

any imsginable teiierature. Therefore, the gaseous consti-

tuents of the nebula must have been swept away somehow from

tevrestrial space before being sucked into the sarth. while
the refls ¥ omaterials gatheraed intoe o common plane, intd

a thin sheol similar to saturn's wings. For 2 wing spread

from 0.9 o 1l a.Uo; Over a widiia of 0.2 2.0, the totel
H
wess of the earvh--moon system weald corresvond 10 a mecs
E ]
load of mp=21.8 g/cem™ over the orbital plene: A gpherieal

N .
plenetesimal of density O0=1.3 (cometary nucleus without the

er .73 b, g/em™. The demping lifotdme of the yelative
veloeily U at orbital inclinasion i of a particle which hag

2

to pass through tho ring twice during 2% Jacobian units o3

time or ome vrbilal vevolution (a year) ig. in ihe relative

Rt ]

t.—-.:': i-;..! S ?:'. i ‘“‘i i [ r/ﬁﬂ = _"1“. gini/fl ¥
7= M sind/vm, Tz fE = e BIRL/URy (yegra) (78)

i
&nd the dwped wslue of U after o time intervel t is
e ‘1-_ %51 Ly,
Ugu LJ‘ exyp u/ tj‘)) (79}
The nru1ts 01 the plenete 31n31b vhen perturbed wili

rapldly bacome circles agsin while the Jdacobisn velocity

decays on a bine ceale of
Eorel - ‘f .
tyéﬁxO&&%-E:‘ﬂfm)

for a typical esse of oin%/ﬁ. 0.5, Here

of X P . 4
of the total Wass In the ring whicl. has not yet been-acerete g

¥m 18 the fraction
1 .



by the planct. Theg, for a typlesl projectiles producing a

eraver sbout 10 Jm in éiameterpﬁﬁcﬂfl ki, tégeu = 2000/

<

{1

years, bthais shork by cogrogonic standerds.

Dampling is even very wuch greater Tor 1=0¢, wihen the

-

U vector is in the plone of the ving. In that cases insiead

of the crase sactions the linesr cncounter dismet,

is the sweeplng valt (R, is'assuved to be greaber tiaen the

of,

thickness of the ring, and slighbls

13
S
Q-

ilanl

ax

W

eod from its plane);
the lineesr 1load of the planctesimsl is then
[y vl
f e Ty 2 -
W, i"ﬂe é\ ' ‘ {8
or 4.1 RC g/cm. Over = path oL it SWEEPS o Wass W3 G

per ¢n. Thh‘ﬂgd?pl czoalabemenx eing Gy

TR
) /
reuial danp Y length %beﬂ becoenes
- ; .
}._'I, w--“ \{;—PX h?ﬁ. f/ Uﬂig P {82}
07y vith Lypically ﬁggf”bﬂ 0:5 3 @y=21.3,
gg - /a
Lop = Q0.1 R oo | (s

and the dimping time is {independent of the ratio U, 1)

i : RTEY. . :
ﬁrtLELff (U-3 % 106}(see)::2 2 10 ib“cajibﬁzm)(j@urs) (84)

Vi
For Rc?=lﬁgem 28 before; L, ™10/ Ly {em) te=g x 1070 Uy,

- {veagra).

The hdﬁ?lﬂu is highly officient anas unlaes disturbed

by the griwing ea?th oy cthef ceﬁ,,rs of eondensation, the

particles of the ring will ull movs in  co-planzr eirgulap

orbite anc mutusl coagulation woull gtop when They are tougdi-

R

ng side 1y side, ea envisemed by Jeffreys for Saturn's rinzs



. Tyo
{Jeffreys, i@é?p}o Vith swmall partieles, an aimost contipucus
disk ig.thus formed which, from orbitel friction and gravila-
%isnal instability, is then bresking up inte larger nlanetesi-
mels thyouzh c@agulaﬁiﬁﬁ ol neighboring ve sicﬁsﬁ When theiry
.siée'ané denp qg time arve sufficisntly levges they can be
colleched gravitationally by the groving planetary oucleus
whien plangtary perturbations éiveyt them inle its psth. Also,
perturbaiions will chenge the orbitel elements e and 1 of the
earth's nucleus,thus inereasing i rangé of heligeentrie
distance snd sweeping ability. Enecounbers with other massiie

neelel will alse lesd o ¢chznges in

L

c"f”‘
6]

bital elements.

{{:l
(K)

Disragarding damoing at firsit, the esrth can collect

the parvicies from the ring only when their aireular o Ditbs

ere perturbsed so that they can ecross the prpit of the garth.

An exception sre those which lie within a range from L+t e,
o 1 -~ e, heliccentyic distence"whafe €g 18 z%~ eccentricity

o the escths orbit. gram.eqaatlo& (30} it can be gshowum trat,

fm?éﬂlT&A,iﬂOgﬁmiﬂﬂ.“e)mljmﬁfmﬁﬁﬁﬁm;ﬂm

°rbital erossing, the encounter veloecily hecomes (to terms

of secongd order)
s 5
U%s {A8)2 op "i:-‘-a\zm*i

Hences when perturbstions op collinions induce the varticle:

wa

from orbit. 4 to oross and thus sub: ect them %0 ¢hances of

s o . — .
collision, ¥ the U-pavameser will te close to that of

equation (85). For the envisaged ving, U values wp Lo 9.05



-5 1n

£ _
i1 s SEIEG, TH
ere Thues expected, with an average about 0. 025F=0.75
Pm/@@é In such a pase,; Loy bodiss even mmeh smeller thom
AL .«f‘ - . -

‘ i g /8 the unlty
the earth; with an escape veloelty wpy» 1.5 kw/sec, the umity

term in eguation {(54) esn be dropped; and the coilision

croess section of the growing esell then becomes ss from (81),
2 A8 2
T, = 4 2.63 x 10771 - }A{m )y fu 36a)
o = 7 N
and 5gszP62 x 10771 - M )&/ U . L8SD)
'\-
Yith the collision prohability from eguzbion (63) which
holds; the corresponding collision lifetime from-(59)
results ns y
R . G732 : ,
B8 2T < 1,27 x 10%8/(1 - 1 Y7 T(yearsy. (87)
{m .
For U=0,025 cerresponding o A=1,.05 or 0.95 as the

medisn for the ring, and E’m:: «D 3 Lhe lifetime is 50,000

3 uhls mey otiain 240G, 000 yesvs.
o

Pr5 ed parturbations arejavailable seon encugh--whi T
may ueh be the case at all--g win:mam tlﬂ? scale of scere-
tion of ihe e¢arth ms &y be set at 50,000 years. The efvective
time may e several times longer,

One source of the Perturbaticns is the esrth itseld
which passcs the pariicles at the close Tange of DA during:
a synodic period

tslaﬁ?v&(losga}“l (yeaws) (88}
te first-order approximetion. During this period the

eccentricity is exeited by earth': periodie perturbzstions


http:5-zLi.62

B

W a value of ebout~
Y 9T (B )" (29

i

the perinerion or the direection of the al wvector vevwolving

me?hii.mﬁ

+ 3 L i
with the synodic period. To veach the esrth's orlits @ miﬁség

ig regquired, which yisids

* e oy )P (90)
LY £ S ftan s {124 w ¥ &
%5_ iy ~.§g}g{_z. - ;?m ;};1& J},mm{l. ?m | I @

scomulated micleus Legu&&&&ﬁ (08)

1/3 .
R,=0.0115 (1 «»’?m ) (o1

A seculsr iversase of the sew'-major axis of the

particle’s orbit with a time geals of

" * d o Son Yy ;i’ 3 \2 .
bamAA(BA/a8) 2 (A /)«%ﬂ RET %5x10%2a A A e

£,

a"-%

. - o -
gives T, 3200 years at DA=0:02, 1.3 ¥ 10 yrs at AA=0.085,
2 x 107 yrs st AA=0.10. This has the effect of moving
ewey the cuter porbtion of the ring end bringing neerer the

immer pordiion.

Of ecurse, with the distribution of masses in the sola~
system alyeady settled, pe?turbauiana by the other plansts

will add to the effeot. The time S22le of sasula“ periturba-

‘txcns here is of ths order of 50,000 years {hail period,

guite sufficient gxeept for their small anplitude, only 0.03

=

in the eccentricity.

To mske perturbations (includ’ Mg Beee lewatven}WOﬂP,
~

damping must be overcome. For the peripdie perturhat

”vlenSg
';"'{r <t"‘ O b4 Ay gy ] + s £y
b 4 TG is reguired. From quations (83), (80) ang
(83) we thus obtain, for U

=0.025, =05, AA= 0. 05:



e

Re # L0 cm from Ty, ,qbu“c. R 65 km from o
A2

¢ MuUQELaLT CLuae
c LUt

c r

=

will be needca 1o ceountervact Gewoing, p;j'ovi@eﬁ the perturba-~
tions include inclination. The case of 1=0(with the shaet
of particulete matler thinuer than the diswmeter of the
planetegimal)is Loo extrens,; and the clumping iimit too high
Lo be considered: there will be alwayvs some deviation st
right angles to the plane, i 0.

For 1ong~pe;iod‘perturbations,'ineludiﬂg those in i, to
be effTective, for %i:>505000 years we find Rc)sléeﬁ kn. Below
tnis the parpicles of tﬁe ring must respond to,thé perturba-
tions somghoﬁ in a ccoperative way.

It seems that, with of seeular emplitude in the eccentri-
city of the =zarth of sbout 0.00,; a similar value of e for the
lerger partizles above the damping limit as causeé‘by
perturbations of the mzjor planets, snd with addittonal DET~
turbatvions T the earth in close pPastages, the psriicles may

be accreted ndeed at an average enccuniter veloe

s
o

Ty of U=U.085

and a time scale of 50,000 years,

o= exp{~1/5C ,000; (£3)

being the unaccreted fractlion left in the ring after the

"

lapse of 4 yuars.

C. Capture Hypotheses of the Origin of the Moom
8. lLivon formed independently angd captured bv non-Lidel

Drocess

The increment of mess of twe bodies placed 1n the same

nedinm is preportional to theiv collisional espture cross



B B

Punr

2 .
section, Sl . For the low velecitles of encounter the unity

fb
term in equation (54) con be disregarded; the rate of
scerotion of two ind dependent miclel of equal density (for

the aske of simplicity) is then proporiional to the 4/3 power

. i

of Masg. Pre differential Qagcicp-ﬂf grouth of two 1qm‘
dependent centers of scereticn cem e integrated and the
result repryesented =8 a‘V@“‘&bim ol of the maoses,

]”/"j }3 : (94

k- L oo 1
L i z’ ’ E' - IMLK' i
¥With the adjustable pa vamctmr gbgaf.ﬂsau%; anﬁx?:ijﬁ':‘3ie5

'-.

te
is obisined a8 for the present mass vaiwo of earth Lo
moon. Teble VI then represents ﬁne variztion of the wass
ratlo ag @e;epding on the value of 5% —wthe variakle mass
of the eart: in the course of ascretion.

Thus, ;2oing backwards in tims curine ¢ procaess of
P -

fos

aceretions she mwass ratio deereases. A% Gfdﬂ 0"%, when he
H
radius of the earth was one-tenth it present veluws; the mass

retio was a 37 only. The initial difference in the sige of
the nueled could have been very smell, Just o mattér of
change. Alsc,; in the*beginﬁing there could hove heecn many
compeling niclei of compershle size.

Iﬁ dy 18 the mass accretion per unit of surface arsa

and tlme, w the impact ve loeity, Ty

-..-

331& 1 benps raﬁurn

of the seereting material in spaoes 1 the surface radiatiou

-3

W

w
temparature, Ll nﬁe average specific hest of the solid,

'ksua5n6? 2 )"0 Stefants rodistion constant. the svbsurface



temperst ur: T, of the acersting materisl will wmore or less
s & 5
R
tisfy the equation
.o N A L4 .
T \_LJ‘"‘T“ ~ ) (Tg ~ To}jz K, T = Ta ) . o {95

te maberial, ;=9 x .'LOE) erg/s  degi, also Le=300

-

el s and finite

;,.4.

Gegk cen e sEsuued. Becasse of swoface sh

Setting T/ {3-'5 To; In (98}, 2 lower limit for the For Tow T,
An upper Ilmit ‘1‘ Ly comesoo%omw losses,; cbtaing <l

AT Sy e, '““'“"‘“’ N

temperstuie is abtaw,;e'ﬂ}iﬁswpvma when the }'ﬁ"lpg}?”ga{;h‘r”pg reaca -~
avove T, 1800 “x, the temperaturs of fusion, squation {‘95}

does noh ;13;, Yhen the lowsy Limit, o

igs bhelow the Tuzion

v 4 3 " 3 3 . -1 .
limit snd w CHpE L.E4 kwm/see, Tusion csnnot take visgce even

al complete stlelding, snd the upper iwit ds then

L it a s
w 7= -
r{ = " O““{' 1&1 7 ‘_;'ﬁ-i— 5 ” {9’?_]

Vhen w ey In the csse of sxtreme snieldling pavtial fusion

Lust take placee Let 8 bsa the melted i‘rabtiam end let the

same {rast ion of 1;119 surfsce be unshisla ad lmmia {lava)

3

radiating with trze 1'{;1@‘?181‘{}_{

- 4" 4 -
QG"l\gim ""’?0 )“

A

X 2 .
5 o 1O erz/on” sec , (o

%

the vest of the surface being completely shisldeq {e.z

o DY

tusuleting dust) and at T=Ty ¢ he maxionm melted fraction

(en the surfaoce 28 well as in the subsurface) is tnen
€ Oaax)™ Iy ($9° - o)/ (gt 2,9

where o= 1,35 2 1010 erp/a is ihe

)é:l s (9g)

J£13
neat required o raise

Lh Jmei-‘ll..m o t ilp= 2'3
Derhurs F Ol“’i o Bo Tm s &arg :.if"' 2.7 x 10 .z',,,/g’ is



Yhen O exgeads 1s compleie fugsion Lekes nlacs. ii“i}.e Licuid
is essumed o radlate b0 spece unshlelded, st T= Ty 4 and

robable tenpersture T (ot 2 1imit) is then determined

h"{;‘ v

by the ¢ountlon

ATt

S
:

i

;‘i‘m[-"~vf' ~ T ) w ol ~ Ty )= %{*}3“"* A {007
where o, ie the specivic heab of the léquid,
Over e short time scale of ﬁ&,t??."-.’i\;-vﬂﬁg CONGURTIVE
exehsnge of heat with tne interior will net EPgably chonge
the resulis.
For a planet of deasity (5‘ aml radius i%p aooreting on
2 tiwe soale of (), the scovetion is
Iy c?/%;{ﬂ‘v‘"s - T
o) 51.12 A R m w201}

Mgi@c’" ¥ thg !‘ml‘l roke of the undepen

g"'o
[
oy
=
o
&
0
L3
5
e}
fed
pos
o
3

mot e i 1 =Gelhy npm Del = 3.08 Cily éf whebs BLOT ) BOL000
-

‘

yeerss ve find J (eeeih) = 6.6 » -0~ ﬂ‘fcm see falling
&6 8 velteliy of #.4 ko/sec upen the halfemass caprth. Fop

the moon of 1/50th the carth's mesa {ef. Yabls VI the
. - > 5
o B / 2

seenetion per walt area ab constant U, A~ G o IR
- )
L{aq&a‘timﬂs (5¢) ana {65}] » 18 1/14 that for the esrth or

£“
py CHROOT) ¥ 457 x 107" gl Bec. with Wepm B0 kifsge for
'Lhm woen: ab that epoch (wess= 0.8 of {Jz’es{;nt. meon) and

U=0e0250.75 knvscoy v 4.6 » EO}"Q (masfa&e}g and W S. 1

kmy/sec dg the velocity of £211.

™

Wity these dabay for the inde pendaflyy moon at epoch ‘?‘{s =05



G -

bt
in
P’

of sceretion and 2 time scele of 50,000 years, equai:.ig.n‘{f‘
yields T > T! =404 %%, thus e low minimum velue of the’
tampezathr:, alvbough heating is not negligible. Tne trte
temperatire wenld “be neer this value fowr conwbinuous aceretion
of {inely &ivided msterisl which does nob penctrate desp imo
the surface.

‘The cther extrems, e.g. cﬂnditjoneé by en ingvlating
Gust lsyer of low thermsl conductivity covering every bit of
& solid srea, wonld éllaw-heating ¢f the bulk of the mebs to
neerly 1800 °K. fccording %o equation (98}, the fraction
melied as well as the fractiocn of xposed molten silicstes

would ther he . 3
@(mcﬁ{)m-eﬂ x 10

¢nly. & Lot soligd body with some lave enclosures and ex-
posuras, just sufficient to radlatc sway the erira hes &b
could bhe 5ﬁvisaged¢ The lava exposiyres sct as o thermeptat,
keeping tle mean Lemperature near ihe melting point withoud
complete zelling.

The craters in the lunar continentes correspond to the
accretion of the top frsction of alout 3 x 19"5 of the Junse
radius or O x 10 -5 of the mass (bp]kg 1961b). A% thet é%age;
the collision cross sections of ea 1Lh a?d moon were in g
ratio of 280 to 1 las they are now. cf. equation {54) with

vﬁzoveas + BO thet there was left over unaccereted in the

<



ring & fraction .
o
-5 . . g
7Z:$9 x 1077 x 381{ (8154 1)= 8.1 x 10
)

Accordi ing %0 (93); this would require & time intervel of
sbout 400 OCO yeesrs Lor the beginming of the formstion of

craters which have suxv&vaé ant 600,000 yesrs for the

3

ractical Ucfmi iwtion of this orimevel crater-forming epoch,
- f .
¢ reckoned frow the epoch of half”aﬁﬁ?Ctiﬁﬁq{ﬁhigacﬁ)ﬁ

o

Aeeretion nust heye been slower in the beginning, before
aizeable suc}ei sere formed, and tle total length df ac~
cretdon inbe the earth-moon System may have lasted sbout one
miilion years 1“?0 times {47}, aeaeréing‘na 2 ¢ecriain vodel
(Opilk, 1961hi;. '
A ﬁeﬁﬂtidal ezpture of tﬁe meon dnte a dirvect orbit

could have taken ﬁLac@ most provab.y when seeretion was intense,

thus not b the very last Stage. Tae creters would then howe
been loiﬂcu on a noon ¢n orpit eround the earth. Whazever
its origiral distance of cleﬁest'aﬁpyeach wes sy in 25000-
=100,000 years it wust hae receded $idally to 12--15 esrth
radidi. The'majewité of the craters could noi have been

formed ot 8~-8 earth rsdi i, and bt

g

tir Lidnl distorticns (in.
versaly propeviicnal 10 the cube of ﬁhe éistanﬁe} would havae
been 10 trmes swmaller thsn mmﬁsuroﬁ \OQ 7y 1861b}, oy enbiras-
Ly negligible.

A stronger ebjection comes fram creber statistios.

Boneff ana FPielder have shcwn thaet the craters sre more or



3G

less evenly distribuhed over. the moon's surfzce (continentes
4>

and maria laken separaﬁelyjo Contrary Lo expsclation, the

western hewizphere which is treiling behind even cavries

+

sbout 10 per cent more eraters per unit srea than The eastern
wnich is preceding i the orbital motion (Fielder, 18G5,
i§é@}g Tn view of the great differsnces in crater densities
over the wmoon's surface, the gwall oxceés is not very re-
levent and may be coused by unequal wmariz flooding. Fow,

with the eraters imgfiﬂteéqﬁhen the moon was at ebout 10 earih
radils al an orbital velocity {(full esrth msse being atbzined)
of 2.5 km/sec and isotropically disiributed hiypervelie
velocity of the infalling fragments of 3.5 kn/sec, strong
sberration and bias toward the esstern hewmisphere should have

y

resulted.Under these cirvcumstances; an approximate esileula-

tion bagsed om encounter eaquations ard vhich considers the

Tx

erater numbare 10 incresse inversely as the squsye of the

limiting dismeter or, for fixed crat

W

r dismeter, as the velocity
{gauabian.(?i]? indicates thet an excess of 74 percent is
expected foir the entire castern over the entire western
hewisphere of the moon, instead of a deficiency of 10 por

cent as obsorved. The crater stabistiecs are therefore in-

compatible with this model of Fformation of the moon,

%

For the esrth equations (98) ani (99), with t{e) =

50,000 years and a haif-uage or qLﬁ:: 0.5, yield

\_ Y i
”~

Ty > Tg= 1410 Ky O(0 = 0.572



=70

-

The two exbreres ave In this case nobt very differeat,
&
A vartially molien eavih is iAﬁicazaag with occeans of lava

that must haeve considerably 1& lusneed the tidal history of
the wmoen (iT 1t was near the eartn at that time). Utherwise
these Tigurés stend irrespective of the history of the moon;

tiey depend only on the time scale of encouniers,

L. Azcretion of an Verth-Croiting Voon Ffrom

Interplanetary iaterisl

OCn this wmodel,the overall frame of aceration of ithe
arth-moon mess is the same as in Sectiong IV. B and ¢y bui,

the meon is now supposed to have started from.a mcleus
already placed in orbii sround the earth. The moon is oy
the “savellite", the esrth the "main hody® of our model, bub
the partisles are now entering in nyperbelic orbits with
raspect L5 the earth-ucon system :nd the oquations of en-
counter probability per revolutior of the particle are no
longer valid. Insgtead the followirg eb?iaus equation, an
exact eguivalent of those for ellipitice orbits, applies. The
total accretion rate -on a moving "satellite" aquals

%

R P e s i
gp R o §V QL$1%’f¥

where P in the space density of the particles snd v their
\ !

(1.02)

(average) veloeity relative 1o the satellite (5§ik? i@ﬁﬁ}

Also '
) . 2 2 2
Jmﬁﬁpléﬁ}"n[ :{_?v (1w, {v I (103)
For tceretion by the half-mas: esrih fv.nueﬁ}a ?::{D



w'd
)

o
igs the sverage density of matter in the ring, v=U=0.75

> - - L “h‘.’ .
km/scey Vi, = 8.4 l/sect FPor aceration by the zarih-orhiting

moon ot 10 earth radii, with v gs.ﬁbe;vect@r guadratic sun

of the moon's orbital veleeity (2.5 kwm/seg) end the ve locityr
of escape from 10 earth radii Ve 9.5 Xm/sec) ox7 w30

2o oth w - .
?fag f1=% (w&ﬁ}“g U°hF (Opik, 1263h) , -the new velue Tor
3 I -

Lo

ageretion on the moon zs WhglpegH by the earth now becomes
5.2 timss greatey h%ﬂ For the "independent! moon,

T™ 2.72 x 107% ﬂ/cm »scc, The impact f@lOCityg WITH won=12.0
km/see for the moon, is m*"ﬁf wr,.,f 3% or Vo= 4.79 kn/sec,

Tith these numerical Gatas for the %corth monitoredt

moon et 1G-earth radii and (g ) = 50,000 years,

Te> Tg' =B850 %K end g (o) = 0,045

ig oblsinsd, The minimom temyeraﬁu?& turnag out t; be. oulte
high and, if its s01id surface is vell insulsbted (or thiek
enougb) , 4.6 per cemt of mélting should occur on the
kept "therwstaticslly’ clece %o the tempersture of fTusion.

Otherwise ch@ w0 objections reinted cut in ﬁhe
preceding saction snd bssed on tidsl deformaticns of the
eraterg
GRAUTEY anl espec i23lly on ﬁew ccunts, gpﬁlv'he“c too,
rendering she model highly dmpropable.

% Copture inte a Retrograde Ornhit

Petraspective ¢aleulations of the tidal evoluticn of
of the lumacr efhitg on the sssumpticn of invariable masses

o i .
of moons es°th, and sun, and av sbeence of other relevant



N -

interacting bodles, all iead 0 2 winismum distence clope to,

@w L] by .
yebt inglde Roche's wiulsy Dy, as given by
173
,Bp$3cﬁ§%Cp/§ 3 (104)

where Lo and Op are rsdivs anﬁ density of central body{esrth)

u ﬁelLite {moon). Wor the moon
sud ths p&pacnt ratio- of the densities féaﬁéfgéeé}y D 2,88
earth radii, ¥With the effect, of solar iiﬁﬁsg Gerstenkorn {(1955)
obtgine, 2,85, MecDounald (1964) 2.7, snd Sorokin (1965) 2.40
earth yadii for the mini@ﬂm distance of. {he moon as depending
on the asgsumptions, On the assumption of an unbfek@n OO, whe
caleulstions extended xuitner baclkvards (Gerstenkorn, 1855)

imﬁmﬁesmﬁmmimﬁ}arﬁm@

0oy

rede nearly persholic orbhit
gt a 7D eric@@ of 26 earth radii, whick then decreases, Lhe
orbital egqﬁntriclty'c;a?eﬂs ing amd the inelinstion turning

from retrograde over 90° to direct (Upik, 1955, 1942a). we

5
o
Ui
£
[0
ion
|51
o
(S
"‘S
Go

guish an incoming Phase, with the moon ap-
roscuing; and the present OGbgOiﬁﬁ phase; with the moon
receding.,

It seems now that, if the win mom distance wag inside

Yx

Foche's limit; the moon cennet have existed as an dinteger
bbdyg and that the caleulations herond that polnt cannot strictly
2pply. vy, wﬁen a finlte nuwher of fraguwenis was formed L&
(Bee b@lcv) “bital evolution muss have heen slowed\down
without b}C geomﬂtﬂj being esqenulaljy different. Through

coellisionei Gamping, the fragments were foresd to dtey on



w7 G
the same o7bit, andgihe caldulavions ere therefore formally
velld excent for the time scale. Assume therefore thot an
indapender “ly accreted hody.of lunzy mass wes tidslly cap-

tured by the finally acereted ea?th inte s retrogrede orbit

w2

" -

and wenl through Gersteniorh's incoming pnase

ot
|2
(w

avidl

e

broke up malTe in a cireulsyr direct orhit (ss the eslauis-

—

tions imdiaate}c At this moment Lidal evelubion wae greab-
) )

-~

t\c;

1y slowed 3own(by a faghor of Hp” s wheve Ny is the nugber

of Trasgmenis} yet did not stop completely. The reason for +%is

is the sbtreugth of the solid 1hn3? body which must have led

to fraguens of {inite size 4o he forﬁeé in the oreskum,

W Suand

as visualived by Jeffreys (1947a). [he uoprf l1imit of the
redius He 0f the fragments, when forwmed at 2 distoace
{
. e S . : . O
¢ <0 D, Incide Roche's liwmit, is glm en by {(Upik, 1986s)

Fi

" : ~ A
.. i 2. P 2, P " .
B <iaDe [ 60800 H (108}
. * “‘i

where G 18 the grevitsticnal constont ané s the “latersl®

crushing sirength 25 used in equation (7), vractically
to

aaq
Sy of (21). In c.g.s. wmnits, with s= 2 x 105 me/cma

Y]

- ‘. R, l- [ - 3 R - 7
a5 107 sancsiones ana DT f Ro® 2.5, Hp= 2.88 x.iQ/ cm or,

ad."rc . 5 radfment
rometer of 8Y2 Im for the survxvanv fraggyenns, shout

one~gixth that of the Mmoo, “Eﬂ numaev ﬂf Tragmente §f of

¢

equal size would then be Me= opa, AT tm@ strength of
A SUELO i

-~ ‘i 8 12 7
8z 9 x 107, Re= €.07 % 107 cmy Hp= U3, We will further COL~

54 .

ranite

sider only the-first cag

4
O
L
iy

4
s
=
T
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1

n synchronous
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robabion from o cirveulsr orbil, the fragme ents will enter

’

2 f"’!ﬂ 3 L e ey ] i~
elliotical orbiis »hsh the encounter velocity renging ITom
1ligtic .

1.5 .
T 3 = oo ; ' ~ a0 164 o .
U:IZG 'l}O ?\-J"Z. 1 f 'f } e ’4_1{ »-::'_ 1nv~»]3[[ i}f f}c D BET nwﬁl.ﬁg
L
r - it
to the disiznce Lrom the ecenter ol theé 1wcnt bOuy,\Ehere

‘ie mo sign ficant tidsl defermetion of the brittle solid
bhody befow: 1t yields to the ultimste stress,. ! Fragwenis

oleased Trom the eartnwsrd side weuld raseh a pevigees dis-

ranee of 1.2 esrth radii & the atirasction of the moon mess
on the relz:zsed fragments 1s nsglected, but sctuslly Farther
ocut znd braeak up to comewhai smaller sizmes; similerly those
fyom the Tir side will have their i1erigees there and go out
in e1liptlsad orbits Lo apogees of comnsidersbly less thon
5,9 el ?aéiﬁg being bent inwards by the atirachion of the
residual Lansar mass.

For free orbiting Ffragwments st 2.5 earth radii, in note-
tions and units of Section TTI, ané for collislons of two

eausl part.cles, h Ehf»~0w03602 orbital cirvcular veloclty
1 (4.93 Im'sec), orbital period 0,23 days,; W, = 0,079 (0,292

me/sec) equel to average U0, 072, bLhe eollision cress

I=te

section

o
wF

T5%= 2.6 x 10°9F, s=0.

= W

o

Q7

i ¥

510 L 0.0

therefore cquation (865) spplies wits X,= 3, yielding

~ I T
Pox= 0,068, ©(&7)(29% = 15 orbital revolutions
o7 3.5 deys. A8 to H{4r) s the sola~ perturbabion is in-

significant snd the only iwportant :ffect stews From the

G4



phlabeness of tbe sprth vhich yields (Ggik; 195%0) 8t a.

distance of 3, /R, esrth radii snd for an orblt of sw £11
eoeeuﬁriaity amd,inclinaﬁien,
e L 3.5 g
tlen) =180, /g 1777 Barth i‘*‘ete/ 24l )2 (10%)

in days: is eguals one-hslf the pericd of precessicon of

the nedes. With 4.3 hours s the period of rotation of the
garth st thal eg#cﬁ; Hops 18 days '?Et{{%}fﬁﬁf . Henca the
colliiedion lifetimes of an isclated palir of {regments would
equal 2 days. Qiﬁh 10bf”266 f?agmenﬁs around, im a agtter

of hours m;t>al geliisions would coapletely destroy the fireg-

mentba which 0%1gLﬁajly'surv1vea tided dis raptlonu

Oviginally, the fragments could be imagined to he in-

vy}

Jjected into = ving sboul 4000 km wicde ox thick and 107 xm

.circumference. With He= 224, thie yields a rumbor density
i -
R

of N=1.8 x 10"19 km“?c The cellisien cross ssetion, Uig,

is 2.1 % 107 kn®.

Hence a collisional mean free pabth resulis

- ;
as (¥. :’ET”*'") 2600 km. This is o the order of the
dismeter of The moon and, thereforss collisions awe net TG

strict€§ e particles eé naighboving origin; the full vs ciety
of encounter velovcities and Lfull gravitmﬁzoﬂwl interaclion
will be ea}&ze& 28 hes becn assumed.
With w5 x 10% ca/sec, =2 x 1%, ¢ﬁ53639 R =l
eaustions {4) and (14) yield

Mg }f pe=8

fTor the relasive wass of secondary Tragmenits when tThe tarzet

2
Lo
1
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igs mmoh larger bhan %iﬁ Here Deogments of comparable dlwensions

ol

sre o0lliding: they will be destroyed completely in the fzﬁs%
collision, and subsequent-collisisns will reduce the ﬁﬁti?&
Be8sS Lo rubble snd dwdb, oollected in a ring waose sechtions

are orbiting separsvely. 4aL the egiatorial velociyy of N
syachronous rotablen of the parent pody {0.538 ww/see) e Uag
+hen the wibtimote heating of the mess cen be assumed TO cOTYES-~

pond to thi average kinetic energy of robatlien, %mcd evali

o

whichy o% o3=9 X 10 exz/gs yields only aboub €0 “e.

+

with the proportions aporoximetely so of Sstyurnis innes

=

ping, extending. from 2.35 o 2,75 soritn radliy or with &

[ . et oL
surface of 2.18 x lﬁg wm~, the aversge mass load per it
23RN - “';"\? »a/ ‘,2* ot X i

surface of the ving is .31 ¢ A07 p/aETy BU ever: Ly

£22 for vhe rubble, the eversge thickness is 115 Mo

©
0
o
ky
0
5
&
~r
o3
5..,.1
fut
=%
Yo}
7]
o
e

Novw, even wilh the low cohagion

dimensions Sﬁ&il than 3 Af tequation (16551 vill be Formed

e

iy
sgoin. At incidental combacte, friciion »% the 1nm0§accs ot

A

of the inviependently orbiting sections msy Tores the clumps

to rotate in a retrograde dirsction; with 2n augular veloeidy
un Lo .

ﬁfﬁﬁ Fhay {10%)
wheréiwﬂ .5 the orbitsl aﬁgnia? Ve Logliy,

?ﬁ& Hﬂﬁ?ﬁgﬁXﬁﬁﬁﬁxiﬁxﬁﬁﬁﬁﬁﬁﬁﬂﬁXh

“

57 0 . 3
BRI ﬁw)m Gn{h },}f}

b

{1083
VA ,-'c_ LA
The averageucemxrifugal stress in a rotabing sphere
] 2

of rodius Rp is (Onlk, 1266c)

S
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B¢, 2

sgam W & B (109)
and, after substibuting Ry ond Cop froam (105), (L07) and

(108, .
St o, B dez (110)

is obhtained. The ratic iz of tne svder of the btolerance
of most Hrititlée materials. vwhence no sepavele conglders-
tion of ‘she swyvivel © the clumps Drom the stendpoint of
teasile siresses is needed.
The ring is to stay for several hundred yeers at lapast,
bhefore iv is pulled oubwards by tie wesk tidel accelerstion
[Cfe eguaiieés (113}«m{113§kv Toe separabely roteting parbts will

provably pessess the mechanical proparties 1n vacup siwilar to,

o e e

il

or siighlly herder than desert aliuvium; {rom Section I1. 3

- ™y - ‘3 -
we mey S¢1 86 X G? Gynefon® aad  P=2 g/ew” for these
i

for the newly formed cluwmps,

- Yif I (s//rf;? >§ oy k{ff:’{, H8E km :{{i}o:%fi}»é}‘gﬂ 202%m,
If spherical, the aversge thickmens is (4/3)R or 209 km.
This ig rwore than the estlimated thickneé% o the riﬁgﬁaﬁﬁ
would lesd to loss of permanent contect helween iks paris,
a frecticn of L15/269%w 0.427. of the. ring srea belng cccuoplad

by the projections of the fragmenis. This corresponds Lo

R

an- eversse specing between the froguwents (4/Rp )n{?{/%,%z?j =z
.71 or £47 km. The tobtel number of frsgments or wmini-

. . . . 5 -
~setellites in the middle ving is then W,.=107/547 =180 and,
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P m
over the =idth of O.ERDm 4200 km thaere will be 6 full xings,
the totel aumber of fregments belny H,=1080 in this symm

k3

metricelly arranged nmodel. Fech of the six rings is orbite

~

ing indepandentlys small-perturbations of individual wenmhe s

P"!

beirg darped in mild co igions inside o ring
Fach of the 1080-0dd members or moonlets raises on the
rotebing =zarth its own $idsl bulges the instantanecus tidal
bulge s the veetér sum of the component bulges and, for a
precisely syemetrical arrangement of the moonlets, ithe re-
sulbant tidel wvecbtor would be zera. Howaver, within ecach
of the siz rings lhere is somg freedowm of motion for iis
memhere; their groupling will be ruled by the law of chance
snd the riswliuwnt avers ,e\absalute value of the yesuliant
rendom vestor will be p?ﬁ@ﬁf%ianai Lo the sguare rool of
thair numoer. For a Peisson distribution of ¥ eguel &a;a q
peints this would be exacily true; for finite size éembers
the freedom of re-arrengement is limited, but & dispersion
in the masseﬁ and radil of individuzl mewhers would add
géé siongl variance. It can the?efaré be assumed that Lhe
tidel mcczlerstion, or the rete of tidally-indoeced orbital

chenge in one of the 2ix vings is
“q

athe

(de/at) p= (dn/dt) o, & / Ie {111)
or
(aa/at)p /(do/at)o=0.0124 -.=.~1/ 20,

*

vihere (dqﬁdt) denotes the rate of irbital evelution ruled

&

1o


mailto:d.@,dt)odenotes

7
by an integer Lunar maess. The time scale is thus inereased
80 tiwes ands instead of some B vesrs sojourn inside Hoche'ls
Limit, this would take abaut 400 frears.

Welghboring rings will not &dd to Lhig acceleration

(their $idsel Duiges induced on the ewvth camnot stay in ve-~

sonanee) except bthrough a peseiodlc teym of accldentally

o

Cluctuating smplituds of zevo expoctation ower the synodic
?efiﬂﬁ‘{ﬁﬁé to "regrouping” of thoe members of = ring)

These terms work in pronortion to the square root of time and
their cortribution is small or nesligible (éicalculation

has been wmade in this respech). Il cen bz assumed Lheh Lhe
contributions from other rings esrcel oub over one synedic

*

pericd (& ays or less), snd that the residusl tidel effzet

s

ppon ong of the siz rings is fully sccounted for k by the
randomn wmzaeﬂlﬂys of memwbers within the sesme ring a8 exprssssd
by equation (111).

Tor zhe rete of tidal orbitel evolutien in the outgoirg
phese  8n iﬁéerpalatign‘fafmula can be writiten satisfnctori-
1y representing Gerstenkorn's (1983) cszlcevlstiong at geo-
centric distances smaller than 12 2avrth vedii, giving the

time of ACift in yesrs for an inlsezer luner mass as

I~ i i
tpm 0.025(ax"' " - a-,o°5)5,- {112)

> e

- A .“’ N lr 'L -
where a, and aq are the distanees in earth wadii. (Between

12 =nd 60 ezrth radii the averspe Hower ig V.1, #s comdarel

o)

n "idealt value of 8.5 for constent incliunatic 1 and

‘1'}

1o

ot

5



w2 Oow

{riction, snd the time scole should be adjusted o

i)

w2
4.8 > 10 vea?se)

»

¥eoch of the six ringe Arifts outward at its own rove,

expected - to be given Ty (111) with
(Ca/at) = da, /¢ by _ (113}

as delined by (112} In the case ¢f ove taking by membere
inaide the seme ring, collisionel dawping will adjust the
pecs., The outer snd inner edges of the ring, at alﬁ=2,?5
and 2.25, vespectively, according to (111) will rsasch
Poche's Llimlt at azm.zuaﬁ rithin €0 times the time given

hy {(112), or wiibhin Z10 and 580 years, respecilvely; the

£

a

interval between the extreme rings is thus 3580 years; aud
hetween two successive rings 70 years.
A8 soon a8 a ring ewerges from Xochbe's Liwit, its 1o

«~0dd comgonents will be dreawn tegother and accrete into 2

)
Al
3%
o
b-t
a

moonlet of one-sixth Tunay mass, with & radius of
(Gengity 3.34 sssumed for the compressed and heabted maberinzl),
s0d a velocity of escape of Wy = 1 ¢ O km/sec. The ring will
collepse in.”free fallls the time scale belng glven by
equation_{?O),

§F//§§xw 8.6 orbital periods or 1.6 % 10¥ seconds.

(]

The sversge potentisl enerpy (2 fﬁ}c Fie = 5.07 % )

>
0

eye/e does not suffice Tor meliing. At middle accretion or

= 0.5, the rate of sccretion as ziven hv equaticn (101}
o .

is 500 g/ew sec. The aceretion ig ga intense that radi-



B

ation lesses are negligibleo.Thc mininum end mexivem tempe-
retvres Trom ecuztions (98) and (97) ere ige ﬂtlca} and, with
bT :zﬁOé O, yneld Por thé aversge  bempersbture of the acereited

moonlets " o
T, ml, =T = 833 %%

As conditioned by tidal interacticn; the mocnlets emerge
thus at intervels of 350/5=70 yesrs; and with inclinations
to the earth's eguabtor decreasing frowm about &2° for the
Fipst to.27° for the sinth moonlet. The compacted moonlebs
drift outwards on a lime scaele 12 times fester than the
rings quaativn 111) wx th Hp=1, Np™ 8 vOQVCﬁL}anLLyJ ve’
still siy times that of equation (112), so that when one
reaches Roche's limit, the preceding one with its faster
rate of receésion has gone far endugh Lo esScape Glirech cocni-
ach with Lhe newcomer. Tne orbits ave nearly cireular thourh
of comsidarsble inclination (specifically for ths cayturé-
medel); #1d interaction between lLwo consecutive meculetls
beging only when they approach within the gravitationel
ﬁ%?ét radlug R, without their orbits intersecting or cressing.
This is mzde passible by the lasw of tidal evoluliocn as
expressed in (112} vnieh brings the two moonlets [eBparoted
by & time intervel At=70 years ¥he closer togetner the
Tsriher they go (dafdteﬂ!a"é‘Sg thus rapldly decressing with

stence) Waen interaction begins, Roche's Iimit (mﬁtuel
for the tuo moomlets}is almags regned before physienl
colliasion can Lake place, because
Dr> Rp .
9]



L § m a w 3 . .
TnereIO&bﬂ‘Lhe_tWO moonlets firet hrosk up into a larwe
mEnber of fragments voich then, while wutuslly collidingg
zeerete into a moonlel of double nmees which beging drifting
Lt - - -
outx*?du at double speesd.

The time scale of this saﬁoni aceretion is cune-hell
the synodle perded of revolutlon of the two 2piroacaing
moonlets and runs into s few deys The velstive orhitsl
inclination may havp any value from Ll i, to llﬂ‘ 1oy

coa - Cer Lo e et
secunding Lo the positicn of tne Iressiug nodess and Wil

net chenite paeh during the process of accretion , the

. o, e
period ol predéespgion being (Opik, 1853h)

- 2
£(i) = 35.8 seci-a>'® (arth Rob./24M) (134.)
the period of the advancing perigse

;.;

14 i w35, o‘si“avbh hobq/,é&)%f 1aﬁcosgi " D.5)5 (1159

n

and the pevdiod ol the ax rgument of toe perigee

w02 |1/ + eI ) (1€)
Tor nearly c¢ircular orbits the metion of t%e perigee

is drreluovant and only pregession of ithe nodes maliters. Tre

T,
-

relevive inclination of two orbits varies with their
synodic period of precession which runs inte tens of years
in the p-esent case.

¥oy a palr of.interacting moonlel s, esch one-~sixth the
lunar wass, the sum of the vad i:L 906 + 956 ﬁm—o.aOO earitt
radii, and Roche's limit is about 0.40 earth radii, each

of thre moonlets bresking up inte Ap=120 Tregments of 104

bR
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) e . i . .
m radlus (3=¢6 x 107 ﬂynefcm“}%equntlca {165}}; Thig sets

after the emermence of the vreceding and 70 years aflter the
folieuring meonlet. In Txnin VIT the history of accretion ¢f
the wmoon according Lo this schems is shown. A% &= 140 yrs

moonleats I -I7 are agswnsd o werge, at 280 yrs--LIT & IV,

ot 420 yre--V-+VI, These pairg Tren mey further combine al,

8

420 yre and alfter, lesding Lo a (omplebe merzer aame¥ne~

nesy a=5 eavth redii. On aceount of the bigh power of .
distancs in equa tLOﬁ (112) this lset resuls is quite stsbie
for widely &iffe flﬁg initisl essvuptions.

The hesting oL the mnon? Tivelly acereted st 5 zarth
radil, vertly de{e§éa onn the time seele which, for the
csmﬂim‘iiog of all The considered phasss of secretions can
be set gt 350 yesrs, ylelding I ::q.Olf& gfcm2=$ec 28 &n
ovevell aversge {Fuu“nion (LOL] t chiefly deponde on the

averege encounter velecity Uy which, Trom sguetion (50)

or e = 0 and A= 1, conveniently is r

s
jml
o
o
i3]
e
ot
£

U, 2 =2(1 - cosl, ) or U= 2sin(3ic) (L17)
vhers 1. is the aversge inclinstion of the combiming

orbits to the finsl resultant orhit. Thuss with an averago

Lo}

T the cam@eﬁent inclinaiions of 8603 Up=0.62 1s en upper
Limit when the T@aﬂ}ﬁ ent orhit ceincides with the equatorssl

planss end will be less for a {insl inclinstion dlfferen,
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from zZero s depending om the ghegs of

S,

proveble velus of T, cxlecloted =9 the deviation from g

wean of six independent vecters, is é@. ]w9 or Up= 0.5¢5.0
xeysec at 5 eaftﬁ radiif{orbital velocliy vowmgo‘ ku/sec).

HAoh these-Ffilibhe of whe final escaps anersy 28 an sversga
of the potentisl evoerpy, To™ B63 g as frow the oviginal

foruation of one meonleb, the minimum aversge internal Lempe-

roture of the woon st formabion boeomes Tg'= 1&3& OF l?nuam on
(8B5) and. the meximum frastion of melting is O sz 00333

-

These are probable V“luﬁSé wit} ay inprobhsble couwbinstion

of the phases of p 810 8t the times of interacticon of
the six ﬁﬁﬂﬁjﬂbﬁ enG thely resultintss both Po! and U
¥ mas

ration yeaaining large in

[ES

may be lewer, the resultant inel
Buch & Cise. Thisg hswaverg ig not supported by ke wmejorily
of anlcoulations \J?L_ﬁﬂdiﬂg 10845 Hovokin, 1S Slichtew,
1983; Darsin. 1873) wnich point to a8 low value OFf 10-14°
at 8 earth radii, a distance te which the.retrospective
zleulatlng pre more yrelisble. Th2,pn lowey limits of

heating are fovr zero welative inclination ol encowrbe® and

£2id
re fdenbical with those calouladed in Yection IV. By they
havrdly =p>ly o the gass of 4idel -epture in which com-~

a

ponent incliuetions of the order of 358° ot  encounter

must have been veduoeed to some 12Y after aopieisd asoretion
e et Lsve 1led thus bo intenge aonversion of kinetie

euneygy enid heating. The sversge enumunter veleelty in our
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model erceeds” N2 -1, and ejecbtion of some irméé rihe
0 dntenplenetary space beoomes possible (Qn1A? 1963a) .
The frmuTiou cjectcd ig

foo= [ * . _}_%zﬂ‘ \(Ws 2v - 1y/aw) . (128)

Congider the middle peir of moonlets ITT + IV {Takle
VII) woose merger is supposed o d2ke place e © = 280
years 8.2d & = 3.52 (2verage of .37 and 3.66)}. The orbitel
periods of revolution of the twu before the merger are 0,363
and 0.411 daye, respectively, the synodic period 3.11 duys:
ong~half of the latbter is the time scale, (& ). The
orbital wreceseion periods are ".1.0 aznd 14.6 yeeors, respect~
ively, snd the synodic pexried during which the relabive
fluctuaues betvicen 50 znd, ?2 is 45 wyears,
After nerger the combined coubl: mass settles into en iiter-
medisry orbit with inclinaticn ir“ Weplecting the small

13

iffercnee betwecn the two original inclinstions, we seb

inclinstion

Q;

im= i1=ié=35 « from spherical gecnetyry we have

sini =sini cein{sd) {119)
tani_= tani . cos{if) , {1200

while the Yelative inclination of the we original orbits
is Eie. Here ¢h is the difference in lonsitude of the iwo
nodes on the ecuatorial plane. with the assumed inclinztion,
L= 90" or 270° givides the eguvator into two egual parts
one w.th U > \Z -1, the other with smeller U. In the flvst

!5

ienticned high wvelocity pert, ﬁaV?§ 0.52, Gng 2.49 x 10 3y
gé = 1,92 x 10 "% and £__ = 0.0090.Completely negligille
is

iz 2lsy the zeceleration, accerding to egquations (74), (75),
(78)

mass is one—~third of the ness of the moon and,thus, in

the encounter of only one pair of moomlets in this orb iel
ccnfigaratiens‘O¢QG3 of the luisr mass is expected to He

; vhere (i) im to stand for H(cow) . The totsl coliiding



cjected te interplanetory space, ¥Yrom there it veturne as
considered in Section IV. D and, over & pericd of over 52,000
vears, is capbured by earith and moon; %ﬁﬁ shere of the ezrth
~orbiting moen being 60.7 bimes less then that of the earth.
Hence, from the ejected mess the moon will reseive & Final
contrivation equal to 0.C03/61.5 or 5 x 1077 of its mass.

. Thz craters on whioh crater statistics were based, of
an averaga'diameter of less then 20 km end & depth {XE}
ahout 3.2 km, covering about 50 per cent of thé continertes
area, correspond o & &épth of arosion of 1.6 km, involiing
9 x 107 of the luncr radius o 2.7 x 1073 of the 1unér RO GG,
At w_ o= 3 ¥m/sen, =2 X 1@8, -?32“5, k=1, one ohbzins
L /}b:3¢ {équations (3) and (1A)lo The impinging maess 1hat
was melinly respongible for shaping the present reliel of
the cortinentes would thus egual

2.7 x 1673/34=3 %1077

of +the lunar mass. The contritution of 5 x 1072 or 60 DT
.eeni oi it would suffice to influénce the crater sistisiics
in 2 menner different from that observed: the labe inver~
planetiry projectiles would not conitribute o & systemasi-
cally srranged eliipticiﬁy'of the craters.Hence 20 per lent
of iwmtorplanetery {ragments is,perhaps, the upper limit
sdmise.ble for shaping the present surface of the centiaentes.
The ret, ox all; must be of ecrth-orbibing origin.

Thire are, in the scheme as of Table VII, altegether
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4

fouxr merger o"ﬂ;‘%§ each of which would suffice to chlite~
rate tre uﬂifcrmiﬁy of crater pusbers end the tidal de—
foxmations of - be eraters (1npr1'*oa 50,000 years later
at a digtence Where the deforiations are negligible) if
they haprened in the high~veloclty conidiguratiocn. In ecach
case the probability of the configuration i& one~halfy the
probability that it 4id not teke place and that, in the ca

of the tidal capbure thecyy, 70 gjection of fregments +o

J}

se

interplanetary space did ocecur, ig thus
(3 1/16

a low taough not a forbidding vilue. With suck & probabilit

l$

the crabor stabisdics can be relonciled with tidsl cepilre

of the nmeon and an ensuing high ineclination of its orbit
H

rom eaxbh

s

when at minimuam digtance

¥. Origin throuegh Fiegion or {rom & Ring inside

Toche's Limit

The two possihiliﬁies are ~udistinguls ﬁahlﬁ as far as
the ult.mate consequences &re concerned and will be treateﬁ
together.

The fission, theory has been doubted, even rejected
(Levin, L966a), because it is iuconceivable thet a wmass
separeting from the eardh inside Roche's limit end in

lent upheaval could have pxéaerveé integrity. This, how-
gver, i: not ueeded eund, with the finite cohesion and clump~

ing meeclenism, the ring of dehrisg couwld siowly recede ani

energe rrom AOQhe‘q limit, to Tform the moon in a manner
e g

23
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e
described in Seetion IV. E. Therz is one Amportent differeﬂces
the imelination of the ring o tae Terrestrial equotor would
have been mneor zero in such & case. 48 compared wiﬁh“the
precedirg model, the segneﬁee of events would be cesenitial-

1y =ixilay, bﬂt the kinetic energy in acceretion would he

Sl L — s e

snaller *ho cncoanuer ¢91901 vy of thc debxzq mﬂﬁ\%?ﬁh 3, }

et T

the moorlets; being neer zero. Ejection of fragments %o

interplinetary space could not then take plece, znd the lasi

fragmenis caplured from the earth-orbiting cloud would be

co-moving with the orbiting moon, descsanding on i

o

=+

nore or

less leotropically from all dirvectione. A4 small prefererce

4

of impants from the rear, a8 retvealed by crater counts

(Fielder, 1965, 1966}, could be expected if the last freg-

ments, vere accelerated in encovmbers with ihe moon snd

remeved into ellipbic orbits with 33‘ge spminﬂajor amcu.

~

30 that they weve overtaking the moom while indircct mo ohion

near thelr perigees. 4 similar oxeess of direetly moving

4

meétecrites, periodic comets and Apollo-tyme asteraias i
obsexved in the present terrest isl spsce of t 16 solar wystem.

+

Another objection-~that th: hackward calcvlation of

"W

the tidal evolution, based on the present masscs and B e

lar morenta of the esrih-noon-san sysbem does not lead Lo’

-

*

e solution such cleser then kociae's linit—-is ‘only of
“paper” value in this case, beciuse m%%gﬁr the idewnbity

nor the méss and momentun distribubtion of the bodies ox



...9{}._
agglomendlions con € QO aidered known during this primitive
stage.

The porent ring is assumed to e in the ear%h‘s equato—
rial pleme, snd so will be ‘the conponent six moonlets of cur
idealized modal. Table VI1T shows their czleulated bypotheticel
history au ending in the forwation of. “bc moon. Begause of

4

the smell relative velooity,as condibvioned be the small
relative ineclinstion;, they combine sooner then in the pre-
vigus schome, I+IL a% =70 yrs, I114IYV after 210 yrs; V+VI1
after 350 yéars? but before this leppens, &t t=280 yrs the

firet two rairs combine into one containing bwo-thirds of

: I
the luner mess. This body (ngf£+1¥),ﬁwice the masgss of bthe
remaining pair (V+VI), drifts out twice as fast and camnod

i "

be eesily overtaken bv the am&llez PGmQ&ﬂlﬁﬁ although their
sepayetior. #5111 dﬁxrea85$ 2% FTiret (compsrs 3rd and 4th
lines fros ‘the bobtiem of the tablc). Instead the collision
target® ré{ims$5? {? 5 1ine of +the table, from eguaition

k,

(54);5 rayidly 1nerea8gs and when 1t exceeds the seggaration
betﬁeen the meonle%sgrfinal merger occuws@ =420 o 480
ﬁearsg at a=4.5 « 5 earth radii, lefore this hoprens, &
pasgage trrough Roche's limit of 1ac larger body destroys
the smallexr body {(V+¥I). The radivs éfﬁth@ larger body is
then Rpm1219 Tme=(, 243 earth radlii, and

G =C2AR(L W B/ 07 nE 121

in sarth 124ii i eslcnlated with w =2.08 kn/sec for the

7
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larger body, whiit O is.doken as the aigiﬁﬂerem of the
orbital velocitics of bthe two ciroular orbite (cecond line

from the Dottom of the s alc)

o ecalewlate the heating 1ivits 1cqaztians {G5) and
(991 sin seb I, =0,0174 g/on°. cec as for u time sosl
,9)3, we agein set J_=0, 174 g/fonn”. cec as for a time saale

Yy

e 356 years, T0ﬁ853 OK, and take 3 wpml,lg‘x 1@10 ere/ s
this is equal tO"ﬁhreewfifﬁh of the kingtic energy at
gseape weioejty of the present wpoon {(2.38 tm/ﬂc@} less

5.07 x 30’ exg/s as the pobentisl energy of &cec retion of
the comjonent neonlets. The nminimm aversge internal btempe~-
rature ¢f the accereted moon is then T '=1260 °L, and the
upper 1mit of the melting frection %%f' =0, 303, The
kinetic energy of U, or the Trce orbital exmergy. 18
neglocted: it is nearly compensslbed by the ovevesgtimed

in the potential energy.

G. Thermal History and Origin

Tayle IX containg a summary of the nreceding sudb-
gectioni. Although based on pumerical dets which are in-
evitsbly rather rough, the comclusions in cach care are
compere bively stable and mey servg aé & boasis Ior
judgment vwhich is better than a Tere gualitaiive approach.
The following summary csn be nade.

Hypotheses 1, 2,‘ﬁ and 3 digsgree with crater statis-
tics ard tidel dsformation tremnds Sy while 4 and 5 do agrae.

In Jiypcthesis 3, the surface during cratering ig oo

-2

R
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TABLE IX
“33:‘ -
Syuousls of Grigia end Heeting

Byoothesis

Aeoretion Source

First Accretion

Flace

Wode of Capture

Finel Accretiom
Flaee

Distance, Larith
Rodii

Inclingtion

Tme Scalo, years
4

inimwn Aver.
Temperature, T
FPinal Cratering

Inpact Velooity,
i/ sec

Haximun Helthed
Frection, D &

i 2 5
Inter— ] N
vlenetazry Inter- Inter-
nlen Planetary elenetary
roters Inter—

planetary In sarth~bound plenetary
: orbit
Hon—tiGzl Formed inm orbit  Tidal
outside Tloche's
limis

Iuter—-

planetery oxrblb
L0 10, 5
any any 10°
50,000 50,000 350
i 404 850 1680
205 !3*09 3:-1
0.0016 0.046 0.838

In esrith~bouni Eerbh~houn

4 3

Inter- Tisalion
planetaxy or Ring

Tiber— Tngide
plenetery Hochols
1imit

™~

Taal Tormed in

place

Barth-bourd Eaxth

~hHound
5 5
34° o°
350 350
1300 1260
2.4 2ol
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e
hot ant too much melted to aggunt Tor the regular and dense

erater coverage in the comtinentes {(lunar dbright regions
or highlands}. Hypothesis 4 reguires an unusuvel combins—
tion o the nodes of the compaﬂenf orbits (the probvability
is 0.06, or less if there were more than. six component
bodiles}; also most retrospective eainulations indicate 8
gmall dinclination at 5 earth redii, contrary 4o the re-
gquirements of this hy§§thésis,

Only Hyoothesis 5 is free from cobvious objections and
will bz considered as vhe most probable working besis. As

to the consequences for the. stiucture of the luner suriace

£

Hypothesis 4, salthough much less probable, is slmesd vidly

identical with Hypothesis 5.

st
s
[
O
=

The termsl history of the moon has bsen ftre
different authors, mostly on the assumption of en orig nal-
1y cold accreted body heated by radioczctive sources. 29
éewsﬁdiﬂg on the assumed amcunit and-radial disgtrivution
of the heat sources, opposiuvg conclusions have been reiched;
either thet the melting was essentially complete (Tuiper,
1354), or that there was no stbstentizl meiting exaept in
the daep interior (Urey, 1960%, 1966). Most comprehonsive
calevlations have been made by Majeve (1964) and Levin
{1966z, containing & review o her work and thet of others);
radiative tranefer 2z & component of $hermel condueliity

and diTferent sbundances of the radiocscilve elements



QB

vere taken into aceount, a8 well as differentistion oi a
lighter sizlic crust from the heavier sima%ic melits fow
various inivizal pesrameters, whe maln conclusion is That

2% present the moon "is solid at least to & depth of 500-
~700 k. DBub tha “éhh*w pert, enbrecing £0-40 per cent of

Lhe

jmin
ea

mags, must have been in & molten state up Ltill the pre~
cent bims®.

fhe estimates of initial hestbing, as oviginating from
gravitational energy, and as for ﬁyysﬁhe iz 5, would exhence
these coaclusionz. Initisal melting couwld have occug\d on
a large :cale as the ponseduence of bombardment, although

for the resent thermel stete the difference in The initial

conditiong would be essentially cbliterstea. This

'._h
m

]
5‘}:
c+
&

due to the nabture of the thermsl &ccd by cooling, partly
to the sialic differentiation which. transports most of ths
radioactive elements into the grsnitic-basaltic crust wf
whenees the heat easily escapes tc space while furebher
heating of the meltéd interior stops. Thus, melting is &
oYX cE MRk 250

regulator of intsrpal heating thel aubomzticaily limits
itself gt soom as it sterts. In s solid body of sufficiens
size radiocsctive sources sooner or later lead to meliting;
this causes sizlic diﬁferentié@ieng removes the heat
sources from the inberior, so thst a éoeling rhase starts

fccording to Levin (3195%56a), after a cool start the lunar

intericr would have reached meximam hoating &nd melting



G G

"L~ 2 billion years alter ite sccumnlation®. Levin‘s
assuwmptlions correspond to our Hypothesis 2, yeb on & very
much longer time scale; with the shordter time scals as
Tollows from the low §~§aluég$ the initial average inberasl
tenperature of the moon shorld heve exceeded 850 °x and,
with sufficient shiélﬁi?g by a protective crust, may have
reached 1800 °K with about 5 per cent meliting an‘the surface,
fhis no longer is & cold moon far & start, and in Hypothoesis

sverage,interior temperature bebween 1260 and 1800 O

\Ti
4]
=

is indicated withk\mp $0 30 per cent suriace melting.

In such & case the mei%ing of crater bottoms and the lavs
£lows uhich covered ﬁhé mariz need not be relegated to
some later époch avaiting radicactive heating, but moed
probabiy were contemporaneous vith the accretion itself
and the 1&5@ cratering. On the conbtinentes, & solld cxust
of unspecified depth, 10~20 km at least, must have existed;
while éhe meria vere overllown by lava.

On a 1éva sea which iz 23le to fowm = s0lid erust,
cithor becsuse of differentiation of 1ighier minerals, or
becaure the crust is not cracked by impaclts, the "bottlie-
neck" of heat trensfer is the conductivibty of the colid,
radiavion from the surface coping with the heé% flow at
& ver® small excess of ﬁémper&%ure over the eguilibriu:n
Tenpeceture, Tgﬂ« 300 “K. Wit the liquid at meliing

temperature, conventionally 1600 OK? 2n assuned specidice

- . IO s
heet pe = 2.7 x 10 erg/cm3, deg and heat conductivi'y

*
it
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.,\

Ktz3°2 X 107 ergﬁcmoseﬁa&eg (allowing for the radiative
component, the thickness Al of the crust increases with
time {in years) closely as

Db=0,0184%  {km) (12

e
ny

uring an wpper limit of dime for crater formation on
the continentes, t=2100 years diring which the moon recuded
from 5 %0 8 earth redii [%quation (1.12)]9 8h=0,82 km ouly.
The prvst would be too thin for the craters. The process
camnot be advocatbed Tox the fcﬂma%ion of & baéis Tor

eratering.

)

fewever, as pointed out by Ursy (18866), the crust will

be beitered and cracked by impachs at the subset:; the salid
CIragments, belng hesvier than the liguid, are sinking bo

»

the bovitom, leaving the open liquid surfzce radisting o

2

L . z
apace 8% a rate of 6 x-108 erg/en”.gec. AF 7.3 x 107

ergfcmﬁ

&g the heat of golidification, the solidified liyer
&t the bottom now increases lirearly with time,
Abh/ At=26 km/Tear . (123;

The rate is high enough to O%errule 21l ouwr time
scales of aceretion. A pressure-depondent melting point
will nox essentially influence the process, except by
previding & "botivom™ to & super-iicivl pool. As & resull,
during accretion thet is boo rupid 6 be influenced by

radicective energy release, s 30lid zlmost isothermal l.ody

is rayidly formed throughoui; at a itemperaiure near who

77
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medrting goint, vhile the excess emergy ls radizted syway

from the marface of the ligunid, This is exactly the core
. t’?

ditiom on which eguation (99) was bewed. This mekes oi0.301

en uyrer rimit Fhet is close to the ren h&ﬁﬁ valnpe; il

dilffere from 1% only in =0 far as bhe remaiaimg T0 per

cent of the surfuce, being solid,does participate in

radiation to space; the participation muet be small Incecd.
&

Eemcaﬁ% may represent, in Tact, the instontenecus surfoce

fraciion of transient liguid pools, formed hyféambarémuaﬁ
snd repidly solidifying at the hotiom. The quoted valuo
ﬁﬁfﬁéﬁﬁeméﬁg of couvrse, Ho the mi&&l& phiae of intense
hombazdmend; at the epoch ol cratex formation ;d m&sﬁ have
heen rear pero, incidental meliing éécurring Trom ths
cravering impacys into the hoi Suhs%ra%ﬂm.

ith the vapidity of soliijificetion from the bolthom,

ao large combined leve pools covld heve becn formed, and

the melting pust have been confined EL%mrgiv 0 The suefate

of e moom. A consoldl aaueu, dense and hoi body was
Tormed in such & nanuer. ﬁa lavsg exﬁyusian; cgused by
rupéuye of an imaginary orusit, conid have tzken ?1aeé at
this tsage. The maris mush have been profuced superiicial-
1y and. loecally, by impache of & few Jarge plaﬁ&tesimal§}.
soon tlter the intense bombasrdment ended but not very .auch
laser, from the rumber of posit-mmre cralers on when, tagir

age cinnot Qifier much from the 4,500 million years of

the myon its2elf {Opik, 1960).

- g”;}é)
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snrizce meliing and. bottom -solidifi-
cation in smzll locesl ;50013i net mach diff erentviation

could have taken n¢aceg'dﬂy differvence crested in the

pocl being looally frozen in, Wi%heut exchangs beiwean
differsnt depths.Ivon phase corld have sepsraited inte snall

n, : .

pockets bud prev?%eﬁ from concentrating in the core. (There
may be now 2 few per ceat metallic Hiron in the CONE, )

*

ATter a bt solid moom hat acereted, isolthermal atb

the surface nmelting dtemperature but about 200 %% below
melting point et the central pressure, ve sdioachive heat ing
of the interionr and conductive cocling of the outermost
few huadred kilometers muéJ have sterted. From curves of

radiozctive heating and coclin w5 0% sm initielly cold mcon,
Leviﬁ.{lgﬁﬁh} Gncluweé Lhat ‘widespread mcluzngg fTrom o
depth vf the order of 500 Jm-dowa $o Hhe center, wmust rave
oceurred sbount 2.0 x 109 years from the start, Thie co;res;

“se of central temisraltire by sbout 1606°,

N
im

{3‘.{1{:‘1 to &

i

¥ith +the ini tl@lly hot moon, the reguired Eaaﬁing is &
times less; allowing ?or expon mrbiel decge y of the radic—
active sonrces, the melding should heve occurred 10 diz.es
carlicr. Thus, some 200 milliocn yesrs sfter sccwebion,

.a second stage in the internal evolution of +the moon st
have teen reached; in the molten interior, sizlic diffur—
“entiztion musy buV@ cccurret, forming a lighler inter-

mediaie layer adgacaﬁu to the outer crust. The crus’d

9

OF

7
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iteelf, however, uust not have been atfected, welsining

its original composition and cooled by ra iaﬁisﬁq‘Tﬁe hasgis
of the craters-—ihe highlands orx conbinentea—gust have
been eresevved as it was xg%mea, So alssc must heve romeined

e

the nerie. A% the epoch of radicactive meliting, bthe crust
was beo thick for lsve extrusions or Ffor belng plerced by
an imnacting body:; the origiumal planetesimals must have boen

swedh ehsoluwbely clean from the surrounding space by twd

time che equation {93)}, while stray objects of the r:guired

H

sime from gther parhis of the eelar'gvstem are koo rare tb
uvoﬂuv& one mere-generating collision (wnot to gentién gvers
Gﬁ.uhgkéoeﬁ,(ﬁgi?; 1958:,1060) with & reasonable probability
There csn be located & mare irpact areas on the eavthward

haﬁis}hﬂre of the moon ezce@ﬁing 500 km across or reglr-

ing projectiles "larger then % km in dizmeter. ¥Yor the
whole eaxrth, one such impacht is expected amoé é X 169~years
(6pik? 16582), snd for one @umar hemiephere the time soale

10

is 6 x 10 years, wielding an expectation of 0.075 ixter-

pleunetery impects during 4.5 109 yeaﬁs..ﬁhe Eei 801
formule yvields & probadility of 2.3 x 10 LA Tor having

E: such impacis. Clearly, 15 i3 reasonable to assume trat
the reria were gencrated 2s &l immediate sequel of the
evente, and from the seme sowrce, which finally built the
1HOON.

An ides of how wuck an iaidizl hob stage could have

1)

o

e
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influenced the present thermal state of the moon can he
obtained from the celculations by Allen and Jacobs (1956)
who somshow veried their radicactivity psramesters mere or
less as they would be influ@ncei by melding and diifferent-
iation. For o luasr size baéy? Yaple X shows the cheuge in

temperature ovar an inbeyval of 4.5 x 109 enyrs
) N s

o
Ll
1
H
ot
{133
vl
Ld

Tor throe selectzd cases: A, & cold s%art_wiﬁh stTONg |
radiogcﬁive soureas Throughout thé body, the econceniraticn
of uraniun, potsszium and thorlvm,b ing tlosa LOf ap actus
chondrilic neteorite; ®, & cold st rt but with about 4%
times less radioactivity, a eoncentfaﬁion aosumed To holl
for the eer%h'as a whole; and G?‘a hot‘s%arfg but with
eﬁill‘less raediosctivity, nearly one-hald of %Eat in & and
equsl to thet in  dunite, Telieved to he the mein coneti-
tuent roek of the earth's mantle-
Bgen of these as&umy%ioﬁs has something in its favor.

Case A might appear the most probable one,; yet moeteoritic

conceatration of radicactivity aguch ney have prevailed
g% the start must have leé to r@iuﬂgﬂ even trom a ecold
start, to élffnreﬁtva on and dejletion ol the internnl
heat sources; Case G nay thpa reéreqbvt the continuetion
(ﬁhe absnlute‘%alnea of %emperatbre are not velevant; bthe
sterting bempsrature could be that of melting). Cass B

shows thed, with an average ¢o ecntr*txeﬁ of the ra 2dio-

,'“‘S

aculve melides a5 in the earth, an initially cold moon

7
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TARLL X
-

fample Calculations (Allen and Jecobs, 1956) of Thermel

-Conditions in & Bedy of Lunsr Sige

Lge, Tears Contral Temperaturs, Aversge Temperature, Radiozvbhive
O 0y Heablog, Tempe
- rature Rise
Geg C per
Eil1lion Yeuirs

A
0 300 300 3.24
£.5 % 107 5300 3750 0,70
®
o -300 300 0,74
4.5 x 10° 1400 1160 0.13

0 1600 1600 0. 35
4.5 % 10° 1670 1260 6.10

Za
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3. . . .
way not yvet hove yetched the melting point; however, &8 showmn
shove, gravitational heating duving rapid accrebion would have
overruled this restrioction, too, and with the bigher radio-
sctivilty e compared to Case €, a molie interior wonld have

besn preserved until our time.

& possibility that The marie were formed a¢ the yvesult of
i

Jop— T
1%

Cn"- Kl pen i
34 M?,,ﬁ,.g,&; }h \ ffﬁ?

\\
e S



radicactive heating during the 200 nillion yeors follovwing accretion, by

I

complote melting of the manile underreath and collapse of the solid orust

“, ' . x : Py

irvwrerds, msb ve rojecicd for sother reasorn, begldes onjections Tron the

stmidjpoin'f; cf.‘ therval balasce. the vonediffeventiated base of the continentes
- i - v ' B - o

would nave collomsed algo and have hecome non-exdistent.  Also, deep molbing

T RS

on the zexda wenld have led o diffferentistion and forsetion of a lighi sialic -

e

o

crust in thair place, while the contlnerdes, il somchow pressrved, would be

supported by & heavier base., Isosbatic cqul aiiibrive would have sunk {en

despsy, Liftiny the wmaria surfaces into iplands, wnich is the very oppcsiie

L x

of -the actuxl stote of things. The zaxds are delizitely depressions £s
.; ’

shovn by Ba gd?éinéis {1985) contour maps) & £.52 1 0,15 xn below the avorere

continentes (Oplk, 198%0), Although made of the same waverial, the bep

lager of the continentes may be. battered inte yubble snd wey be lighler.

Helting ab “mpact of the rc*‘_a‘i::wel;f hot swhsbagce {ef. below) vould favor

cumpaction, but o vatio of sbout 0.8 of the density of the ridhle in tha

kighlemds t the 501181i01ed rooks of the naria wey be a fair estinate.

The thickneus oi‘ the meonsolic’ia’ccc’t naterial in the ccm‘cumﬂw a8 regu ired
by the poshdated isostetic equilibrivm, —vould then be 12.5 Im or eiznt
times the ertlunted thickmess of the loyer eroded during the lormation »f
the presently sueviving oraters.

As to dsostatic adjustivent 5+t must have worked on the primeval hot
lunar madber!al a: 1t doos now on eardh. Liih cooling of the ouber naw.ls,
some rigidity must heave developed as witiwossed by the earthward bulge of
sbout h = 1,36 ke in excess of the ceuilirivo tidsl configuration {’Gpi :

195%a) (cynuuua! value Tron pfa,,rsu,.;l libiation). The extra load, gup ored

1
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by the solid mantle whose irner and outer redii are Ry and Ry, respeciively,

czuses o conmpressive stress ;’:’:im in the wentleo, witbhout pertlicipation of the

£

Tiquid core,

-

= /(L - 1,5 5. (194)

b

"’

Tiih 500 I as cthe Ihiclyess of the mantle aof the thoe of the lost

sdiustment of the bulge {not necessarily now), :{ = 2.8, Ri/};?.e ~ D7,

4
; o mmf 2 . - N .
B, = ‘Sﬁ = 4,8 X 10 &:m@/@m (48 atmospherse 131"@35%.‘&’&) mast hove been the

+

sversge conpressive strength of the luner manmile, The czcess bulge, rot

A

reolly a *ossil” tidel bulpe but reher & Lagsing behind reppsnd of it
would indicate also the differcacess in lunse level which cen be supported on
o lavge scale without isostatic adjusiieris

CH. Qrater Statistics end Oripin

I the relative equality off the crater dengities on the eastern and

wesbern hezigpheros (Mastronomical® terminolozy of orientativa) on lun
continentes, and even a slight cxeess in the wesbtern can be understond, in

terns of the $idally dirccted scoveltion history of the moon and the co.ordifin

swarm {ef, Section IV 7)), & similer distribubion on the neria way spicsr nore
off & puzsle.  Unlike the hypothetical pripibive projec &'ﬁ.les vhich were
boubarding the conbinentes, those on the mexria wust bave belonged to Hie
knevm classes of interplenetary sbray bodles -~ camet muclei, Apelio greup
"astoroids” (extinet comet miclei) and true asteroids deflected by lawvs

—F

periurbaticns. Wikth respect to this exlsrnal mediuwe, whatever the &irtribudion

~
off velocities, the preceding hemispherce of the poon is subjected bo o ¢ reaber

Treguency of iwpschs than that drailing rehind, asd en escess, instead of a

1%
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o
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ediciency of croters on the eestorn homisphere should have been expocted.
However, the orbitel velocity of the moon is so szall as coupared to ths
interplanetary velocities theb only o sell effect cmn boe expsoted; this

ould be e281ly masled by s

(28 en exasple, Tor Hare Crisi

LUR

wpling ervers, in hosogen

2, Haldwia (19

2.

citlies in the countis

35) Tinds 62 craters crceadins

inst 4 counted by Shogmakér and Usckman), or sven
by systemaiic differences in the nechanisal properiies of lumer rocks in e

two hesdspwres walch Ttook so @ifferont. Also,

primory anl secondary craters mush

Jor grateirs exces

althougn, Gy 1.8 ko

of gzconda-y craters in Lmor maria is

Prom dabs by Shoemaker and Hacmssn (1963

toe number density ol primacy crab

pe usic when small crate

bers In dunsye

& digtinction betirezn

ters are counted

{me mile) in &% mneter, the mwmoer

ou,y 4 per cont according %o

~

4 <
duin (1265),

g rlk

ugted b‘f Bl

T hedlspaores

is as repeosonted in Table AT,
' TABLE XTI
CUIULATIVE FREQUE CY OF CRATERS T TINWAR MARTA IH 7iF TWo HELISPH 22U
K,J\ ., _} 1 .
3] N JT a0, ;
N > b i b A 2
o T b S ydher per Harho -
Henlsphere Areey km susoer " ';}E’ﬁmn ’ Runber TE_OD mg@ o
a4 4 4
w o RO 6 [ ¥ 3 . oFF -
Bastern 1.52710 583 33aBplal %73 18,0+ 08
S . : '
Vestern 1,29510 555 £2041.8 276 21,5409
Rafio B/ 0. 884,04 U.3841,08

/%
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The pureliy statisticel probeble error of sampling is inficated. For
the eastern hemlsphere, liore Trbrium, Mubiwme, Fnsorum ond Zpideniarun, for
the vestein, 2avre Sero:f;:i.'ta::is, Yescwrditotis, Tronquillitetis, Nectaris and
Crisium were corbined, The lawgest and eastermost svea of Ooeanus
Procellarm is nob represenved.  The av:ara{-;e-num‘cer densivy in the eastern
hewmisphore, both at the 1.0 kn and 3.2 ka crater dismeter limit, is fomd
to be meriedly swaller than in the weshern.

Tor n lunar body orbiting in the ecliplicsl plane with a civoula-
velocity vw, and mecling & stream of poriicles of velocity Ubrela“i;‘lve 0 tha
carth of whitrary divectlon, integration of tle accretion £flux, for 4@

linear case of vcf'U being smoll, yields o heslspheric ratio

wii

Tastern/Vestern = 1.% 1.9 vo/ﬁ s (125)
/A

practically independent of the indination of the U vector to the lunar orbvit:

2

al mero inclination, the coefficient ig H6/37 % = 1,89, and at 90° 1% rs

fndv

6/7 = 1.9.. The concentrating factor ug represented by the second torn
in brackebs of (54) is no% taken indc aGeowWYh; it is of the order of

(?fo /)T 2@ thus negligivle Tor the swall lugsr escaue weglocity., For the
dusar orbit 2.85 X 109 years ago as the rdddle interval of bon‘aala:dmen{:F

a = 85 earth -radi:'r. and v, = 1.08 kn/sec can be assumed. For Apollo gmioup
objects, U = 0.660 = 19,7 kn/sec (53 an oksorved averaze (E‘f_pik, 15558)
viiereas for isotropically orbiting objzcts at helioceniric velocity iy the
average welghted by the squarce of cncounier velocity (strean velocity {imes
cumuilative nusber ;:g:copoz:ti onal to DU w according to equation (7)) or the
average impact velociiy squave for craters of a fized size limit, is

2 < 2 s
U7 1+ vha + 2\th 7300+ W 2)

T T {12¢)
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For parsbolic comets, v, = Y2, H,v 1.85% = 55.3 ka/sec.

I:

The fwo eztrowe fypos of objocts yleld according o equation (120)

(3

woset ratios for the twoe luear hemispheres B/Y of L10 zad 1,04,

Pae

arnached

=

vespsotively. For crabers of the size Hinid in question, tho average ol
the two myours any be r:ez\m santalive (E:;a:‘z,lc; 19582, o & rabio of 1.07. &
diffevence Trom the chazrved values (Yeble XI) zppsars o be well ester Lished
bub it woudd be rather fay-Tebcohed to drsar conclusions as to the ovigii of,
et}
Junor craters from such slender deviatiors of the vatios from unily (i e¥ier
Here It uay be poinded oub thab cored nuclel, caryying a smbstanlial
proportion of volatile ices and of higher welogifdes, will for eyval meon
produce woxe violont explosions thea the extines ouclei or asteroidal-
objects. The effect of volabiles was nod c:mﬁ.siﬁe:ceé ia comuection wiih
the opipin of 1he woon because L4 noy he apsumed thal, in the ferrestrial
rre~plasetery ring, these volatiles world not be condenusble and, apomantly,
were noh pesglvely represented Julping fron the ﬁa};’gkﬁﬁiﬁiﬂﬁ of the esrih, - .
The dennily of craters in the contiventes is cstimated to be 15 1imss
Thot in an average mere o~ H. Imbrivm (Flelder, 1963) ~— ov 15 idmes
{Baldwin, 1964%), It is therefore czpected that 5 - 7 per cend of he

Y

crators in the conbineites ave of post-muere owigin, Thesze mey be &ifiicvld

to distinguish except for the wey craters which ore appsvently the resili of
Bore violert dmpacts; perbaps by the highewolocity comed nuclei. Of ihe

60 roy oratsrs in Baldvink (1963) list, 22 arc-?ic-mﬁinemes o Pewr just on

the merping, 10 on mavlia, which more or loss corvogponds to the ratio <l sress

2,

on the eari~ward hemiephore of the moom, 80 « 65 per cent beldng occoupied by

/g



ontinentes (more in the livbh sveas which, fvom projection, repregeant o

0

smoller apprrent fraction of fthe vigible hewlisphere then occupled by thedr

+

patusl arenl. The posh-more origin of dhese foatures ip thuu dbvious.

Befwoen the henispheres, 20 cuy coabers sme in the wesborn, 2% in the easbexn;
if polar and centrolly placed "indifferens® objecis ore onltbed, 14 are

dafinitely vostern, 15 easbern. Fhe wilbYorality of Alstribubion is almo

i a

sppavent, however with a lovpe stotistics’ sanpling ervor implied (chouws & 1B4Y,
copsidering the smallness of the nuerical stmple.
Reveriding to the general crater dencitles dn the two hemliavheves, the

crober mumhoexs gsenm bo be wmuch more Iuilwmoed by throwout from a few lirge

orateving evenbs than It would appear Pron Suoomsker's (1938) ostimates,

x

. R \ . __ . = 2
In a specially lnvestizabed srea of Weslern Yave Imhrium, covering 465,000 k™,

a delinite increase In cvater numvers is ievealed in the southern povbica of

the nere, ir the vieinity of Copsrndous.ard within bhe reach ol its »aoy

1 ’
{Cpik, 1880}, 4% on effective Jimst of 1.1 km for ornter diamsber, the

)

northern hall shows o crpber dersity that iz walfors withln the sampling ervor,

. = - S : ‘s
155 # 0.3 croters por 107 kn™,  Fron the niddle of the srea the demsities

v

+

inerease sovtivards far beyond the snapliry erver, so thad 580 creters cosmbed
over 192,500 }332 yield a densiiy of 20.6 » 0.0,  Assuning 15.5 o be ihz
donsity of prinery craters {a naxinus valu: - some secondaxdes may e vrzsent
in the nortnzn holf, too}, the excess denaliy in the eoubhora half is 4o be
avtributed 15 185 secondariss - :3.;«3“3 per cant of oreders la tho entire ym&;
Shoeraker's [1908) greph indicodes only 6 ser cent at the 1.1 km limit.

Horeovar, aboul the same relative exsess parsists also in Southers Neve (briun

at the highe > diameber ITilmit ol 2.5 .  "He meber of gecondsvies imoy:noes

v



southmmrd a3 Coperajous is apnrﬂﬂc‘mu. Trom 32 1+ © pexr cent in the norshorn

third, to &2 + 7 2er cent in the middic “hind and GL 4 6 pox cent in bthe

he southern halP of the mere (ﬁui‘s 1280,

O )

soutiern third of
shioner by the Renger photographs, ihe rays opoesy {c consist of
tightly distridbuted secondary craters (Shocnaker, 1985). Crater chains

.

belong (o whe same phenopenon, produced by o salve of projsctiles, or oy a
spinning largor cluap shabiersd by the shock, wiich breaks p in flichs znd
sends out rrapgpuents wilth different velocrbics at diflerent Locetions a.ong
a line.

A d3flferent kind of cxcapvional object are the Isvae-Tiiled or £incded
craters. 42 of them are in the }ﬁghlan?is or continentes, and 80 on the
merginal roglons of the maria, i‘loo&ed by tho laf:het;,.: (Beldwin 1549); whe
belong thus 21l to th prwzsarc stage.  This is in hacsony with the ploturs
of accretiou of the moon es dvawn gbove; bhe conbdinentes base, still lod
efter intense sccretion had subsided, won then receptive to lupact melbing,
In the posi-pare periol, the crust had cuoled snd impact melbing became: much

lcss promii eal.

X, lelbing of o M

Bxtrvsion of lava Trom an inner molten core to the lunsar surface iz us

diificult to visuvalize as it is Tpx the carth's core. On earth, lava
fornation (nd extrusion is connected with mountain building, folding,

it

subseguent erosion and lsostatic Gepression which leads %o the radiocace: ive

sources being buried deep aad insulsied. The rocks zre heobed beyond meliing

point in mbsurface lava Poci. TP satwmaied with water wapor and olh

&
C)

falc]

s

A
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(water drifting dom from the surface), volomoes sve formed.  Howewer L BOVE
powerdul leva extrusions cre vhe plotean bagalis, comag, through crustsl crasks
and overflowing vash areas ob a tins, covering huwndreds of thousands ¢F seuare
dilometres.

Ga the moon the mouwntein bullding procoszes are sbsent, evosion iu %co
slow and surface stores of water are wuot availasble. © The lave poois of the
period of iatense acorebion wash bave completely solidified.at sts coaclusiony

A% thet viss; perheps some 2000 years ofisr the shert of {inl agerevicn, the

N . v,
stbsuriace wocks mist have been hot, frov a depth below seme 0.5 km jusing
Lo
* & L J‘.‘-‘ - o )
equation {122) for a rough estimetel . 4% o Lomperoture nesr wellting ypodnd,

o

ine shoek exevgy of o creberdog impoct $hon easily osuscd malbing.
R . Y oran ' 8 ) - PR £
Uging egquntion (20} wiin = G825 an upper limdt end g = 2.7 X 107 erg/p
=3 {'u- e g
e

as or melilng of o solld slrsndy heated to fhe melting point, the shock velooihy

* - F 5 7 >t
at the fvinze of complete neliing booonmes u > 1,04 kn/sec. Bowation {16} with

k= 2 then ;ields the nmelbed moss ratio o that of the srejectile  as ¥y

- 2 . 2 . : :
lmrﬁ;/ %oy 5.77 when 313 =2 X 1{218 dynz/on” amd W, = 5 kn/sec is assuzed as for

2

the Iow velveldy primevel dmpact indo roo: softered by heat. Chooslng o
et - a -

depth of penstratiocn of %X, = 100 X, Vo= h o= 45%, o o= 1.5 03 for o lovge

sa.u.dbail,{ = 28, the orabering cquations Field p = 1.095, @ = 114.5 ka for

- . s ' o U,
the diameter of the wwojectile. Tuctber from (11) with 7 = 0,78, &, '3 L0 X 10
- a2

. S B, 2 . . A
{cl. Seolion \?), s = 31X 107 dync/en” cilaine as chiefly cauged Ly ogeawdtEl.-

friction.  Bguations (7), (4} =@ (14) Hen yleld a crater or mare dimeber
of B, = 424 Jm, u_ = 0.885 kwfsec, W = 2L.0 (mess affected), Eﬁ,fg,% = 1.1
s

=2

(mass crushcd or melted), ¥; = B77/81.0 = 0,575 (cowpletely melied fration),

Vo4
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The projectile iteell is not here ineluded; its weterlal may be mostly
melted, vinile veporizaticn, wizing snd & cistinet "eenlyal funnel® do not oTouw.
=
. . . - my o - g - T
The volume of +he projeckile da V= 7.8 X 107 k', and the volume of coapletely
= - Yor vt I s + 8 1 5 x - pm 1
ralted rock yestulis ag { < /': WX 5,77 = 5.25 X 107 I which could covsr the

-

*

=

. S 5 I : \ s .
croter ares of 1.41 % 107 = with a layor of 16 la. The spreyed Liguid and
'l;he:%'z‘c:cl: debris, ejected with velooities of 0.2 - 8.5 kw/sec, sre falliog bask
into the cruter, 1ibtle being thrown cver the wim,

Qutsilde the completely milied fracitoa, Iy parbiel welting in proporiion

N
4o the heat release or Lo (yi/y)z will ocmr f;equations (18) and (20} Tae

total welied fraction of the mass affectel is then
4 1
1

£ =v.ol “ﬂy/yz SN A

/J.."

a (127)

or “m = 0823, ' 'The uarolben rock ddoris will sebtle dovm, leaving e lava

PR 5 . - . . wa s
sea of 5,85 X307 m~ . if spread wniforrly over the crajer arce, & Ticwid
r) v 3 . »

Jegrer 96 km Geep Wwould result. According to (125), weder bombavdment the
solidification of this lava were vould iake only gbout a yoar. On the other
hand, if the mare vas Tormed when intense bosbardment had sitvsided tne ..
formation of an wibroken solid cius’c vould have becone g_}oss;'-_ble; on tae
lincer scale conbenploted, this could heve happened only throvgh differentiatior
of the Iigtler sislic rocks which would float on the simatic melt.

A cheracteristic trait of the desc:ibed mure-gencrating nechanisa is the
deep pe'n:e‘c.: ation of the iupacting body, o sbout one~quarier ol thre iszeter

of the merc. The depin-of penetration ¢ obligque dncidence (202 ¥m) is here

less then <he diemetor of the projectile (114 Xam). For kore Imprium,at
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in proporiion o the craber diaveber. fince The lateral streogib iz in fhis

cose olosely »roporiional to orater depbr (1), from {9) we hove

vhence, Tovr Lare Iebriwmn, at ¥ = 457, ye {ind X, = 555 Jm for the penetrabic:
of the {froni of the 13‘5‘036(3%3’.16“&??308(3 fi’ie}:i;ﬁ:er would then be 584 ka {Ssnsity 1.3).
The sversye depth of the molien leyer vwould be shoud 87 ka. ALl fids is on

the assgumpiion that o single event wos resonsible for the cx*cé:ticn of 4w

mere, #n aswnotion thad is difficuli to wefube in view of the regular, nesrly
oiveular ouiline of its border. A satellite whick yprodused Sinve Tvidim

may have impsoted neavrly 8% the soae five.

X, Fhs Pate of Closest fpgrosch snd Alfven's Model of Iunsr Canturs

Yatheratical abtempts Yo retroce backwards in ¥ime the history of the
esrti-noon cysten depend, in the first 3}1;(385 ot the sssumcd law of $idel
friction, eilther as it did, or 4&id nob wvery in 'i;::;,e course of $ive. The
different resulds chtained by d&iflervent au shors {of. Scotion IV B) as to e
u.mlzm,«m distrnce and;, especially, the time scale, depend melinly on the assumed

s

Wisbory of feiction.  The relatively shorb (ike lantervals of € ~ 8 billion

yeacs ovbained for ihe time of closest disjamce ave undoibhitedly dut fo an

oversstinate of fricilon which so Punfamen:ally depends on the dstribution
e
of the vcean:, and continsniés, as well as wpon tie tolal umouni of waber in

Ll

. . . . { 5 .

the hydvosplcre of vhe carth. The oldest dated minerals, sucas the Zi-kons

. X - ' - . 2 . \
in the gnsisces of Imesote, show an U-Fo age of 3.5 » 107 years, equsl to the
oldest reprerentatives from the Centrsl Ukroine and the Congo, and aedime nbaxy

- o m o and . \
recks veseh Covm to 5 X 107 years (Cloud, 1263). The clesest approsch ¢f the

743
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poort couldd rot have happened later then these dates: ocean ¥ides of vp %o

30 ko hedghi, accompanied by ceck

)

sides of siwxilar enplitude (at 1R o= 20k,
rocks become plastic erd ochesion no longer een yrevoat Fhem from Tollodng bhe

%idal bulge of the rotabing earth, of. Sectioa 7.8), and 4idal friction heating

of the order of 9 X 109 evy per gron of tie entirve carbh would hove evaporsted
1
the ccetms a1d melied the upper crust inic o lave ses of vhich no previcus
svirusive or sedinentary roocks covld have survived. Indecd, the heat o
bidal friction must hare concsatrated in the wper pordion of the carihts
mantie, yiel Lu}g there well over 1.6 X l@la erg/y reguired for yaising tie
temperature ho 18007 ang nelting {of. Section IV.C). The hislory of e
earth's prescut crust must have bemw wilh o completely mollen stete,
synchronons vith the time wher the moon waws closest bo eowth {eithed capvved,
or emerging frowm ingide Hoche's 1imit as Joscribed in Sectiors IV.G-G). ’t’?i: th
all the wacertainty as to the sbsolute time seale, 1%t iz most netweal do adjust

P
wr
107 yeavs

ba’

it to o nove Jefinléc evendt - the orimin of the esrth ifself, 4.5
age. Prom tie theory of plancisxy encowniers {Sechion IIZ) 5 8 lunex bhody

'
crbiting some here neer the carth's orbit conld not hove esecapsd close
approaches vo earth for longer than 105 - 136 yesrs and, If Hidal capbure ever
did take place, 1t wost hsve Pollowed the formation of the carth with nol more
than gach a leg dwn time. For dhis reason ilor:ef any conjecture zls o w late
captuve of the moon must be rejectod as so improbsble that it com be terw:d
ractioelly _i:g;osssé,ble, Purther, ‘the geolozionl and geocimonological reuord
renders a”r‘.)solri;e' v angceepboble theories which would pub the dabe of Iunm:
caplure al less then 3.09 years ago (Alizx‘mnﬁ 1985); or would ascribe tne

"Carbrian-Frecuirian non-corforaity” in bi¢ logical. reologlical scquences thoud

i



i2a

700 wmilldor yesrs ago o the evenis of lunsr capbure (Olson, 1988} (instesd
of repeated world-~wide ice ages as teshificed by honider beds ab this an
eaviier epochs)., The nedicine iz too slrong: i&sﬁéza& of boulder beds and
irbervupted orgavic ovolution {(with aige,e doting 2700 willion years azc), &
glchal lmﬁ sea several hundved Klomelres deep would heve enguifed all traces
of pravious history, and not simply profvced a problematic "noneconforyity”.
Under such oircussbances; the critical ezpraisal of Olson's suggesbion by
Valter il, ¥k (1988) sounds rather mild; "Iwenty yesrs agoe a hypothegls
relating this uzwcﬁfoi*mﬁzy o a unlque eveat in the Barth-loon history wipghi
hove received g ;ﬁympa%;ha%ic z“eacept:'t.otr;; Jonshow tue problen dis less urient

-

now. In masy places the geologic yecord ig patched across the Precemh i

Ea
L

Carbrion intervel, and the unconformity is not so very different from oShors

in the geolegic record. With regard so the explosive biological evolubion
we have suececded only too well, by destroying all existing formes of 1ive and
insisting tret life start anew. The biologistiwon't have 19,

s A\ . . . : . '

I the Alfven~Olson iden of a receni (late Precawbrisn) catastropht
event of such o magnitude is not only refuited by geological evidence, Wi is
also comtrevy to the concepts of probebility of planctexy encouwnters ({te
provability of a primitive woon delaying its fatel encounter with the esrth

: o
for 5 X 107 wesrs Ls less than 207001),

the mechandcal wariant of the coplure
theory proposed by A1fven (1865, 1983) aprcars highly atitractive, as it scems
to reconcile the few criticel data relatirz o crater ellipticitics aud the

. . 4 )
time of their Pormation (Opik, 1981b) with the aesthetic merits of Gerstanbornts

mathenatical model of idal cepture and evslution.
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According to Al; -«..1:, if ‘the 1};@1&1:'.;1""3 OO WaE RON-nompmensous, with

the outer layors being of lesser density thon the average, vhile pessi

-

alose to Bochu's 1indt as Gerstenhoin's calenlationg would imply, it coull

j
have lost its ligdber mentle vhile preserving i:h'e denger core which was

S'E;ill oulgide its own Roche's linit and sblz Lo kvep fogethor Ty grevitabion.
To synchronoun rotation, the fregments of tae tidally disbtoried elongeted
mantle veleascd cavihw ard would have been dirsoted dnwards in ellipiical '
orbits, possiltly even .!.833:1.1'18 ont the ecerdh, wails those Crom the opposite
end, turssd sxay from sarih and possessing core Femdlar menentum, would sing
outwards in elongeted elliptical crblis, Oa & two-body approvination,

* 20

neLlecting the gravitetional action of {¥o woon's megs, from the tins of &

tidelly deiorzed body, extended to dowble the moon's é:‘t&m*::{;j;* and in
syuchronous rotation at o mean digtance of 0.71 parth radii, the erirsne
iawerd fregunents would enber elliptical orbits between 2.18 {apoges) and (.75
(poripee) eavin vadii, thus co‘u- dng with the eax thy cund th:,, cxtrens owiwerd

Tragments woull be thrown into ellipiical wioliis bebween 5.26 (parigcsc) axd

22.0 {spogee) 2o3ih vedii. 2,71 esrth radii is Roche's 1indit o density 4,14

Eq_ua‘twiz (10&); 3 40 Balf the original lumer mess wes in 2 core of this denaity,

a mentle of deasity 2.54 comprising $he other half {(ond vielding 35 54 i4 as for
the mean densicy of the moon) could be thrown oul by vidsl ao'i;:i.on, leaving the
core behind. A sccond approximation, on ire basis of the restricted thres

T

polly provlen vw.th earth and moon as the privzipal poriners, would lead to sore
somplicated oridts, the Jeeobi inbepral however peraitbing more or less the

sdvag range of peccentric disbances. Things ace more complicabted Ly the

/1



Léa,

progence of cxmsiderable giffuse masses, and by the acoeleration of the

froguents in Oear-nlss encounters with the mcorebing lonar core in & N7

cirenlar, yresessing orbit, ariftias outwards from bidal inkoraction. Te

Sanwecd Prozmehs, partlk shaorbed B Lhe esrih, and the em:‘:::aré‘ fragnonts will
L 3 X ot 3

4]

+end o cosgunlaite into moonlels; colliding snd hrealing wp agein end ulltipakely
. f

collected by bhe moon. The cutwerd elovd, originelly swinzing on 8n avivare

orbit between, soy 5 axd 19 esuth redil, & = 8, ¢ = 0,625, will collect into

mocnlets and a coherent cloud of finer Aevite vile prore or lesa conserving

the originel mguler momenbum, ‘now.nr* in weapy civoulsy orbibs such thab the

-

wean distance becones & = 3‘9(1 - ) = 4.9 eerth radil; this is sproxiuately
the Gistencs where the crabers o ‘Lhe cont nenbes mpmear o have becn forned;

L

Judging fron thelr sysbemsbic. trend in ellnpticdiles (Opik, 1951n}.  ho
outer fragwerts must bave beon rapidly collected by the +idally advancing
moon.  As tc¢ the inner fregments, vhetove: of then wes preserved fron Jalling.

on the certh pay have collected inbo a wooiled. fhie fnner moonlet, too seall

tn overbake tidally the moin body of the moon; was verburbed. axd acceler.ied

by the latler in apogec approaches mbil, “n apogee, & collision {precedud by

l

5dal bresiwyp) with the csrthwerd side of he moon took place; a salve of

;_“[

svge frogmerts 1ed thus o the formabicen o the luoer maria.
Thus, cxeepd for the time scale, !i}.f‘.)en‘s model of tidal cepture end
subseguent merginal close passoge U8 chie io aecount nob only for the crabers
in the conbiientes and their systgmetic cllipticities, bub aleo Tor the latsr
formation of the Ianer meria on the cartlrird hemd asphere of the HOON.
Quantibative.y, however, in this case one sammot put much 3*9,:1@:10@ on proclse

enloulations of tidsl evolution nesr, and »% ceding the stage of the 0 s

7



glozest syprooch Decause tho assumpliions, nelther of the constangy of fthe

i

C}J

Junae mass, nor of the Limited mumber of inberacting

odies, crnnot be
upheld even opproxinately.
The ¢nly difficulty with {this nost atbraciive model remsdins in the

heat creabed Ty the dlmpaoting bodies duriig the lest sbage of crobter Formalior

3

on the conbinentes. The sxpeched hentiizg would be somewhers botween iiab of

P

Hodels 5 and 4 of Pable IX, and probably nesver to the forngrs this is a bit
too hot, omd with too much selting, Tor the tive vhen the }xig‘zﬁaﬁé,‘ crabs
wene formed Hevertheloss, with 211 the olbher circunstasces taken indo
apcount, Aliven's model of lunser capture sppenrs to have a Zood degree o¥

probobility in Its favor « sbout as much g Model Ho. B, the wost fevored one

off Table IX.

Ve  DIRENGTH OF DEAR CRUSTAT FOUND

A, Crater Profiles

The depth to dlspeter raltlo of lunsx craters ig kuown bo decrease with
crater size (Baldhrin, 1849, 1083). This iz obviously explainsd by gres itat;-on
infivencing faliback. The averape velooity of the cjects is mai,nl;; cor ditioned
by the syrensgth of the material snd the Koetic elpsticity; fox given velocity,
the altitude and distance of {light iu lizited by gravibetion. so that s
sueller pevewntage of the crater volume cat be ejected over the rim of & large
erater than over & swall one.

The th:omy outli:@ea’ in Seetion II.F an be applied to the study of lLumar
eraver profiles. In novations of this anl the preceding secbions,the o sparent

i . . -
depth of o ooater, ¥, as measured frow the uwndisburbed ground level to lhe

sweface of e Gobris st or neer the cenbel of the creber (&lsregending

K



central peas I present), can be sssumed cqual to

.
o} - L}
g\ = A:P(l - ]E‘B) . (129)
The throwvou’ function 1 - I’ 1 represented in Fig. 2, the fallback .sactica
being given by cauation (42). This is the froction of crushed maberisl

.

Palling bacz into the orater, but it way 2lso be assumed to cover gravitations

inbipivion in raising e lip ond in cmsPl cing the uncrushed rock of the cratexr

bowl, (&UJLO in Fig. 1); this justifies the application of the fallback factor

0 xp, the %otal depth.

f
1

Fellbuck meinly depends on parameter b | equ uation (48] which approaches
zero for smull craters when fallback alsc tends to wero. ' In this cage the
grevitedion:d friction component in lateral streagth ’iéquation (ll}M I

.
also becowe unluwportant, and the cwater profile, or the ratic of dc:pth to
diameter wisl be do 'Lermnea by (9) (excent Tor erosion for very =:all oraters).

0 the parsneters in %his equatlion, the lateral strenzth s + s

[ et

product se . is most wncertein. Neverthaless this, as well ss valocisr

ond density can be fairly well puessed for a given cos SNOZoNLC siase.

For tte larger cra'{:ers. when perame:er b is increasing with the 1:7-_11991*
seole, gravitational friction in (11) beenmes important snd even c’iou-c_nc,.:i,,
Fallback then dewends primarily on

}‘21182 \ 3f_ ~ \ 1z consthe. ( 5:’)
or on the product of kinetic \,_La cﬁ,y and f‘ru.ctﬂ on, and on the nargindd
exit angle, -4 (Fig. 1) Se'tlting £, =0.73, su;] = 0.8, the devth Lo
dianeter cu:r‘ve Tor the large craters can ic wet by a proper cholce of “

which, thus, is enother paremebor that cau be enmpirically &ctermined alsiost

independently of 2, (within the wergin of uncertainty of the otner, HOTE

174



170

cersain parmeters).

The maasuded orater profiles as used bere sre from Baldwin's (1949,

-

1983} work sherc the denth is veckored from the crest of the rim,  Aversge

vin heighits were tliorcfore aldded o the coleuloted x' values; to ronder

o

tuem comparabie with the obge ‘vet'i aer pms the calevlated values of :,’BC as
) H

referred to grownd level were multiplicd Ly an erm:i,:..ca.l factor of L.& for

Baldwin's Class 1 craters, and by 1.70 for those of (lasses 2, B, and {3
H

-

the ratiog do not seem o depend on corabir size.

Bolduin®s crater olesses are meant to remreseny relative age, Ulus

i

being the youngest, showing the leost ziyns of loter impacts or the loist

Inonet erosion. The classification is supposed o be uwninlluenced

.

the depth {o diameter ratio., The later or ollder clssses eye more sihallow,

1
l'g
"‘i

whiech is preily the :r‘e‘ml'{. of srosion bw: wey alszc incelude mwe subjesiive

=2

hins, Thig is broveht uu't bty the distrdhution of crater clagsss as
depending cn size, taken from Boldwin's Laberwork (1985) znd represzented in

Table XNIT.

Disteivution of Crater Classes bir Size in Bolduin's List

e . —— ey -

Class 1 2 k5] 4 5 AL Ter cent
. Class 1
Disnetac Hudber . )
> 40 rls 5 o4 20 5 80 112 5
20-40 uls 66 18 7 4) 23 0 . 8
10-201nls 44 4 0 0 4 52 8.
< 10 mls 59 0 0 0 0 50 100



The smoller craters are resistered predonminemtly as of Cless 1, viaile

emong te¢ largest cvobers this clsse is in o winority. It scems that th

o]

small eraters, being leps shallow for Pallback rea.so:r*;s, tend (o lmoress ag
being less eroded,  Another explanction sey be that; in an incowplete iist,
sonll craters arc more of'ten sclented vhen they ave sharp end neat, wblch
ngkes for a meeference 1o favor of Class 1 withoud clsasilication itser]
being sysicraticelly at Feult. Ia both cases only the lavgest craters

would corresily veprese

s

t the reletive posulation of the classes. leice
wa moy conclude that the Class 1 or: ters, accordiay to Teble XIL, sve rot
all of post-mare sge, beoing nroduced as the lash 25.50 per-cent of the

3

total population of craters; they could 7ell pelong to o lator stoge of

pre-upare bo dordment when €

1w lunar crust had somevnat cooled and hardensd,

Craters of Ulssses 2-4 ere shallower (Ballwin, 1049 »
2 .l_,_.,‘?:'-z' R AL <,:':"£..,;1-4 Vi '53 1A et 0 8 Reee The 2L

sxplained by lowed ':Fcitfz‘es,g o Bfotter and soler crustel wsterisl at Hle
carlien st—:x,glc-s of the final bombardment.

It this sppears that the croter prerile data are nob a honogonects
selection. Tor throwout theory to be mo:miggfully applied, a closce stuay-,
of tue sheblatical material is reguired,

Table XITY wepresents the distribubion of the craters -:Ln Baldwin'sz

Tist (1.963) aceording to theiy surface bacloround. The solectivity is here
very smerked, smoll cveters being chosen cb iefly when of Clogs 1 end oan the

mario, appoxently becsuse they were easicr to measure without interferece
from other craters., OF covrse, all post-mare craters cxmeept those of Uloss

are expectel to dbe practically unaiicoted by later impacts, hence the v xtual

kY

7 13/
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absence of Glasses 2, 5 nod 4 from the meria as revepled Ly the toble; these
clagses wdoidiedly revresent nre—um"c, dbjects.

In Glass 1, all craters on the weris nwe, of cowrse, of posh-mare ocigin,

. 9 L 5,
with oges conging from 4.5 X 107 years to zero. iith the exclu of the
predominently Yoonbinental lirb sress, the marie vepvesent ebout 50 por cend

off the area ol selection, so that the coniinentes should carry o ounber of

post-mare craters egual to that on the meria.,  Assuning this, the percanbeges

of post-mere craters on the continentes were estinated, Tt sppesvs that, in
Class 1, bhe lavgest craters (2> 40 wis) exe predominenily of DPre-ware e

and, being less effected by later impacts, wust corregpond Yo the laat stage

£ oprinliive cratering, soy, ab a dlstance of sone 8 earth radii amd 2000

f‘.»

yeavs afber vhe start of accretion (¢f. Scetions IV.E eud F)e  Cratess of'_
Class 1 dn the 2040 mls group are also zredom nantly of pre-nare age, albtoudh
some 22 per cent mey be of post-msre origin, bub craters less than 10 w-g in
diameter must all belong to the post-mare shage, dncluding those on the
continentes. This heterogoneity of Clase 1 must be taken into acsouat in

the interpretaiion of crater profiles. Fron the correlabions of diamster
with depth es piblished by Baldwin (1949, 19853) it eoy appesr that hoterogeneily

.

ig insdgnificant, the curves ruuning smooba over a diamcter range ol 107 %o i,
from the smallest texy estrisl 4o the larpgest iuﬂar craters, yet the impression
is deceptive, Sy.s tematic differences ancaating to a factor of 2 o & in the
depth to dimacter ratio bocons :i.z}co'ﬂspiouwg over the wide venge when g
absoluve depth ig correlated with log diaxster, iunstead of the rabio, md an
apparently ssooth run of the curves for he serogeneous maberiasl (c‘iepenctu_g on
dianeter) cay be schicved vhere actuwslly {here sxe discontinuiiies in e

watin.
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Ais to Beldwins (1983) Clauss 5, the lava {illed or floofed crobers,
16 acbuelly contalng tuo difforsnd kind of Tormabtions, Those on Lhe
continentss can. be oxplained by local impict melting of the hob primitize
crust whou the crater was formed, vwhile thosge in the meris aprear to be
Flooded fron oulside by Jova {rom the usre.

Ty Tables JIV ond K;&?, ir notationg of, and fmz;a,'{;he squotions of Becbion IL
sre collectod mowe {heoreticelly caloulaled dephh {rim To boliom) bo Giimebor

rablos, cosrespondi ng; o o priord ezsumal probable parame’cers of Lmpacs,

o e} , ] -
A medisn amgle of ducidence; ¥ = 457, es for asotropic bonbardment, ami &
coefficient of friction fg = 0,72 are asmwed throwrhous, In Table XM,

W, = 3 m/sec os for aceretion during the late pre-nare cratoving phase

0

. e o o 5 X .
(lypothesis 5, Teble T}, f = 8.0, ° = 1.5 gden” as for a Tsandball®

R} .

planstesinal are [uriber ass '11_16‘-(,1.;,- Also, vith the sssumed cons taunts, s the
Tunar scoeloreticn of gravity (162 cﬁsec;), from (11, (12) and (ié) we have
_. s =8 +18 *~‘ (151)
in GeZes. W’i‘i?:%? In Mollels &, B, D; 5, B, and G, the couprossive gtre: gih
is apsumed es Pfor the hob and soft pre-mace luanr crust, s1 = .‘}’ "080 c::s,/'s::m2
{cf. Sectior V.B); thisg, according to (&), yéelds
- :::P/c'{‘::‘l,.{)g.’i ,

& vilue thet is insensitive to the potual value of s . In Hodels 4 and B,

-

ol

a consbant vilue of the lateral strengthn, sbout ons-half oF s}j s 1s assuzad.

In lodel O a high crustal s*t;:c‘eng‘bh zs for berwestrial yocks is sssused; this

11?:01'0‘3&318 aasunpt'r on is definitely refutoel by the cbservabional data, 83 can

be seen from Fig. 3 in which Baldwinbs datn for the pre-mare craters of

classes 2, 5 and 4 are plotbed. Of the tro olther ncdels withcongbant & e



Averare Angle of Incidence, ¥ =

22z

TALIE XIV

Calculeded Crater Depth to Diswsler Ratios (H[BO)

Tor Tumae Cravity, Feiction £ = 0,78,

=]

p o - as s
. 457, and Pre-~lsre Conditions.

T
Tiey =

s
Ve = 5 m/sec, 3 =

1 * t‘ *
1:3y ¢ = 2,8 g, k= 2.

% sk 0,25 0.5 1.5 5.0 18,0 250 50,0
Hofel A: 5= 1.04 % 70° syme/on” = consts A%z 0.55; 8,22 % 102 p = 2,095
s, 10° aye/en” 3,08 12 1.23 1.84 544 5.08 9,04
B, ke 1.78 5.52 10,9 51.2 80.0 123 209
BB, = L.82!/B 0.210  0.177 0,115  0.0430  0.0517  0.0350 0.0540
todel Bt B_,8 ,6,p = same as in ky 12 - 0,50
BB = l.8x'/B,  0.222 0,196 0.144  0.0826 00536  0.0614 ...
Yodel C: Bousamc g3 inf: 5., = 9 X fLOS; \E = 0.18; B 2% 109, p = 1,014
8, 10° dyne/cn® - 05 0.8 11,4 13,0 17,0
B, Xm e vee 875 22.2 eh2 1055 194
E/BO = 1aam*/“o ces oo Q, 504 0.198 0.0758 0,041 o.oé51
Hodel D S, decreaging with dewbh: SP =& H lOS, 0= 1.0053: A 2 = 0,25
s> 10° agac/od ... cee 5.0 2.0 1.5 1,2 1.0
s, 10° dyne/on” e cre BB 2.8 5.9 5.9 9,0
B,, kn . vee B34 58,1 ‘ 77.5 120 209
/3, = 1.85'/B_ .. ces 0,212 0,070  0.0256  0.0181 0.019%4
dodel EB: By, 80, 8, D o= same 1.8 in D; A 2 . 0,30
BB = 38e/B e 0,228 0,087 00821  0,0264 0.0987

J¢
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PABIN Xiv {Conld.)

- F e san - e i 7 e T
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J

Hodel ¥1 sq, p ag in D; s, decrvessing w.th depth bus loerew; A7 = 0.4

]

~3 /& . . .
505.10 dyas/on cav ane 5.0 o8 g5 2.0 1"

8 4 ’
s, 10° aynafon® . e 5.2 4.3 2.9 6.0 9.7
By, tm e e Tus2 25,5 v 138 206

B/Bg = 1.83/3, ves ‘o 0,985  0.197  0.0443 0,0258 0.0878

v

Hodel G: £y, p a3 in I; 5, Gecreasing with depth buk still levger; A 7 = 0.28

N : ;. « : - -

Scy lo ﬂynﬁ/ﬁm ss o ren 703 bao 0:8 anQ 2:5
2

s, 107 dyne/em” ves - 7.7 5.8 6.2 7.0 1.5

B 111 204

L)
n
12
o]
¢
a

[he
{n
]
o

j]

o o car PN

H/B, = 1.6%'/8,

-
-
k3
L]
Q
"
[}
-
C
o
s
<o
-1
o
3
3t

0.0421 0,05818



Culewlated Graoter Depth to Dianeter Ratios (H DO)

for Ymww Gravity, Friction T = 0,72, Average Angle of Inc

-

£
=
>
e}
Q
[n}

[

Y= 45%5in s 5. 0.0 and Post-Have Gonditions: s, = 2 % 109, 5, =9 X 16° dyne/cmg

£, lm 0,125 0.35 0.5 1.95 5.5 5.0 12,5 25.0

s, 10% ayne/on® 9,02 9,04 9.08 9.9 9,4 9.8 1.0 13.0
Hodel 1 asteroidal bodies, - = L = 26, Ty = 26 ka/sec, k= 551, p = 1,68, 57 = 0.2

D 14,9 14:9 14,9 14.8 14.7 14,6 14.2 15,8

B, ¥m 1,14 2.88 4,57 11,5 05,6 44,6 109 208

B = L8k/E 0,170 0,162 0,161 0,145 0.120  0.0381 C,0331 0.0F

~
iodel Q: cometary mudlel, o = 2.0, [ = 2.8, k = 4;42, w_ = 40 ky/sec,

b
By km

B8, = L.62'/B,

[4 ) p = 1.50, 5% = 0,28
\
96,6 98,6 26,5 95 o4 95,5 2.0 25.5  wee
2.21 4,45 3,83 99,0 43,3 85,7 511 e
0,0339 ©.0831 0.0998 90,0740  0.0804  0.0583  0.0128 ...



1

B is completely ous on accouns of the assumed high elasticity, while A with

5 leads to a better it which iz still bed enouth as can be seen {ron

)

e - 4 -

Pig, 5 Vhils for large crators the curve cat ve adjusted by a anltohle
NS U S . R .
cholce of A, the smoller c¢raters reguire an increase in 8.

It is nabural to assume Haab, on account of cooling, the outermost crust

of the moon acquived somewnab greater strength, Tenlaotively, at an age &

PN

2030 years frea the beginniry of accrelioa, vhen the presently surviviaz craters

ion in the crust may

b

in the contineates were Tormed, the temperailure distribub
a2 - e ] - (43 L) (4 ﬂ.'-'l byl
nave been éhout as follows LC'vla equation (1‘;;:)_/1;;
depth, ¥m (xc) 0 0;4  0.80 8 2.0 5.9 oy
o, .

temperature, R 800 820 1250 147G 1650 177 1830

Thug at the depth of venebrabvion of tre smsller craters, noticesbls
cooling and hevdeming of the rocks may have taken place. In Yodels D oand B

a4 £ b L] [~ 8 an- ] ) L]
this has been assuned, a triple veluve of 8, = 8 & 107 {st31l only one-third

that for cool bervestrisl rocks) st 3 L = 1.9 Ion ox £ 0.3 km being prowr sed,
T .

with a com*es;:ond:_lng soltening of the materisl imvards, The vepresentation
of the Class 2-4 crater profiles (Fig., 3) iz now good, the best iy beling
PR U S 2 Sy . 4o u -—{
optalined at |~ = 0.28, and intermediated velue betwoen thebwo nodels,

liofels I andl G are similer to B and D bub with more ha;&eni% cf the
crust, meant to represent o late stoge ofprc -more cratering, pevhans 20,000
years alter ths start of aceretion, when the 'ffjou:;xges’c“ craters in the
continentes ~ those of Class 1 - were formed, As bhas been yointed oub akove
(el Table XIIT), only the large Class 1 creders of Daldwin's list sre of

pre-mere age. In Fig. 4, the Class 1 custer profiles are plotied with

o £
Ad
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backaround fmere or continens) indicoted, and it can be seen that fodel ¥
represents seagonsbly well the dbsexvaticns for the pre-sare craters larger
then 40 ln, vhile Hodel.G iz "boo strong".

in the

[

The spaller ovatevs of Class 1, ap well as the laxger craters
waria snd all roy craters are of post-moye origin. They must have been
produced by high-velocity lmpects of estoroidal and cometary bodies, sich as
calouloded in Toble XV, Hodels P awd §. AL on average age of shout 2 X '.1.09 yes
the lunsr (uber crust yust have cooled and herdened conpletely, therefove a
high steensth, equal o that of terrestrial grami’r.;e or besalt, hesg been
assumed. he assumpbion has proved a success; in Fig: 4, the chsorved Llab

- . . . I3
run of tae depth-to-diancter ratio for post~mere ohieets (all rey crators, all

3

A

crators in the meria, snd all Class 1 crabers smeller then 52 km on the ¢
continenbes) is well mabched by the P anl Q nodels, the average correirtion
fallinz beween the two. From stabistics of interplenetory strey bodies
(gpik, 1953:) it can be esbimeted $hot cemetary impacts should accoumt for ebout
40 per{ rcen"; cratering events at the 5 kx crater diemeter level, Tor 60 per cent
40 - . .
at thekw snd 7075 per cent at the 40-£0 lm level.  Accordimgly, the aversge
correlation for a m:i.x.ed impacting populstion of asteroidal and cometory bodies
should lie between Models P and @, nearer teo P for smal}-. crater dlamelers, and
0 § for T large ongs, an expectabion that is in surprisingly good sccord
wilth the doservations as plotbed in Fig. 4. fhus, despite the hetercgencity
in sge and background of the Class 1 creter sélection, .the- dova can be well
representel 25 o combinslion of large pre-mare craters formed at low ﬁmp\;tc‘t

velocitics (5 km/sec) and of post-marve :.steroidal (20 ks/sec) and comd tavy

(40 ¥km/sec) iupacts. Together wiith the older pre-mavc craters (Fiz. 5), the

..,__
-
S

~5
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successful reprasenteticn of the crater woliles lends sone strong indypeadent

support o our concopts of lumer origin -Section LIV), as well as to ths

quentitative thewry o cratering. Viert 't noblcine is the nogroy spor oF the

- L)
. - - = Yo * 2 T
kinevic elasticltvy, V7 = 0.22 - 0.28, corrvespending to 11l-14 per cont average
Wiretic ( umm';ord:) efficiency of the oreeving ghook, hignsr then for sand

craters anl diluviam but ebout equal to Yhal of herd rock at low velocitles of

impact (ef. Scetions 1L, C-F).

The dispersion of thedepth to dismster ratios for & given cyator diancler

is considerable, showing variation witnii an extrewmc renze of gbont 3 5o 1

(cf. $¥igs. 8 ond 4), Yeb thiz cam be acoounted Tor entively by the dispersion
1 Fho angl PRI idence Pnolor { P ‘*-/ A5 3T 'g‘\ Vernse et oy 14
in e angle of incldence foctor, {(cos <} requation | - Very renarkably,

theve is Little room left for an intwinsic veriation of the other rolerent
parareters - velocity, density and strenith of the naterdial. This is espocolall
true of th: pre-mave crators (Fipg. 5 and Clams 1 craters om continentes larger

than 40 Im dn Fig. 4}, and for on wnders ;andable resson - their jupscht velocitis

b
g
w
-
o
(o)
=
9]

recn close to the moon's veloouty ©

-y
o
vl
F(‘J.’.
&
(]
et
3
of
w
o)
[n]
)
Q
Py
e
8
-
=
-z
()
&
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Unli'ee the case ol the expsrimeatal "Tecpoi® crater (Section iT.."), for
the lunor craters the density of the falthack matberial is assussd here to be
the same a3y toab of the origingl Ybedroo™ materisl. For the pre-mor: craters
this essu)tlon nabweally Pollows frow the fach that the Ledrock® for ey
craters c:o:i%_;ists ol the thiowout and Tallback materisl of thelr erased

B

predecesso s, so0 that the material must he identical in »11 respects iwluding

2 N - v . . » : * - - "y ’ 0
iensity. Besides, awny siguificant defforence in deneity would increase the
e

vallback woluie of large craters so muach that, instead of depressions, their

floor leve.s would appeny as elovadtions :bove the cripginal grouud leve . which,

- WEkd
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Jutn

as 2 rule, is not the cese {with one notsdle excoption, the large pre-wsre
crater Vorgentinus, whose ©loor is 400 meters above growmd level). TFor Hhe
levees vost-mose ovelsrs (FMg. 4 s :;;E' incrense in fallback voluwe cowid be
£ &
. a - n ) - » 3 - -
coundersd by s increase in the elasbicity ceelficient, \7; wel in thic cege
he loree depth oferosion (:{n frem 5 o 12 ka) would ensurs pressure ccmoasbion

of the partislly meliad

A

- P ]

vreuld be reguired whic

vaiuve (2 X 10°

partly by sdRering® through the nolten spray, potly fhroush

by loter izpocis,

origingd bedrocks.

SN

ea. ag

Indey et

a..ﬁ‘l

the luner bignlends wii
ellipticity of 0,070 (n

repions (orw, 198T0);

hased on z

exror dispersion and ars supvosed Lo roevrasons

d rubble.

2 )
dyne/on”) os for hard rocks
the falibask
the resull of oblicue i

Lhout

grester nuomber of crabe

2

-

I

- .
-y sy
LigF

1
i

syl T
PSS N

the second figwre

QY S,

elilpticitiesy a weighted mean observed value
for a uedien dismeter of aboub 87 km. hith p
yields

wiere D = B c/:c .

= 0.076, s_ld for Hodel

values are

closer tou the obse:cvec_ elliptl

319/D

= T
& =%

ey, Tor the

is of

3

caxnot zerve to balence a chanze in voluue;

g0

Tar

regard te cless arg

- ey

55) in centrel regions,

. 29 .
s Dond B, 841 B = Sl

B

ingtaead,

alueady used,

ch does no% agppsar to ve plausible, the

ve aearly scguired tha

aller post-mare oreters,

-

an increcass in 8

lar

svbwidence

Cemsity of

mpact, the pre-mare crateis in

ound 0 SnowT & .S, rendom

and 0,085 (n = 125) in Jdwb

.'i.o*-:rsr v

oy corracte rl o

true cosulis sverszc of

orgervatio

- s
ornaE!

& o= 0,030 can be accewntbed,

m,

This yields for iiodels A and B (¥ebls

sity thon could he expeoted fex

Y| R
= 457, eguaiion (23)

XT¥), at B = 512 In
0.034., The mrediche
Por these



a priori 03_101.&&510“ based solsly on first physical princinles. Tae vale
*3 ey o

raialy dopends on the relative craier diamter, D [equation {‘?—)) .

By Oropramivie Rolief ond Streneih ol the Prinibive luser Crust

he main orographic Teaturoes of the wmoon, imcludingg tae m=ojordty of iils

eretyrs, wust hove been forped during zod imcediately after the acoretion phase

whon the crist was hot and sofft, and withoud signiticant chanpes albtervards.

From the stwdpoint of suvporting strengtz, with its sweller gravisy e moon
should be abhle to support six times grestyr differences in level than ihe

aarth. Achually, the ghizoluse d:w TPepeuc:s in level on tie wona are cnaiderehl
N 3

spaller thar on earth vhich pcn_n'!, to a lower atrongbh of its crust &b vhe fime

l-.

of its {ormetion, in agreewent with the esnglusions draun from crater jroiiles

-
X

I . . 1 t N .
{Section V.2}. The mean differeuce betwzen coabineanis and ccssu level

caxth is 4.3 km or, wits bthe iscstatic corcrection for the welidht of se:. waler,
the eqguivalgal urbalanced difference avouats Lo 5.5 Im; on the moon Uiis would
correspond to 19.8 ka while the actual mean differeace bobueen the maria and

1
.4 o

the contineates is only 2.5 kn or cight times less (Baldwin, 1985: Opil, 19620.)
O course, the differences in level occcurriog on a large scale mve

isostaticelly halanced, and the slowes av: alwers smaller thas the angle of

repose, erdtan { . Yeb, vhen the whalorsed presswe {(weigh’ ninue buyancy)

]

exceeds $he plastic limit (compressive strength, SP)S triction is wsble %o

prevent mbsidence. Differences of lovel ....;1 over gucrt stretches or contdimur
r.ﬂ.

slopes thus set 2 loser 1limit do s which she oxtrene casce sourocches the
valug itsell,
8,2 840 153)

The stress Ls grestein at the "Toot of the wonatsin®, l.c. ol the lowes



50a.

vneomnpengabed level Trom ..mcu ’;T is reckoned., Wiith depth the stigss decrease
o accomnt of isostasy, beginning Yrom & swbsurface level where the heovier
rock {sina on earth, cowpacted moria vock on the cor} heging, ol reaches

zevo ab ke botbom of the lighber formaticn (gial on esrith, bobtered rook on

oo

the.moon, or a depth of about B A h ag deyending oa the ratio of the Gemzilies.

The strengbt of the wock will very vwith tc depth, dmoreasing om atcouns af

conpaction tut decre asing because of higher temperature, so Tthat there is a

certain anoigyity s to vindich depih (153} oroperly wvelers, It turns oul

that on the noon 'Lx nsvlating dust loyer is refher thin and that solil voe!
of ign thermal confvotivity boging soon waough below the surface {04 Lzms

tham 20 metors, Section VI8 and VIT.C); the differences in ltemperature ace

therelore not lerge, and the lover ldwnit -of = would therefore correspond to

the near subewrface 'Iu,‘,r’:‘::',.,, of the order of 4h, There the stress is graabest.
Toe gtrengtin vmﬂd decrease Qo y:‘erﬁs ag whe dovnereiure rises, huv this soould

not hecoue signlicant belfore a deptn of \0-20 km is reached.

In Tanle XTLI dypical estiuates of she compressive strengte of Terrestrial

and lunoxy rocks are collected. The wond prominent slopes have been ctosen’

Cor the woo1 from Raldwin's contowr nap (1983) and from the lunsy 1iwd profile
as measured by C. 8. Fatts (3885).  OF {iese latter data a tuofold selection
is uzed: Ak Tfrom the average limd profile cver 10° position angle {500 m)
ant all libwations {‘{51)'1{, 1964), in waich the diffeverces in level sre partly
smoobthed out as i-t actuslly ilakes place with the highest sumits and decpest

srouzing vhow load s sheved by

]

arfy less exbrene fe ’cuxe.,, (1) ab, from
g N o
extreme differences in .Lc ol over coatinuous slopes Labulated over 2 josition

{igin.
angle for zaro libration and published by Baldwin~with the contour map. For .
1 .

i3

i



Yerrestial featuvres, in considoration of isostatic conpensaticn by water,

3

G5 per cent of ocsan depths is Valken ss the offcebive compoacnt of Ab

Y

reckoned from the seo bodion plis the elflechl

é‘
o
{5
-t
9
o]

3]

%
o]
3
Q
hat]
fad]
§

«
[
2
o

smoothed so o5 to eliminete extrens mowntedn swenits.  Tn (183) P = 2.5
!
;

o

Lor woon and e

oh aliks, and the Tull volus of ik -
¥ v

uged, Yo allow for sharing of load. .

7

The largest of the Limdting values of B gnouid approach the truc

EN

. . 9 2 o Ao e
aversge. lence, for the earth, & e 2 107 dyne/er” seems to be indicated,

-

2
a value very cloge to that for granite or hasalt and 2 check cu the reliehility

of the method, For the peiwitive woon, the compressive strength is foond
L on Rt 2
to be ten times ssaller, s, =3 % 107 dyrefom’,

Ge Bay Craters snd Sbrensth-of the Tjsched Blocks

2 are on continentes and

e

In Boldwints (19863) list of 50 rey craters

bt

80 on meria. This is also spprovimately the vatio of the regpective areas
oceuplied by éon’cinentes end navie on the earthrrard hewisphere of the moom
(continento:s, however, prevailinz im the lishieress. There is no indicaticn of
greater deasity of ’che_se objects on the continentos, contrary to obher ‘typeé of
craters.  Clearly, no contribution 3o va 7 craters has come from the pro-mave
stage te which 92 per cent of "ordinery® lunay craters s crovmed 20 times nore

i .
densely on ~he condinentes than on the maeia, beloag, This is not so auch
a guegtion of relative or sbsolute age, as thet of the violence of the mplosic;ns
cauged by tle irvect of astercids or conpe sary wueled;  these, at a velosity of
some 15-50 ln/sec, ma; lead to high—velocity ejocta travellin: hundreds or
thousonds K loneters cver the moon's surf m?e, which the primeval impact; of

planetesimala ot & ko/sec could not meich. The 1s CHCT Secondery . crobens
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(over 500w dlaneter) in the rays (ghoemake:", 1968) are of such a size thik
they should not be eroded by micrometemrite bomberdnent even during all he
4;5 X 1{)9 yeers of exposurs, whils the smaller craters could lset for sereral
humdred willion years {cf. Sections XD, By And, evé::a when the crabers are
eroded; the roy sihsiance should last and msintaia iss Llighter coloratio:,

-

It ig most 13 kely that the moon haz not existsd long enough for the Cirgt

1

post-nare rays of vay craters to be erased and thab the difference between

ray craters and the vest Iies in the original event, not ia ablsolu'i:e age.,
The ages of tae i'ay craters are expeched.to range unifornly over the span
of 4.5 X 109 Fears, with an aversge of 2.95 X 109 Jrs, the saue as for th:
rest of post-rare cre;’uerss. Besides; alwos; sll large crabers on the ;nzar e
are roy cratel's; Uthis supports tha view That the ray craters sre nok
exceptionally young: they are not forped dwring the recent one hundved @ 1lion
JOErs or &0« thedr hypothetical forerunner:. WNose reys sre supposed 1o be
obliterated by age are not there,‘,

The seccnda;ry craters in the rays, kncwa before bub b‘rought now.to the
fore by the Ranger pichmwes {(Broemaler, 1988), provide a means Por estinating

o

he strength of the PoOst~mare lunar crusha) saverials, The ojected blocks

-

which caused $ae secondary craters have withstood high accelerstiions waich

taxed their stiengih to a degree that cen be apme winately caleuladed on firg

R

principles from the cratering Torrmulacs
0f course, under very parblicular circuistances alli-gided compression pas
increase the strength of some blocks » insteac of shattering them., Theso s

however, must e exceptional casss; in gonoy ol, the cjected blocks will be

rerresentative of the strength of the parend bedrock. Clumping of rulvers: zed

]

LA



debris mey also produse sizosble blocks, but of infericr strength, unab.le o
giihatand Figh accelerations; they vwill not roach to greet distences Trom the

‘craber.

2.,

Yost of the throwout leeves & ovekor with weletively Jow velcoit.es on

-

a ghort trajectory. Hrom the central regions the ejectlon velocities are

o~ )

nigher, bws most of the material is pulverized of broken uwp DY the shoulke

Tn 2 high—relocity impact, leading Ho explopive devetopment of gas, 8o

ihe accelesation Jdepends on favorable clrocumstences - pozltion in the orater

ond timing of the first shock that breaks vp the bedrock indo larze chumis.
" 7 -

TF she ges stream Tfrom the centrsl funniel overtskes a biock at the rigt tine,

RN ) g ]

it woy send it oub of the craler With a wolocity thet greatly excecds the
ordinary cjection velosity of the iﬂslas,tic shock, vy (Piz, 1), The walative
mass of sush high-speed ejocia may be ‘sx:.all s yet sufficient 't;o couss fThe yoy
phencmenon sround lorpe craters.

Without entering into detalls of ’t‘n.e ejection rogess, the veloolity A
(Lower 1init) r?f the ejected block can b c‘!.e’ucr:ﬁ_;\.ec'{ Trowm the dlsvance of -~

flizht; 4bs sigze (c‘al) is then relsted to the diencher (I;’l) of the sacontsry

crator throuzh eguation (V). I ¢ is the acceleration during cjection, the
b

crushing stress {  lateral strengi: of the materisl inside the primay ere Zer)

cctile during ejectiosn is then close o

F
¥
(3]

sy =45 4, (154)

e 8y exrerienced by the pro
'
viicre o ds ibs densitye.
The lengtl of peth during acceleration iz of the order of the depth of ths

prinary crater {(dlameter B(?‘,or doout 0.] BQ wience a lower limil to acceleration
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can be 83t ab

. ) o’ o

{vsing The ecaation Por constent ao celevrlion).

v R . - ; - .
We assame 2150 O = 45 as & wediar and woest proboble angle of ejzobion

edeciden sr d lunect alike; this leads tc mindimuom velooity ernd minduun estinaied

stre

el

ppih (e} AL this angle, the initizl ss wll as

f...\

“inal veloclity ol ihe
ectile in its o1l 13 bicel orbit iz given by

w ° = 26R_ oin¥/{siny Yo cosy ) = glf{einvd-cosy) (138)

(f&-gnn = 5.4 K 107 ow/sec” is the squaxe of the velocity ol cacepo), - Licwd

s the Iunar rediuvg, g the surfaece acceleration of gravily, 2 7 the

salenosentric sugeler distastee of flight end D = 232_) giny the lincsr disbence

in &

is U

he

(8

s = - o R Y
e £iizhi rneasured slong the chord. - (FPor an srbitrery zenlth angle 4,

k ‘

1

i
] 2

L3 2 - 2 N . " S "
quatior. (138) the Cactor 2 is to bo tabsbituted by cosec” ¥, aud c8 Y cogJ
e be texen instesd of co*%;!’):

Yhe velocitien ave such thet eb imwet formeblion of the secondsr; erater

stresses gvently oxecead the sir h of any rock, w Qf‘:- N (10} , vnlrefore
at.

and (7} with k = 2 should be volid. The coupressive strength whish

infivences bhe reasnld but slightly con be set egual o

: s, = 228, withs, =8 =&_, (137)
gravitationsl frletion being relatively 'mimportent, while 7 denotes the
)

lateral shtiength for the secordary crsterr. The cwatering cguations fir the

secondary crater then gidld

Py
-

Dl = Bl/a_l = :'.4‘51(\‘1'02/ 0 0’2055 s \158)

while the rensity { of the bedrock cance..s out,



« 2.8 the numerical coelficient becoones
P
7 "m —-og.;.

Id
1051 %

—
= M B,
N

“

Using this valuz fer the density of the projesztile, and setii

of the ejected block, as dependin: on the diasetces of the

parent crabters aand the veloclty of ejection (158):

. o . - . - 5 o ome .
simple ralations axe obbeined for the crushing stzength (51 ; and dlaneter

s
1

g . Db 1.5 ;
LR e & -
g = . B /D A0
a:;l 12.10 o 3] R..)l/ 0) (.{..:'u,
and.
s . =
- - [N -
8, = 0,948, (4 8,/3 )8: (142)
117V e
Mo geconfavy creters whieh ave consideved below are 811 on the neriiy
the deptz of poastration is ol the arder of 120 metbers and more.  Recsat
Suwwveyer L photogranis {Fows11, 1083; Jaffs, 15830} show the vie of an enclont
stcy scuth-wcst of the spacecraft, pavtly consisting of rousde K

Miea. B oend 8) vemiwvigeent of a stone welil. Almoat leve
3 /

terrain, this vell can be coumpared to a raisd lip with top eroded.

orizinel position is 0.035-0.04 crater Jismede rs below the wudi

The crafer diaeler is sboub 420 meters {estma cé‘éb stonce fron spacecraft is

~

140 meters Por ibe near side of the rim, 580 meters for the

Hence the origzemnal depth of the vocky strats from which the

15.-17 IJ.u.{:bl‘ac The Lerer

It follows tna., the secondary craters which .we hen disow

SJ‘

- 5 N Pl X3 ]
Par side, cf. Fig. 0).

1%

Py

£ loose moterial .m o pare must be less then this.

ad nuast he th

resuls of il.n.pa:t into a bard rocky subsiratui- not into granulated neberiel;

the streath must be of the order of that for the yavent crater,

ao that He
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coei’. ent z (159) ghould not differ much from unity and even wey excced i,

considering that 84 is the actbual stress vhich the block survived and which

must be smaller then the ulbinmate strength of {the parent orater inberior, vihild

- is the ultimate streagll of the upper crust ab the poind of impact.

A Pew typics 1.0-1 ses of secondary crabters to well kuown ray cra':;.ers arve
congidered below. Although the si-x.falues so calcuvlated are inferior linitz, by
chooging the largest chjects at a glven distance; or the largest distences for
& glven secoatary crater size, these-inferior liwits suould comz olose to the
actual values,

() 1In lave Cognitum, theve is a-colspicuous group o zecondery (raiers
aleng a ray Prom Bullialdus as shown by Raizer VI phovoprephs A 108, 1L6, 176,
(FASA, 1984) ond pointed out by Shoemeker {1986). TFear the soubh-esst copner

of 4 1756, thire ore three large crefers in a lin z, two of which appear 1o be

dotbhle on clogser inswection

i )

while 'Lhe, midlie one is single. Allowing for
overlapping »nd scale, Trom 2 study of S photograph A 175 the following

dimensions o the five craters have been d wived:

. CERters norghernnidt widdda soubhernnost Averase
diameter, kmi . . double single dovible
——— e " Mt o e -_‘-—‘_—‘——.\"ﬁ—
along way 1.61 & 1.75 2.41 2,48 & 2.05 2.08 + 0,08
et vight engles to rayl.6l & 1.55 2.00 1,78 & 1.90 1.85 ¢ 0.02

Bilipticity is thus [ = (2,08 - 2.85)/2.08 = 0,112 + 0.040 in the
expected dircction.  Th is, however, too 1ncertain for quantiiative application
according to cquation {23). Yor the Tange ::-;"c of the g:co.up, the niddle single
one; Bl = 2.53 Im is thie average dianchexr The dlstance froam Bullialdus

(souih of 4he zroup) is I = 258 ke, 29 = (Cag (one selenocentric degre: = 30.5



AIE

&

s 2 g e - 9 +, A - - .
encs W e 5,53 X107, W, = 0,60 o/s2c.  Vith B = 60 Im Por Bullisldus,

{140} wxd {141) are tvmmsformed ixto

5, = 8.0 X 10% xz{hs{éza-@,f’cmz) N

4

&, = 0.78 4°°% (1w

+

For 'r; rengirg from 0.5 to 4, S = 4B b0 Tod X107 eynefen™, 3 o =265 {$

15 £ 307, 4, = 0.63 $o 0,98 In as the diaxeber of the projectile, As & lower

Limli, and as referring to a block shattered Ly the blast, 5, is fomd to be

1
ern 4 - 8 T N
close to and coppatible with s velus of B, = ¢ X 107, as for grenite or basalt,
valid for the post-mere lunar rocke (in a mere) at 5 - € km balow the surface,
. . . . , 5 . v
The veolure of the ejected bliek is asoub C.25 ke, that of the Bullisldus

22
-

. 3 2. by .3 T, ke
crater (voluie orushed, eguadion (}_5}; abouk 4000 k', so0 that there is no
shortage of neterial lor these exceptional ojecis,

On the sawe froze A 1Y6 (WAbA, 1964) (selenograpiic latitude 12%5 Sou 1y

o -~ < . . ot . ;
21744 Bagb) OF Ranger 1L, thers is a gyouwd ol short verallel ridges goiig

fron norvhue st to soulheast and not-in the divection of Bullisldus., Thay are
1015 km lony, e few huadred meters high asd are also well visible on ths
earth~based lick Tbservotory phetcéraphs; they appear as bright ot Lol woor
as the continentes, in contrast fo the dar: mave 'i:\acigg;t:‘om;fi, They awoe sirilar

in appeavance Yo the isolated pesks in northern Hore Imvriwn {Floo, Pitom, and

L]

others) and tre difficult to explain as ojccia from immachs. The centr:d pealk

tH

of Alphonsus {see below) belongs to the sare kind. They have something o do
with the neliing ol the more ond noy be surviving relics of the wre-nare period.
®'Keore {195:) suggests a volcanmic origin for the widges as well as for ! black

neviing whilcer runs in the sane dlrsction. The morking is dackest ab full moon

(Iick Ubservedory and other vhobographis), reninigcont of the black szots in

141



Alphonsus and elsevhere and caunot be auc’:r of an elevation., Cleavly, btnssc feuswr

Featuyres careot be of divect Inpact ordgii. Decosdary volcanic phenowsnh an

ey

P thr meve {4.9 billion years azo) cen %2

"i.a\'a effusion during solidificntion of
advocated; yeb there is little svound 4o assune "recent® volconism (of a few
hamdred sillion yeoxs azo) as sSonc a*t’“or* would huve it

(b} Tycho's ray(latitude 10764 South, longitude 20°72 Bast) on

I
.
RN

Ronper VIL - A 296 (HAS4, 1984) is studde?d with second: cdes (Shoewaker, 1963

L

k4

For tha lerrest in the grovn just below toe midc‘ﬂ_e of the fraue, Bl = 1.08 &m,

¥ o . T
L = 1048ka, ‘;* = 17752'.  With BO = B3 kn, ’Zi = 1, equations 140 and 141 yield

. -2 4 /s
= B0 dyne S moat ¥ 7 = 1.55 X e 10,15 ka/me
=N X c/mn . n_l 0.25 1 at i 1.55 X 10 A

The blocks zjected Trom Tycho a~d originating, from o continkus of POST- sade
aze moy be sonswhat vecker than those froa Bullialdus slfhoush, as a Ionvexr
Liwit, the Jizure is not binding.
A cgrater just soath of the congpicunis group dub cubside the ray{ Jrame
A 195 hos cractly the appesrance of the nivbers of the groun; if consilered
4 za RPTEDVEA Iy 2 s .
a gecondary of Tycho, with .3 = 1:.55 Im, 3 = 7.5 X 107 gyne/cn® obbains, which
nekes the sirength precticaily equel to trab of the nave backsrownd of ‘ullialdus.
The material iz not well suited for the study of crater yrofiles weasuse
of sibimuity in the interpretation of shalvws. Also, the theory of failback
for isolatel craters is not simply applicible hecause, in these crowded conditions
ocroters of in exbended area mubually contrivubte to each other, compsnsabing thus
En s b 3 “ » -
{or the cje:ba; a considerable contribubtion msy have come fromcdust end xubble
oi' The ray ot which accompanicd the seco.ndary block in f’? ant,

+

The azcondary craters show ror'ed ¢tlipbicity, the study of whicelh hovever
) & 7 2

EH

v

sed for reoasons siwiler 4o thoe listed sbova. Thug, on Frawre 193,

/9%

b))

complics



tae largest crater shows wrsual eloangalbion

but on the photogrephic criginal (1ASA,

ovo:} epping craters, each mensuring aboub O.

- Y

'1.3333-) it c_’.&

3

on resroductions (Stoeusker, 1936)

1y consists of o
5 ki din ddemeter.  Algo, 1t moy

be asswwed that all the impocot ongles in 2 limited sven of the roy are the sawe,
syastematically difffering from the istropls averspge o 3 and thus consicershly
influsnecing fquation {;25?3 Nevertheless, local dilferences can be noted cven ab
inepscvion.  Thus; the lavge elllpiicitiss of a snall group of sceendacies in
Frome 199 (CWSBA, 1934) are not repeated i obner groups; either is oo ground
there hexder ‘é“a‘i_ler D, loxgert - Gquations (7) and ?8) s Or wes peculiur
shape and sHlitting of the projectiles responsible f‘om ‘ deviatlon,

On Frame 199, ssconderies as snall as 60 mebems ave still visidle thouszn
eroded - perhops filled to one—hall their original denth. If a2 dlamebzr of

-

-

X

00 moters is roughly the limit of erosioa o

1986c, 4), the age of a half-eroded crakss o

™

o

3
o 7
or 4,8 X 10

3
8

ne

r.-’."

Fyears. Ten

greater thal 50 million yeavs provosed by Sh

The iqterior of Wycho shows on Xudpar?

dapymn

cravers 2bore the licdd of 2.0 m. one

-
<

the other 0° 3.6 I dlanehor on the imew

6000 km®,

P

=L

Sin

e lTubidium cars

3
&

ies 4.5 crotlers

age of Tycho could then be some (2 4 1) X 10

supporis the lonzer of the twe estimstes,

(c)

jrrae

an

m,’civre:z Copernicus and Frathogen

chaing dzced by & salvo from the Consriic

at a distane of L = 130 ¥m (reckoned fron hal

youzer tan tne

e 250 ing,

o
[

3

- . . . —
ver 4.8 X 107 yoars (Opik, 19350¢,

ne-Pifth this size would be ocac-tenth

[

oemaler

5 Atlas (Xuiper ed 2l., 126)) two

S

2.7 ka on the Inner eastorn,

£

tern wall, For the ares of

5

AM]
this Iimit (Opil, 19G0). The

0

8
o
Jog

£
I

yes Althoush wmeoertain, this

there ore mogaiflicent ¢ -ater

us event. A secondary of L = 8.0 kn,
alf-viay between center and im of

/43



. - ra A : O 2 2 v 12
Copernicus),; with s%c = B8 i, o= 1y ST = & 571, A 2.55 X 107,
3

. . 8 . 2 .
LA 0,48 kn/sec, yialds By o= B8 X 10 dmafon”, 8, = 2.5 Im.

(1) The snowelous Trequency of cvasers in southwesbern Mere fmbriun

{Cpik, 1900, suggests that secondszy crabers up fo Bl‘ = 5.0 Im have been

mroduced by ojecte fros Copernicus to o &fstance of b = 500 ¥m. Hore

9 ' ) X
29 = 90:14}*, w 2 . 3.8 % 10 , W = 0,94 Im/fsec, B = 83 kmy with = L,
90 5 o O :
8. = 3.5 X 107 dynefem”, 61 = 1.03 ko cbteins. Poswibly, the valuve of 3, is

remains withiy the expscicd ronge. :
e

in the proceding %a’*&ion:%ha:;, Tron
‘4‘

I
&
>3
Lo
o
[0}
]
1k
Ll
3
-
Q
[
5
%
B
o
&
bl
[
i
]
2
Q 1

an uagnecilizd deolb {20-100 meters) down to some 10 Zm, the strength of

post-pare lunsr rocks Ls eboubt equal %o derrestrial dgnoons rocisS.

In recant mobes Koool {1885, 189306h) sxmmessss doubd In the dmpact origin
P e . (=4

of the "secoxlary” cvaters in Tych's ray as wevesled by Romger VII photcgraphs

and interpreted by Shoeraker; he proposes o consider thew

2 B L]

i s ; i, N s .
possibly triggered of oy woonsmuoses”, boo.wse the inlerpretstion as secondoxry
craters requures, accarding to his estinains, an unaccephbably lerzge tobel rass

of ‘he ejechu. Fron Shoemakerts .(1933) crater counds in amioutside the ray,

14 m

anid For one-Uifbn of Hhe lupar swizces o o disbance of 1030 Imn avound Eicho

&

. - - - . . * + L
belng covered with the secondaries {at un everegs eguivelent thiclmess o 40 on)-
P 31 o s . f 7 2
for the loyer of c¢josta sccording 4o Kops

'
¢

. the Lotal volume of the ejeced
" 5 . o .
honlders turcs out to be 230 ko wirlch dis rob sll exeeseive Tor o botal ovater

-

3 & o . . s .
volunme of 6000 k™. FKopsl arrives ab a wrch larger Tigwre vy taking a larger
avea of coverage, and alsc by overestimatizy o o factor of 2 the crater srea
casities real from Shosunker's (1363) wvoxy prinitive logariihmic grani.

RBegides, hig use of Fordyle's empivical crassyr dlometer o Kincebic ensrgy

7



0>
B
o

corfelation lrads bo a grojectile mess of &.4 % 107 gram to woke s crater 1.0% m

in diemeter, while sur estimste (based on Pirst princielcs, espscially on
momendum, not eneray velns the proper sosliag Pactor) yialds 8.1 & 1u cram
— .

e

.

(d1 = 0.25 lm, = 2.8) or 60 par cent of Kopel's enpirical extrapoleticn.

The disagreexent is nol significeut, yet tre smaller mass secus be be preferable.

i

Turther, the ray ovaber dlsiribution is exirenely pateby, and Ranger VIL Frames
A 195 . 109 (¥ASA, 1934) on which Shoemaker's stetistics wmeinly depend ccavalin

an exceptionally dense cluster of sccondsties vhich does not seen bo ve

W

reprasentativs,  The average coverage noy be very much less. ALl in all,
1 Lo 5 ’ L] . 1,
ingbead of Hopals 6 - O X 10 Xm© ; the actral secondaxy roy ejecta frow Iyche

. - - < .
wordd amount to o total volume of less ther. 75 ¥m, sonme 1.2 per cembt of the C

crushed crabers ol

L
(;l

Subsidence craters of a regular round or elliptical

shapz, deasely populating-the area with 1iitle mubual intecference, ond vith

3
a'netecritp"!  dlaneter-freguency corvelation, sve very difficult to undersiend.
i

LR

Fronm the coudined evidence, heardly any dovlt remains concerning the secordavy

AT

:mormt origin of the crabers on Tyvouo's ray.

D. The .uuwr Surface s 2 Impact Counteyr
Oa earts, the atmogphere vrevedis the smaller melteoritic bodies from
reaching the ground; they sre not only develerated, but also destroyed ty
ablabion (evaporation, meltiog) and, i the denser abn wopheric layers, tirouzh
crushing and fragrentation. Trons can w..ii.hs{;aad the scrodynanical pressure

to grownd leval up to a velocity of 55 - 60 km/ .sec,, but stonss, and espacially

the loosely towad conmect nuclei (Opi 1656.) will be crusned a‘b a considerable
eltitude arnd srrive as o diverging cluster of Prapsments. Revertheless, vhen

the toksl moes is lerge enouzh, and becausc the linesr spread in passing the


http:exceptional.ly

A8,

shmosphere 1o more or lshs constant emd of the order of 830 melewe (Oplln, 18510},

.

o opgferding fnooct con fake ;:}lgczeg theratore on ol medsor crabors belowr L I
dioveter down to a Per vetors can oudy be profiwced by iron medeorites, walle lorger
craters onn also be produeed by stony astercidel bodies o conel muclel. Beosouuse
droms aee Intriusically seye, nosh !s:i’ the lerge zeleorite crebers o esrih must
ke due o the nonetallic bodios.

The mort badng doredd of the protective shicld «F an eimouphers, will
repister ag crafers the impacks of 211 cosiic hodies ﬁsm‘es;)mc“%i‘m of sims,
The range of craters lorger tham ) Ju, criginating from the preseut population

s

of gtray bodies, will be common for meon 238 egrth, vhile swaliler oraber: will

be mone §U times mope freguent on the woon op depending on the frackion of Jron

metcorites asong the strsy body popyisiion ishoub 2 per ocend by wass), In

addition vith Insignificest evosica, the woon has pressrved 21l

5 e

lis oraboy) of

sigaificent size and posb-uave agze, vhile on cordh post of thom ore eramed,
When the nobar of stray bodies of (iffeoreyd sixe in bevrrcestrial sphee frcident

on e noodl, as derived from astrondmiconl chsevvalions, meteoritor incidisnce and
y i

a

mebeor oreters with olilowencs for stebiskicsl seleotion aud ewosion {Opil, 19058a},

-1

iz transforsel into orvater nusbevs with o conling feactor O = 30 é:ag&aﬁ:i v (7).

-

the nosber of orgbers in & luner pare turmt oub Se be in swmrisivg agrecmentd

with the mub v predicted for a dime intermal eq:xsml o the age of the soinw S}f&‘-ﬁéﬂ;
on the zssmpiion of a comstent Flux of the strey bodies {ép:;.}:; 1880} as shom

In Table IVIT,  The crader do projectile Ciamebsr ratic of 20 is o fody wwersge

of the two molels in Table XV, D = 1E for ssteroidal and D = 28 for eveetary

- -

v - -
macled {j::{';e A0llo group "asberoids” cean alio be ouly exinet cometery mucled,
Opik, 1885a. 108mm1% ‘s
(o 3 LPVDE, 1968b)Y , ard Genends on date and & peaord bheory wurslobed o Junar
1 dia



Ao,
creber cowibs, especially on the assumsd kigh streagth of the post-uare Junor
crust. The afreezent is good and within the limits of uwmcertainty of the
calonlation; it is soothor link in the remsrkeble sequence of concordant
resulis based on crstering theory,
TARLE ZVIL

A\13

Curulative FHoaber of Cratering Inpacts on Vestern Varve

. e .20 M, \
Trbriw (465,000 k™) (Opik, 1880}
Crater diemeter, }.’»;x) ,:p 1.18 2,43 5,40 12.7 58,4 T0.5
7 . . .
* - ! Y e "E - N
Observed mubeyr ursorrected ‘?a% 28% 5?5{:_5% H 1%} j i) 3 {0)
Chserved nwber, correoted Lo ;. .
for secordaries 580 1803 8512 107 5(%} 1{0}
Caliculated :gmn‘aer
(4.5 X 107 years) 1050 202 85 5.0 0,44 .10

Syonigedes, bhe lovmest cvater in Mave Jwioiwm, is e [ooded pre-ueve of Ject

of Class 5 aad dimmeter of 70.6 km;y it should bo exclvded from the count
WS
{efs bracketzd zewn in the bable).

»

e third lice of the teble, the
"

In
mubers as tmtatively corrected for Uopernicam and Tratoglthenimm secoucsries

see Sechion IV.H) ave suyposed bo represent primmy oraters ondy. The smallew

L R P}

obgerved mumser for the smellest eraters could be dus do incomplebencss o the
1 .

count, slthough it was cousidered complete by the author {Opik, 1980}, The

conshoncy of the siray-bedy {lux over so [ong an interval of time is recdily

explained by their +treusient cheracter; their elimlistion life~time s stort,

5 5 8 . cmo no - A .
of the order of M yesys, end they syve steadily injected Trom two main sowrces
y a « o L

H

S,

J47



Oort's sphere of comsts (Hpik, 1968a), and some few from the
< )
sasteroidal Dbelt (=sieroids

{

rs&sing the orhit of Mers).

mahle NVITI copbains o similar comparison For suinosads~
1y vrimary creters counted by Shoemaker and Heckman (1852} e8
sdapted by Belduein (1964b) over & nuch wider srea of coabined
marie. The ohserved numbers ars sgalin smaller then the cal-
culated ones for small erabers, and definitely lewzer for the

vatars { >10 Xm) . ceafirming thus the trend shown by

Fd
iy
%

Al

]

Yehle XVII based on & gmeller sampie. Yhe very persistence of
the uevlaii ong for the twe differently selescted ssmnles Dolntse
towsrd thelr realitys 28 well 28 Lo an externsl csuse, and
net an internal lunsy facter governing the digtribul

The obvicus canciusion ig thab £11 meria have been expuged
$o bombardment of intarplanetary bodies for the same length of
wime, aboub 4,500 mi}lisn years aml thel, when thelir surfascw
solidified; no significant,numhers of the original swarm of
plaﬁetesimalé erbitving tﬁe 2arth had survived.

Cther comprebensive crater counts and dlscusasions (Nodd,
Salisbury and Smalleys 1863; Hartmenn, 1%65{}especially tas
review Ty lertmann (1968} which includes statistics of small
craters from Renger VII and VIII, support these conclusions.

Fieldar (1963) attempted to eabi@aﬁe the ahsoluté sge of
maria and continentes by essuming it Lo.be proverticnsl to the
mumber of sraters per uvait srea. In such s manney, ss8suwming

the contin:ntes to be 4.5 billion jears old, he ascribes to



488

the marle sn gge of the order of 100 milliocn yesrs. mhéﬂ kind

of reagsorcding is completely uvufound:ds eVren in the ll»ht of

his "internel ordigin® lLypothesis. lHowever, relative ages con

Tl

be dinfervred from the crater densities. The sesreity of crates

on the meris rightly indicates thab thsir surface solidified

after tho and of inbense howbardoent, Dut the Line lag may

>

be only s Tew thousand years. Duriag the subiequend <.

O
o
b

ot
ot
ot

92
i

yearsy shout twenty times fewer eraters per unit ares were

imprinted on thelr surfacs then in the preceding. thousani~odd

l_l-
£.r.>

years on the conbinentes snd on their own surfsce befors it
wes floodod:

Craver counts by Balduwin (196:3D) on the Flocdesd floors
of the Class 6 craters Piolemasus and Fiammarien {in the

canityral a;ﬁhianas; show iuntermediale crster densities betw

it YR In
meris ond convinentes, sbout six times Thoge in an aversgs
i LS T o Eal . B
nere. Jpikteven finds from Ranger IX photographs for Aloncnsus

&nd Prolewseus a density of abowt 20 tiwes that in en svarsge
mere {heection ¥. X). Apperently, ithese Tloors sollddiried éﬁ a
pre-uwere Siage when the remnents of the ecrthbound ciond of
plemetesimals were still there.

On the contrary, two mejor £1oyded craters around Hare
librigm do not show excessive numhe-s of crateriets. On the
seme Mt.Tiison phmisg aph of mepteniar iﬁ, 1838, vhich wes
used- fec fir the Hare lwbrium counts: {5@ikg 1880), there ore

& ersters on the flooded floor of Archimedesn {2560 kmg} a1t



P

&7 0

eix on the fleor of Plate (4340 km) ) down Lo the effective &

%@: T 3 3 1 A}:
digmeter 1imit of 1.1 um, tois oives n grater daasiity per 10
K of 317& for Ar chimedes; and 1454 for Plato. 28 compored
YI

0 13.5 fér noy 2Le!ﬁ5 and 25,6 for scutheorn ¥Mare Imbrivwm

Q"c-: T an - L ]
Section IV, W) affected by Copernican secondarieg. viihin chs

limits of the probsble erroer of szmpling \sr”=mec¢0 belng on

[

E3

the borderline between the two halves, the crster de nEity i
its strip beling 201 1.5) these figares sczm to indicets thas
the fioers of Plato sund Archimedss were wmore or less comlen iora.-
ry with,o1 following soon, the Mere Iwbrium svent, i.e. tha’s
ao p?efmaxe,imﬁacts'h&ve 1eft thei traces on thom.

The excesgive number of ersbers in Pholemseus andé Flemmevion

suggested to Baldwin (1284bh) the poss ibility that some of thenm

\..'

2

aight be of internsl origins blowholes om these "lavs extru-

siong™. This suggestion is not onl:r unnecessarys a sulfficient

increase ia Lhe mumber of iwmpsote helng obtained by pre-

them o fey huvdfeoazﬁtxa inbe the pre-mare period; Lbe "noraal®
CLALO

crater nunivers in PRELL and Archime des weigh sgsinst the olow-

hole hyopobaes sig--tiy ghould these e present in some, sbhsent

in other lava covered crater 3

1o diwensions? Ag

%

oi ccumperab

to lsva "eutrusions?, apparently none ﬂid take plece, the

melting besnuw conged in _sitn by impset heating of the ‘slreagy

et crustal meterizl. Some limited volesnic events may have

indeed taken place on the WMOON 4 OQ the background of colli-

sienal melting, bul euch formstions szem Lo be Tew and swmall,

Liks the fimous bleek spote in Alpnsnsus vhich Urey (1268),

+

&0
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on the evidence of Renger IX photographs considers as csused
by erupticens; they can hardly disteri the crzte Tipw statistics,
CBubmerged "mhost crﬂtﬂ?““, in which the cublines ave
Feehly visible withoult sny surface relief. may‘hﬁve s dusl

origin: either they sare traces of rormal crat ers gerrnt and

cestroyed by the flocd; or are thoy the result of iapscis

while the lsva had not selidified. & 1list of 42 more consvpicuous

ghest craters in the moris is giver oy Fielder {1282). These
objects sve vwisible becsuse of meterial with different re-
Aecvivity or coloration beiny admized to the lava welt. vhe
seni-destreyed flooded eraters, chiefly oh the bhordars of Tie
maria, represent e Ltrensition frow normsl to ghost crs aLers;

typicel exsmples are: Fracestorius (97 km) on the southern

f

vorder of Hore Wectaris, Lelonnier (53 km) ien bhe w=astern
Fd

border of Jare Serenitatis, Kies (45 km) near 1o.imz snd
Compsnus (38 -ka)- on the southsrn éége of Mare Hubium. And Sinus
Iridum ie perhaps the most striking exemple of this tvoa of
chject.,

. TCc ithe samc category belong the extended, sharsly Dounded
celor proviness in the meris; detecbed through multicolor
photegraphy (Whiteker, 1966), by superimposing an infrared

- , H . . " ‘o
positive (/300 A) om an ulbraviolet negetive (8800 £3F As

pointed oul by Kuiper (1966), they are indicetions of lsva flows

of differeat composition; however, one cannob agree with his

comment that “tne lunsy meria are nat coversd with even L wr

of coswule dust,; which would have oblite crated the color differcnces

L
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(1oc,cit‘5:p°81}. There may bz up Lo 20 cm cesmic dust materisl
aécbmulated over the ages (cf. Sechicn VII. BJ), but this is
mived with 2 wuch preaLer amouirt of granular waterisl Lrom
the loeal Tedrock vuich determines lhe colerations
Fropn Rengee ﬁ?uhOETé@hS evaterstatisties Theve hzen ex-

g

anded down te meter size objects by Shoemsker (L965) and

ct

!

e

a3

rhmenn {15883 {?’S

»
fr' ".

: Kuiper, 1988} . For the post-mare craters,
g very yemarkable deball in the frequency curve of diswelers

is reverled; down from shout 1.5 ka dismeter there is

L]

o ue-

T

L1 et

vard suvge ian the creter frequencies {rate of logaritomic
ilaereese); unich then is checked at sbout 306 nm diswmeter
vhere the Tute of increase éropéo The surge must be Gue o
the appearsiee of secondary crsters cutmwnbering the prinesries,
while the Gecline in the increwsnt cin be ascribed Lo evosion
which lirduvs the 1ifetime of toe craters and thus thei; nunbe -

roughly in proporiion to the diamete~ itself (Opik, 19%5c

1edesd). The lifetime of a 300 meter ¢rater can be setu at
4.5 ‘pillion yesrss corresponding to an elevstion \Tlm) of the

oraer ot 15 neters being garried away and an equivalent e~

pression Tilled. This more or less 2irees with tneorelical

estimeles of erosion by mACPQnAbPﬂPLUE impact (Bections Yii.B,

C; %, Ay Dy K

'

Ay

Je

b - 7 a7 T y

Un the Ranger IX paotos, the delslity of ecraters on the

PA -4 b b 3 ,{? . -
flooded flocy of Alpnensug i shoud ithe trivle of thst is

SA7-pant T b 1 % - = *
adjacent Msre Kubium, but below 500 n dirmeter the numhers in

Aoyt Pl T SRR T |
Alphonsus ard in the mare begowe approximstely equal 2nd more
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oy lesr the same ss in the Ponger VIL and VIII were sewples
@%ﬁk,iﬂ&kﬁ3ﬁmﬁ s werhal commumicstion hy Shoerpker). The
implicetion is again thet the smwllsr ore-ware coyaters have
henore eroded, oud only post-mere craiers SUXVIVE.
d & 2 i
One of the reanirvements of the lmpact tneoiv of luber
L
- - = 5 3 3 R o} w4ty ..¥_- ﬁ":& :%_S
eraters is candoambess of uﬁel? disg LQUleno'Li PHNGOIMERSs
GeTined as the unpredictehility of ploce and time of sn evenl,

the ddstribuation of lunay eraters undeubiedly conforwmg Lo this

wweently Fielder (1365), a vroninent vroponent of Lhe

voleanic theoryy tried o prove thai the cr@tefs zre oot dig-
trivuted at random, yet he only dewonsirated thabh the
hltwaﬂ is 7ot of ‘the elementsy y‘?uiﬁsmn'type~"a conclusion

which is obvious even from a cssuel inepection of the lunsr
. "N . e . e - . ’ ,
meo. he poiseon fermula requires thad all prints Lerater

centers} arz placed on the surface Individually, indapendanie

Pt

1y, and witnould wulual ivterference. Tuis by no weans is ipl-

2

f"'t
’*z

filled by e cratering phenomens; @ ereber wipes oul

1l Lormer smeller eraters within its Tae OGS e ¢rearing o veoid
vhich would avpesr extremely 1mpr0bgb3e Gv even practicolliy
imposelible n 8 randonm disty ihutzea ew pointe. Overlspping mey

P

10t e sign.ficsat in the mari a; but secondacy throwout craters

BYe bhere vory BUmwr us ; these bave a tendency toward grouping
(Copernican erater chains or selvgs, Tycho rays), rendering
fuitile the 8¢ of the Poieson foreula.

Tmgpine that 2500 creterlet consers ave Throrn at rendom
o
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over ap ares divi d d inte 100 sgqusres without mutual inter-
ference, 0 thal ﬁhe sverage number par squs ATR is 253 now let
;iﬁnﬁsequéﬁ% lerge crsber ersse all the ersterlets in ene
square, and let & clusber of 25 secondary craters e addad tc
snother squsres &0 thet the total nunber ma‘ 18 unchanged.
According to the eiementary Poisson formuls,; the mathemsiical
expeciation ory, practicslily the protsbility of having cne emptg
square is 100 x exp (- zo): ek lc"gs and the prohability
.

having E0 objects in another is(?GO X $55?!50§/8Kp (28) -
3.8 x 10™%. The Poisson probebility of both these unusual
squeres egrals then their producht or &5 x 10“13§ a preciicsl
impossitility. Yet both abnormal squeres are the result of
random everts which ave nol uaususl-at ell.

Ciearly, propobilities of cratcy distributions calculated
froum the Peisson formula are meaaﬂncle's 28 pointed ocut by

bglk (1868e) ond Harcus (1986s). Lefined wmaghematical studies

of the distribution of impact crsters according to ares dene. ity

and dismeter have been made by Marcrs (1964, 1968s), by balkiig
into-acecurt the formatlon of primary amg ¢ eCOﬂda "y eralers,
overlap, destruction by obliteratior and filling, with sow

of the relevent parsneiers based con observation o experiment.
Tne spatiel distribution of the ;unar'craters conforms to =
purely raniom,pattefng but the coserved numbers of craters less
then L km (frowm Ranger VIT) are much greater (10 times at 100
m,dlametergs 20 times at 10 m) then those predicted from ex-

periments with terrestrisl explosion sk cveters. Moreus con-
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cludes that "If the obsevved excess id real, then either
some primary craters produce an unususlly larze nuwmber of

secovdaries, or else many of the susller lunar craters are

of internsl origin'. An internel oragin of the small craters

is the leact likely thing teo assvme-~thoge which oviginated

soon after the melting stoge

erosion, and vecent veleawnic

bove heen o pliterated now By

formations are NO more prnvplLe

then ghoste. On the other hand, tervestiial craterin
- et T Wﬁ-——_—_‘_'—‘—m_.___

Coifrimzd  m P12

!
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experiments heve beonh performéd on weakly cohesive media {§e¢= 6,5210°,
desert alluviim) while the post-mare lunar crust is yerhapé 15 times
sgtronger and, according to (140), WOTLLE produce 8 times larged
secendary craters (By) for a .given prisery (Bol)- Clearly, +the resulis
of terrestrial expriments cammod bé dirvectly adapted to the lwaar
creters withoud using proper scaling procedures in which all the para~
meters including the strength of the badrock should be taken info
considexration.

E. Alphonsus and its Peak

The Clacse 5 crater Alphonsus {Fig.7) is one of the most ramerkable,
yet still typical pre-mare Ifommations. Degpite the negative conclug—
ion regerding the suggested recent “volecenic eruption” from its peak,
the facht ol Ffluorescent luminescence is imporbent in iteeld, aad -there
are many features in the crater which point tn some Ying of platonic
activity {(UOresy, 1965,1966)s not iecent but Gating back to the pre-mare
stege. The lrosd Ffegtures of the crater, however, can be intarpreter
on the collisjional theory of crstering, where also the original causc
of melting enc of ﬁ%e trensient plutonic sctivity is Lo be sought.

The crater is bisected by & broad bend in the R-5 directiomn,-a
very 10w uneven ;ilge of lighter color; bthris is not sn indigeaous
feature of th@loraﬂgr but 4 Yscar®, o splash frcem the Imbrisn collis-
ion whnich came on tbp of the completely formed crater.

The simulteneouns presence of a corner of Mare Nublum and
Alphonsus on Panger 1X Frame A36 (NASA, 1965a) Fig.7) lends itself
reztily 30 compayis on. Table X1X cortains results of crater counts
by the swuthor.

Thepredicied number of interplenetmry impacts is calculated on
the same besis (6pik, 1958a,1960) as in the preceding section. Coxn—
trary to the cubserved deficiency of spail craters as revealed in
Tebles XV11 ené XV111, the number of craters in this part of Mare
Nubivm is 1,7 times the predicted numter; the excess muet be caused
by secondaries, the region being within the reach of Tycho rays.

The interior of Alyhonsus contairs 6,4 times more craters than
Mere Nubiumg thus, the density of cwéters in Riphonsus may ccrrespond
to 15~20 times that in an sversge merd. The frequency of these small
pre-mere crofars (yet well above the orosion limit) thus excetds the

TR AYS
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fable ik
Cretex Gounts ow Alphonsus Flooy snd Fare Hubium, Bffective Diemeter ITdwid

§ 9% XK.

Alphonsus, Str B g
: 108 ﬁm Alrnensus AMWMH¢£
Sonthernwost South of Middle ¥ord 238 Norihern atl K
Aven, Im? 1230 : 1940 - LD 1400 5990 Eﬁé&ff
Tumber 47 51 &g "85 276 evs
Jugey per 382%39 314%0 577545 s1adq7  as0fzo 42
0% Southern  Mere Nubiwm, Strips
triensuler fiddlie Noxthern Mare Bubium,
pounded by all '
BEticle =
nerks
Avem, kme 130G 2470 2740 6510 ‘o
Number G 1z 26 47 e
Wumber per 69316 49%10 04513 72ty 42
Qé.um-

mare orsber densiby about in the same etie &s thet for large craters
in the highlani uurrcusélmﬂ Tuis 1nﬁ&e See thet the croter fiooxr
seliaii }G&R?agiﬁlyi‘CEe gaustion {123} g&ﬁ 2% an early sisge, €0
beeoms o reoiplent of the pre-mare herh&f@mvmm. A supmyficisl com-
pevison, with Psolemseus (also of Class 5) on Ranger 1L Frame BL7 (FABA,
1665a) indiceted that its creter dénsity, to dilsmeter limit 1.1 km is
approximately —he same as in Alphonsus. " Phe ¥loors of these b0

craters must hove solidified about the seame Tine,
reasons nas been sSvggested by Baldwin (1964b) for
B

lemrarion, alvbhough he geds a systemsticslly smeller nmumber of grall
cratbers.

q for similay
solamaeus ani

i

.
k

ey

The fluctuzbions of craber Gensities over different reglon: in
Psble gig sre sligo much grater thapn thelr sauwpling errors, appacently
the result mf wnegqual oocurrence of secondaries.

It hag bein poinbed out by 0'Keefe (1L8662) thet the gbrenc: of
craters on the illuminsted slope of the peak of flphonsus mist wve &
very periiculsar eignilicance; he suggests & voleinic¢ oxigin oX the
peak. Indeed, in a search by the suthor, on langer TX Frame 463,
ig.B (HARA.10965a), as well =8 on severzl other adjscent Tremes, no
srace of crotbers could be found on the rsin s1lope; there aie howaver

157
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two ot the southern fringe of the slcpe, one just at the foot where
the xise begins. -Tour or five small shadwos could be Scer cr Sus—

pected, but on the wrong side, indlcziing mounnds, nod coviiies. Fhi

0'\

»
W,

*

c
contrzats droastically with the plentitude of craterlete on.ﬁlphomeas
floor, +though the brighter n“nQ of tke Imbrian splssh again contzins
Tever. Counts in sanyple rac% ngles of 4.16x5.76= 24.0 kmg equal to
the illuminsued area of the ueak, are smwmarized in Toble Al In- the

Laneter 0.270 ko in Centrel Negion (45342km:

Vest (Lleft) Cenber Imbrian bast of Fesk

of Peak - Ridge

¥-¥, On line with peck: vper 24.0 knm
Humber 28 38 1 9 34
_ ( peal)

ity LY / § i
Numher 21 ~ 2 52 ;46 1 40

RN v
e

(?“@? Junt north ol pesk: par 24.01@3'§'
X

M—E, near norinern edre of Irsme: per 24.0 kme
Rumwber 27 43 68 16 25
Aversge density per 104 m?
Pesk 400 < 300
Imbrisn Ridge 5950 T 660
Cther Aveas 16000 £ 550

Interplanetary " -.
rost-iere Inrscis
on Peek, Predicted
{without ero&ion)’x“"GOO%

- -
Kliowance is made Tor projeched arew ond shadow of the sk,
bottom part L the table, aversge deniitlies (w1bh @Cbmblb error of

i

sampling indicsted) are cor npared with the predicted number of inter-

ple nciary impacts during 4;5xld!years calculeted as before. The

torater density® for the peak dep@eés upon cne single entry vy, if
the systematic devistion observed-pre-licted keeps the same trmd ag
in Tebles XVii end XVIli, the sgreercit is “perfect®, the obs:rved

value being two—thirds of the predlicet:d. Besides, many eroat iy
dismeters are now neary 300 meters, th: croesion limit, hence tze oldeyr
cries nust hate heen strongly croded zad hecome unrecognlisable, €0

that the obzerved number must be snaller also on this account. o
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It i clecy that the peak must be suicentible to interg 1anet;fy high-
veleeity collisicns, but thet the ofrer kind of impacte which account
for the high crater density on the Jloor of Alphonsus did not impress

the petk. These are sceondsyy impzats of low velceity; +the nost
probeble exylunation ie thet the wpes’t meterial is harder than the

shrovout blecks, go thuet they ers crished &t impact without leaving a
creter mark on the pesk. '

The zltitude of the sun over th: photographed region of Fig.8
wes 10° .8, end the slope of the peck turned towerds the ﬁun was rising

ancther 106%.8 from the mrizon (the stcepest slope was 19 .7), o that
the sunreys rede an aible of 21°.6 with the slepe. Shadcvs were
shorter than on level grouvnd which wist have made more diffiult the
recegaition of shallow craters. This, however, cennolb explain the

conplete absence of cruztbers; especially because on the sides ol the
peal sunraye were falling more obll%aeiy; not more than 20-30 ner

Tid

cent of the craters cownld have been lLosi on this acconnt. Indeed;
!

counte in Mure Cognitum on Ranger VLL vhotogrephs (NASA, 1964 18655}
vhere the sun's sltitude was 22°.1 () and 229, 0 (P), respeovzvely?
showed an abundance of craters:

On Ranger VlL Freme A 193, in the upper left central guadrangle
between the reticle marzs covering 61.0 k z, 46 craters dovn to an
@fiéctive dismeter limit of (.24 km 7ere counted. Teduced bto o Llimit
of 0.270 m as in Table YX (with the 1nvbrﬁe squers of the dismeter
a5 correchicn factor), this ylields 5700% 590 crzters per 104 em?,

The arezs is free from Tycho's'ray (48§&memﬁmn5:%ﬁ.

On Ranger V11, Tranme PS 128, in the upper half of the sinare

free Trom clustering and probably wot affected by Tyche's ray, 55

roters dowr 0 & limit of 0.260 km sere counted in an arca of T7.4
kmg. Reduced to the dlamgter limit of 0.270 km &nd 1Oékm2, thig
vields & dersity of 6500 < 6i0. '

Phe dersities ol emall craters in the chosen regiong of are
Cognitum are compurable to, though smaller then, these in Alphonsus
(Tsble TL); even sllowing Tor less favorable illuminztion and the
choice of lcss crowded regions (oubsicde conspicuous clusters), the
densities probobly cre still lower : e 1t should be for post-maxe
cruters if acme pre-mare criders above the erosion limit hae
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servived in Aluphonsus, A% éke game Time 1% is obviocus fhat
illuminstion is not Qiryomaible,for ﬁbé'mbuBECL 0f cretbers on
Ll phonsus peak.

The abssnoe or scarcilty of crzbers on the peak ie resl. With
aun aveyrage of 38 crsters found on an 1@l eres on Alphonsug floor,
and 1f 20 is foken by allowing for less fovoursble ilivminetioh, the

2
Poisson probubility of Tingi one o nowe in such sn arca is AXI0T O,

The ¢

to0 small 0 Feckor with gn acuidental Lvoidanes.,

assupption of o recent volecanic-origin oi the reslk, some
}ﬁgy&arv 2£0. may Ssem &n easy woy oub. The vnalgt&rbea suriace
right to the foobt of the peask (Fig.8), withoud traces of being dis~
turbed by the eruption of an sctive voleano of this size, does not
favory the supgestion. The ehape is not thet of a volcanie cone.
Cther pezks of similar character, lilie the group ¢f angulia® blocks
in Copernicus {shown on The much . ubliciged picture itnken on Jovember
23, 1666, by ILuwmar Orbiter 11, all confined to near-centrzl regicns
of the respective coraters; indicate (lose relaitionskhilp To the entire
builldup of the crater durcing impact. Ang, farther9 the assunption
does not help muchs the crater walls of Alphonsus are @lso con-
spiouously peor, almost deveid ei ersterdets, while 2 1ititle plutesu
in beiwveen the Alphonsus wall resembiing & dry lske bed, according
to Urey (1965), is studded with cratcrs (Fig
cannot be explained away ag being of recent origin. As Tighbly

9). The crater wall

pointed cut by Urey, the phenomenon could he expleined by & h.irder
mabterisl, even possibly nickel-iron, which iz not afiected by low-
velocity impe chs. -

Another possibility suggested by Urey (1LC65) is that the majority
of craterlets on the Floor of Alvhonsus are collapse features, not
secondary imyect crafters at &ll, Bewever, a8 shown by count: re-~
ported above, the densities of these small craters (pot the lorge cnes,
Ifi Alphonsus :sre not exceptional, bul ate closely the same as found
in Mere Cognitum. Foguelity of the rumber of collapse featurse in
such widely cistant nreas (and of diiferent age and origin) i3
extremely improbuble.  Also, the crzters at this size limit 0. 2km)
are still esventislly round as o rule, & strange, nay incredible
regularity,  There pay be sone collipsge features (none yot ﬁfoved);

but their stuotisticel importance is imdoubtedly negligible. .
VA
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The crevasses or rills ca the floor of Alphonsus (Figs. 7,8,9)

cooling. The width of the sirungest rill in Fig.8 is 500 t¢ 1000
meters and its averege depth sbout 7% meters, with & slope of 11.°-
no%'so very ateep as it looks. An imwression ig rertly foxmed that
the crevesses are just chains of cratoers and thet these are just
collapse Tesbfures, but this isg hardly iroe. There &re 50 ma

oty the floor thait any dravn line uay attract the craters like “hezdsg"

!
o

on a string, with but snell deViations

-

the wiggles sre achually
thers., Reindreps on & Gar window cem slso be seen running on almost
straieght linzs, collecting proevious drops that zre alstribvuted 2%
randon. A creter impecting near an EYiqting crevasve will expnd
assymmetrically toward the vold as the direction of lezst vesistance
and vwill thus be attracted by it. i pre—existing crater will tend

2

to collapse 2nd Jjoin tag crevasse on its pelzrest gige.

3

There ramains the only plausible ex_lanation thet tae Alihonsus

peak, and to & slightly lesser degrec its wallis, comsist of & hard

noterial wsffected by the secondary impacts. The yumber ol secon~
@ .
da

ry creters on this hard rock must he reduced wi least 10-20 times;
)

if not to wil.  Accordin, to SLoemalker {19663, the cvmulative
re

[...r.

zuency of seconcary craltors, »oth i in torrostrisl gxreriner s
LdCiesn uslesy exglosion) and on the moon (Langrenus)g varies

nearly s the inverse fourth power ol diameter. . IL for Jdvin ,xo—
cectile size bhe diameters usre reduced to ome~hzlf om hard rcex;. tae
erater zuwbers will be Gecziwnch 1O wimes, which would suliice to
ezrlein the fellgiency 6N L8305 wid woll, ~llowing =lso for unfavor—

ghle illwxination

Using the sufiizmes & wud b Zer she hrd resp. soft grour

& pars—
meters, the following sample caleuletion illustrates the roliud.

4

The vnevenness of the secondary crater digtribution on the floor
of Alphonsue points to nesrby scurces of the ejectz, gither ngide
near outseide the crater. A Adistzne: of 100 km, snd a velocity of
o= 400%™/, - ieRUMtIOﬂ (45} }Auguests itself.  The fromtal ineitisl
(“aerodynarjc" comnronent of pressurs at encounter, with ['= S

Ka= 0.75, if then about 3 x 109 avnerﬁwé and the total pressuye _
nizher by &« wvilue of «, , the wellex of Jac Iwo (29). This ..8 more
than can be resisted oy 2 stony m.bcriul, so thot eﬂu'tions 6) ana

/e
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(7) would apply. With k=2 for both cases,AF = 2$109,/% = 9x108 as Tor
granite for the hard substance (8),% =2.8,f =2.6, =13 4, =1.3x107,
P = fxl a8 desert alluviuwm for Alphonsus floor {u%per 20-30 meters

only) , Da/Di = 0.447, Qﬁa/i%)4z 0.04 resulis, 2 ratio thet is able %
b .
explain the virtual absence ¢f craters on the pe=

~3,

0

, and their scarcity

on the wall of Alphonsus, withoul recourse ¢ excepticnally herd
substances (irom).

mo far we wre meinly on & theoveiical basis. If the exrlesnation
is correct, tae peuk should carry & great number of smallier cxaters,
gy 20 to & liwit of G.27x0.447= 0.12%m. Unfortunately, there sre nc
observations to confirm $this, the last close view of the complete peak
being obizined on Ranger 1X Frame A65; at diameter limit ©.20km there
are, indetd, 3zeen 3 cralters.

Better direct evidence is provided by the Abphonsus wall (Fig.9)
whiech also exaibits a scarcily of cravers, pwrobably due Lo the sane
CauEe, Qn HRanger lK Frame BT7T7, which contains & closer view of the
wall, on an avez of 112.7 imp tne author counted 98 craters to efiect

ive diemeter limit 0.14lkm; this gives e deneity per 10MmPor —
620. .

Por compariscn, down to 0.27km the dewsity on the flcor cf -
Alphonsus is 160060 ¥ 550 (Teble XX).  Auncther couvnt by the author on
the same FPrans A63 dovn to dismeter lomit C.54km gave 1440 i 120 per
10 K (six egual marked quadrsngles, wxcluding the two conteiring the

pecX, 88;J£m2

esch, gave 17,18,11,11,9 and 10 craters each). The two
counts correspond to & "population index" of 3.5 for thne negaiive'yewer
law of cumulative crater numbers as depending on limiting disreter.
Logarithmic interpolation then yields & diameter limit of 0.322km at 2
density of 8700. Assuming thet et equal density, egual ppojectile
populations were at work, the couants thus indicste that a trolcetile
vhich produced & crater of ve = 0, 322kt on Alphonsue floor, cotld only
produce one of§§ = 0,141lan iﬁ the wall_. fience /23 C.438 £ dexived
irom the crater statistles, in vnexpeshedly close hg reement with the
velue predicted from plausible assumpiions as to the mechanic: 1l pro~
perties of tke surface meterizls. e empiricel creter density ratio
is then (0.438)3‘5= 0.056, essentially the seme ag the predicied ratlo
Combinirg this with crater profiles and other cvidence vy The-
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mechanical properties of Iunsr vocks, it is evident bhet ﬁc% only is
there hard roek on the moon under o layer of more loose maderial (10-30
meters thick in the meria), but that crater walls sud central pesks
contelin, or conglst of, outcrops of these solid rooks, ca?ered perhaps
by & very thin insvlab ting duet leyer.

It remeine to be seern how such e immense =0lid block covld have
arrived in the midst ol Alphonsus (ani. other croters with psaks). Fro:
the shadow (Flig 8),{ﬁha sumpit, 970 mmterF is asynretiic 1ly placed
over the souty weatern cector of the base measuring T.7km from north to
south and 6.%4mm frowm esst Ho west. The stespest nlaru is boelween .
Toutheast over south toward southiest; inclined 20% to the howrizon v, Whil
the illuminated eaztern slope iz inclined 13 and the northecstern oni;

10° (Girection from summit to foot of the mGUﬂbolﬂ) {Bazt and Yest are
reekoned sshronomically). It could te compmyed Ho & more or less
rectongular siab of buiter on nob porridge. Undoubtediy, helow *he
risible Gop there nust be & broader exiension undernestin,

A tempting and most probveble hypcthesis is ko coensider itlhe pesk a
gireet remnan’ ol the planetesimel which produced the cratber. In the
reay porbticn of the impacting body the pressure is smaller thin ot the
shock Troni in proportion 10 the thickmness of The layer, and & cerioin
loayer way eurvwive when the pressuré ig less Then the plastic Iimit, /..
A loose aggresate (comet rmucleus) may even be compressed into & demsé
mineral, pard of which may be destroyed by sheairing, y@t & pay t m&y
survive. By enalogy with -Dguations (134) znd (138),. % secy¥ su 085lt-
uting for 0.1 Bo, the average thickaess %F of a surviving harl kernel
may be set equal o N y

hy = 2pcX secl/ (¥ 26, ) (142)
in former notetions or, for W= 3&,10’0@/ ge as for
eelliﬁionsséfz o107 ﬁyﬁ@/’tzm Y= 45, Sx 2.6 ;;/czagg
{, = 0.024 X : {14za)
Using Kodel ]' of Table X1V, &b B, 20%m {diemeter of Alphonsus)
Xf maﬁkﬁs ¥ = 20km, snd hence AF

i

H

o AE0 meters. . This may be clome to

the average thickness of Alphonsus pesk (one-third of = cone S70m
nigh ypluvs 160 underground)’

It is thune poseidble to explein tie peak as the harGened svvvmvxmg
kernel F e v ok 3 i ‘t - eflanted bzol ke
of the rear portion of the plaretesinmal, reflectved bacl: to the
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surisce sfter b ﬂ@t”&hiﬂﬁ Unlike the hotl surifade &L thé prisutive
moon e2fily melting ot 3: pu ety © the planetesimel wee cold and ite reax

rortion suffering Ilittle eowyressiQﬁal ﬁe&%ing vas not melted.

The excess weight of e block of +ths ebove-mentioned dimensions, 320
moeteres oversge aeight above ﬁrcuam and 160s hali-velanced by Pucyency
amonmts boe 1.7 ¢ 10

-

éyﬂ&f&m which i much less than can be supporbed
8 . ~
o stronéuaﬁa?; le3 x 10 the latter

by a mabterizl of the as
estimate, whieh successfully accounts for the sca llﬁ ol oratering on

“he floor and ¥ills of Alphonsus,.refers 0 the mixed pre~mare snd posh-
rere crater popalation, with prevoleance of tbmfgaﬁuwmare stage {as foll~
ows Zrom the couperdscn with Hare Cognisum) when the maferisl hed cooled
and nerdened, The Alphonsus event, housver, helongs Ho the pre~nay

tage when the materisl was bod and gofs. A miniwun beoriug strengith
of 1.7 x 16? is thus reguired Tor this stage, too. Glezxly, the
material could not Imve been liguid 1§?;, at least not o sny counsider-
avle depth, otherwise the pesk would zln sunk in. Also, liguid lavs
wonld have solidified to -hard x cck, goud.l in strsnsth voe the pealk and
wall; while ths cretering stetistics inticste a much inferior strangth

for the floox. It follows t‘at the maneriel was not completely melied
Fet mobile encugh to Iill the floor %o i approximately wiform jevel.

mechenisn simlar to ash flows as sw
0 hatve been at worlk.
As shown in Section LV.[ w,a considerable fraction ni the matsrial
$ d it zo% For

p

eated by 0'Kesfe (19663) appears

-
-
ws
e
a
=
b
£
ibr

B
must heve become completely melted at irpac

ToHnmans we ot it 2d. Te - Tt 8 ¥ 2 ) -3
Klphonsue we secume llodel D of Teble XA o XF’* 25kn which yiells the
-
L

correset crater size of lﬁokm; the poraneters &re the sane as uvsad in
the mere impsact mo;el of SBeobion 1Y ﬁg&?b@?u that for thg high
liguid £racﬁioaj « = 0.5 is %o be @&-u&eﬁ instead of A R
0.12% a8 for the crushed sclid gronul fymction with high internal
friction. The diameter of the wrcdectwle (%FM.JB) is ?3/1 083 = 22.9km,
its penstrotion 25 x 0.8 = 20km but, beczuse of flatitening, the rear
portion{presume) 1y compressed from $= 1.3 40 J= 2.6} will follow deep
into the crster snd must dbe reflected bicek Bo thaﬂﬁurface to mek: the

pezk. The mel .ed frachbion is o = 0:375, ejeoted with & v veloed by

-g:;y ; glréﬁm,meo in & &ireczion{% (¥ g.1) such thet sin (4= G°8¥m§;:
0,300 % fequation (d?) he Flight &.stance of the liguid epra¥ is.



then 180km, stzrting from a melting fringe about 24k inside the
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5 .
ot & fyreter even 0f nlphoneus size, Thie
e

yond the ramparés ¢ 1o an
intrinsic vroperty of the mechanics of shock melting, devending only
cn Tnc lizleay Aimension of- Lnﬂ crater, surlecd gravity, and staie of

pre-hesting, aal not on the velotity o impact or the strongth of e
materisl, A cold surfoce would reguire a stronger shock for nelibing
snd would spray the smeller liguid fraction te & greater distuunce.
Resl . leva flows from metecorite 1mpacﬁs cen- thus be csuzmed on Lhe mocen
enly on @ geale of & mere. The Clacse 5 flcoded oriiters cznnos LE
regarded as lavs covered; but rather aw filled with the mebile
'Poryidze” of particlly moliten debris, remaining in the crater becsuse
c¢f lower ela

1]

ticlity and shock velocity.
¥i 3HE TOP LAYER

A, Tust and Rubble: @pbical, Dielectric &und Hschon
iry]

gl Charucoserigiios

o

nic
The upperrost refloting and insnloting layer oa the moon’s sur-
foce has been usuzlly referred te as "dugt. There hzve been

objecticns to the term for ve=ricus reasoneg parulv ecause proonents

W

of the duet coacept have sometimes ceexribed to it extreme propartiess -

&

sreat mobility, excessive depth -~ which d¢id not eppesr realisi.c.
-~
I

0
o
i

The small depth to dizmeter ravio {?qﬁaﬁiOﬁjg) of the crzisr

Remger Vik, Vilii, L&, Iume IR and Sueviyer I pictures Gefinid
thet the surfece is granuler and finely divided, not pumice~iic
f@ﬂtlﬁ. ous 00146. 4 very ccavincing study in this respect by Gealt®
csf_, (1966) is ba éd on cratering exprriwents in fregnental madia a%
VSlOOlGleS of 0.6 znd 6.5 Rm/evec and aad angles of incidence of 07 an
60°. The seme follows from & congiderztion of the scope of h

i
velocity crstering experiments (Wslker K 1967). In O'EKesefe's (1966b)

words, it is "a network of space with grains in i4, rather thai &
network of rock with space in 16,7 tDuett is still the best term to

.,.)A[
ndingy 1t3% lerze rocky Jﬁcluqlﬁﬂ‘y-lbs

describe 1%, rotwithsiz

cchesive properties, the dust purdicles being cerented together through
centect in vecupo, or by deposition of faporized substznces (from meteo~
rite impacet 1.4 wmoler wind sputtering 5) . fhe Gust possesses rotential

ra

wobility, whei:, by impuet shock, the rorficles ere sent Ilying around

“in smell or large crotering events.

)53



The origin of +the dus

surites vy i rxﬂl“ﬂae.zg rariicles, w8 well & by the secondayy
Fhyovout dabris of oxot nE oventas Pivect secreticn of mlorege
methe

itic medesvial i bub & minor sounrcee of the dust; xost of it is
ruction af lunar rocks by'zgéaeh]efv equstions {23),

f

the

(ﬂ} end (14)). Por iava veuwon the covlorsticn of the dust must
efleot the properties of the substretur from which most of the dust

meberial is derived, vhence fhe diffsrences in shade not only between

the comtinsntes, hub also belween minor locel izcmat-
ions fuch w4 ghost oroters and color contrasts in the merid. Hopd~
zoentel transort of dust on level zaeund ig indueed by microvsiteorite
tr 4t w8 gravity dependent and, theoriftically, limited to & Low

vilometers (Sectionsth,B,0). The ?h&rpﬂﬁﬂﬁ of some demarv: tion

lines, such - the sovthern border of ~the sustern Girk spot in

i*@ﬁumsam (Fig. 7y, well visible on $1is znd criginal Ianger ii

ames A 34—36 which £Pov a brosd dark band acroess the crk tez noerth

of the resk, joining the casbtsrn witl & westexn daxk spot), vould

»
1imit effeotive migretion to les§ then 0. 5kom, Traie elso would
electrostitis wigkation as firet:provossd by Gold (1955

ent role, &€ hae been slready nointed oubt on theoretical grounde by
CSingsy and Walker (1962); thﬁifz&g&uwve conglusion ie even ore

valid if, instead of 30 volis, the odaﬁcelectric potential ol the

lunsr surfzee is less then 10 volits o Cp 1962h), the slectrosteatic
% "

forceon & purticle verying ar bthe sgnzre of the nobeatial. Blectro-

static *hopping® of the &ust would provide & mesng of Lransport 2l
mest unlimited by distance snd would obliteraie all shaxp co! ~oration
gifferencos on the lunar surface {exsept the vidges of crater walls
end other elevaitions), which certeinly is contrary to the mosht obvi~
T ous aaeerv*zlﬁnal facts.

A clever experiment by Gold wnd Hapke (1966) led to & sapevrfioc-
ially close iwitaticn of the mein festemes of the lunar surfice wioros
structore dewn o ebout the lmm sesls. By repeatedly throwing comm-
ercizl eemeﬁﬁ powder {average grain zbout one miﬂfﬁﬁ) at & lzyver of
similar powcer "until the statisticzl mature of the surflace is 1o
longer chanzed by such furuha” tres ment', & close rm§1ia? 4 ths
Ling 1% or Surveyor I nlciareﬁ of t.e small-serle lunsn 9* oo ner

"5“:
a spacceralt wse obbuined, includini apparent *boulder cf up to

\

8 om &iameierf Powdered dyes were added, 4c imitate the fx}

*

et



C12

asotual slbedo end photomedric jpropertizs of the lunay surfzce. ihe
wizerzd compositvion ol the powaer ig b"0hhbly ivrolevents, but £ srall
perticle size ie essonélal o make 3% ztick at impact. Little glbeen,
sinoet verticel ridges were Tormed, in defiance of any wngle of repose.

UPahtlea® wer: 2leo produccd, but all these formetions hand 1itile
stfcmgtﬁ and collapsed when fouchsd by hand.
The experinent differs from lunar conditions in that the nsterisl
5

is teken Ivom ocuteide cnd Thrown ot the surdace with a relal

velocity. On the moon, the material is ejected Trom crebering inmpacts
whiclk desiroy the pfevions atructure in the croter sres, anG which also
caglly blow ur the falec "pebbles®, "voulders", or miniature r: dges of
low sohesion, Otherwise there is conasiderable eimilexibty, cu it
appecrs that fince dust weuld sblck cvel to vertical suriaces {of true
boulders), soreovhatr protecting them from further erosion unsll 1% is

neity of the dust isg expectad o increase with depth. Ly~

periments by hLapike (1964) on the comprossivity of Hine powders suggest’
owder ¢n the moon {parbicle

& densit§~depih,relationship for dunit: p
Z 2

size less thar 10 microns), if gently placed wud left undisturbed under
ito own weighl, as in Table [ZHi.  The data sre slightly smoothed.

TABLE ZAT

Venaity ¢ Fresh Dunite Powdor at lunzy Grovity

gy i et e her =

Lenth, cn 0,16 1.0 5 10 210G 1000 10

Density, g&/cm~ 0. 40 Oe&B O 50 0.%% 0.71 1.0 1:
On the mcon, in the absszunce of an atrosphere, the

(9] L,UrJ

1,

3 O
graing znd resistance to compression m:y ve greater end the ienalty
+

(}‘ﬂ

smeller. On the othev hend, continucas battering by meteocrit:s (mic-
romefeorites) dould lead to dighter packing snd tend te incresse the
dengity of the dust. The figures of Table Ezi gye thus probinly
minimum value especliaelly near the surisce. Dunise is beliered to be
chara cﬁcristju of the silicctes in the earth's montle and more similar
to vndifferen’ioted cosmic material than granite or basalt. Towever,
the mechevical propertiss of other kind of rock powder such &8 tarald
{now belisved to represent best the composition cf the lunar sarisce)

should be gimilar.
zdur reilectivity provides tn oiserveiionsl mewns for ecticatine
0

the dmmsity of the refleciing layer, us well as



extend over & linegar scsle groestey than thne wave Tilgih_(ﬂvajs ond
Pettengllld, 1963: ﬁmt fors, 1966); although netb witheut & cevtuin
anbiguily. Iu the waveleﬁgth Togliol fTrom 3 om to & m othe lunsr str-
fece 19 estontially & enscuicy fC:kL:O? which indicaies thot the

ruocnuess 1o leass then 1 o Trow the distributicn ol cohc
Cound thet nearly 20 pe:

2

cent of the echo poewer comos

T Y -

£
from = centr:l region about one-teuth of the lunsy reding, cxtluﬁncd
z 0

4
7]
maining 10 per cen iffuse, continuving fto The

very limb, and can be ascrited o "boulders" or blocks oi the order

»f 1 meter. This descriplion, originally proposed 45 & mypCthesis,

oL

o

Tune Ik end Surveyor I (alo - 1iL,%,0L,Vil)

s

vavelengths the dielecsric constant
scuare of the relroctive index and in determined through Fresne
formula,

= o -
Eo= (1 [ ) /AL ~faL) . (1.43)

N X X ; - .
re 4. i the reflectivity st normel incidence -~ which alwiys ig tne

whe .
case wWith radaxr. rom bthe rellected povoer, AT cannot hHe delermined
wnambiguonsly: an assunpiion regirdlog the T stribution of the re-

flecting elements haz 0 be made.

The cuxrent model, confirmed by the closs-up plotures, (.osumes
reflecting clcmeﬂm vhich are snall s compaved to the lunar redius,
with inclimetions ul'.rlbv*ﬂa at rendom. This lesds to .= 2,60 ~ 3.(

i
te eompave with 2.6 for dry éand, 4.3 for quartz-or sandsions, 5 t0 b
for most mizlic rocks, 17 for olivina basalt, 2C for meieoriec meterial
he inlerpretation in terms of dulk density {(or porosit?) 1
cemevhat antdiguous. A plausible foximule by Tiversky (1962} leads to
& " o o oa s
/P = (B -D(Er 2) / (&4 2) (€ 1) (iL44)
where p.; £ arve sity and dielectric constent of the compnoted
parent rock, 2
For quartz tand
¥ox the lunitr suriace,
perent would. zlso be 1.0,

i,
*Eb =6, f.-: 2°6ﬁ[ﬁhgﬁgeﬁqft3 resulis a8 p= 1.44 with L4 per cend
> .

L&

cn.

E. those for ite granuler or porous gerdivtive

! 62, clese 0 the usiel vu1uo,

bulk density for gasrts as
ilicate rock waterial,
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with 592,porous volume %ould obbain. The depth to which this infor—
welbicn peridainsg is of ihne ovder of a wavelength, thus Trom & few centi-~
reters to L0 waters. T
Another 9 "wula, by Kro*ﬁkobfénd froitsky (1962),
Plre = 3Em1E, leg, + € NE - 1), (1£5)

{£ \
l G
r sani;ﬂ: 1,30, & vwiue that is tee low, end for bthe lunar

<45 iF clivine basslt ig tre

(_‘\

‘0
surfece the szug velue, or oven;ﬁu
o

PLIT T PO Y

On thisg midel, the suxfece is a rendom combinaiion of welstively

smooth elansnts, oxXtending pe?baps for 10-1000 naters and with an

.

average inclinaition of 5- 8% {(Hvans and Petbengill, 1963). fccording
156

[..n

0 bvens { tc

D’J

21, "the wverage gradient of points spsced 68 arpesas
be 1 ixn 11.5 =12 of points spaced 3.5cn it is eporoximetely 1 in 7.

‘a

..r_\.

the xadio a2lbelio is T.4 per cent av meter waveLqutﬂn Lecordiay o
Hagfors (1866}, on the scale of & meber the mecq slope is Jl“Jco or
1in 5, and &% 3.6cm wavelength 1t is zboutd 157

A difTereat model of radar relleclbiony yroroﬂed by S&p101 end
Biegel (1S60), by Senior (1962), znd fivored by Russien wozhur\, BEG-

ures reilecticas from large elementes compareble to the lunsr redius,

vith correspeniing redii of curvature, It reguires & lorger rellection
& emuller refle2tivitys 4= 1.1 =nd f CF

1 O i
order of C.14 {144) sre chtained. It is difficuls tec ses hoew reflect~
I e

ing surfaces couwld retain a significent redius of cd*vwﬁuxb, cr complete
smoothness, on such & gesley close-up piclures of the moon Gery &
rexlity o this model which also leads bo unacceptably low values of

o

Gther models are possible, oo, aad There #s yet no formal way
¢

of deciding between them on the evidence of radar slous. T

[}
3

law of the distyivution of the reflecting elements leaves some Ireedon
of adjustnent. Bith this reservation, the fvans~Pettengill model is
to Le vegerded as the best approach bo reallﬁyo Conventicnsl. .y, the

Geneity of the upper layer at decimetber to meter depbth will be asgumed
in further calculztions aS(” 1.3, Txis is also the probahle density
of cemed nuclei @nd their dustballs after the eveporation of tle lces
(Opik, 19632,19668,0).

149
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The aver.ge inclingticon of the relflecting elements increases wid
deercasing rodor wavelength, which indicotes imeress ing rougknass with
decreasing linezr soale. This continuas unti the vigible region

oX the elect onegnai3e spscthrum an extrene degrea of roughness
£ ,:
i

& but opague rellecting grains ol low olbedo,
much loedger than the wavelength o thet diffrsctionel backecatier is

virtuelly yﬁﬁFe3¢$ﬁan$; nor are secondery vedlections dumportont. e
graing are gepnoated b¢ cavities into wkich light end ghadows Ge:ply
venetrete, This "fairy castle® structure ex xpisins the charsoitecistic
lunszr phase effset. Hezy Tull wmoon or zero phese sngle {ingle jetvween

0y

incident and relleoted ray), shedows are not vieidle end reflsction im
obscrved from the detpest intcerstices, which leuds to the cherecserisdtic
upsurge of brighitness. Vith ineressing rthese sngle shadowe becime
wisible, while ZLllundnsied portions dbecome soreened and the brigatness
drops rapidly.

The most ey%@mﬂaﬁ_%hciﬁérapﬁie meosnrerents {on orthﬁch?éxatie
vlates withount filter) by Fedoretbs {(1¢h2) om 172 individuel luns.r points
show withould exc 91+!on the Geminence of the rhagse zngle in the l.ght

curvea; ‘the zo of incidence, which in Lzmbort's photonetric Law isg

I’\‘h

of exclusive cigrigzeamc .ie of ceconsery imporbence, so thot meximum
brightness is nct resched when the suxn i highest, dut when the Dhase
angls is AERY Zerl. The unifofm‘grightae?s of the fvll noon ie thas
sooounted for, cespite the rapid decreage of illuminetion of & horige
ontal surtace tcward the limd (0&1“, i96z2a). & comprehensive ro¥isw

lvmasr photometry has been glven by Mianaertd (1981). Three—coalor
whotoelevtric mezsurements on 25 lunar f3zlures over & close rzape oF

vhess sngle of ¥ 28° were made vecently oy Vildey snd FPohn (1964), and
meticulous s%u%;e& of Juvmasr polsrirzstion have been performed and dig-
cussed by Iyot snd by Dollfus (1966).

The princiral aim of photometrie ani cl&rxmeﬁ ic stndies wus the
description of the surface structure snd identificetion ol the miterisls.
Until recently the second task proved extremely disappointing when com-
puriseons were mede with terve eptriel minecsls Whnile the geometidical
build~up of the lumar surface, as & "faoiry-castle” structure of vpague

graing with lerge-scale sarfaca undalatisn superimposed on if, 4.d

secount gqualibe ively for ite photometric yreopsritics; the detail d

1%
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variation ﬁé&ﬁ yhnug eigle and othier ilivaminatlicen pdaramer

c?-

5

polarigaticn, 2nd especially the low slbedo remzined wnenylaing
until it was shovwn thaid

2ll sdnerel povders into spbgiznces of low albvedo with luner pReto~
metric cnarccterlati s almost indevendent ¢f the chemical comnog-—
ition or loudice E%ruﬁ%a?e {ﬁapkeg 16865a). The hope foxr chomical
or minereleicel idendification of lunar matericls through rhoio~
netyic and }alarlze rie methods thns vanished. Lt bevanme clesxr
insbesd thet wheb we obuerve iz the vesult of “radiztion dersgs®
threugh condinuouns irrsdiation by sclar wind ant cosmic reys,; g

modified by ercosion and mixing. Tespite tho equalizing edfect of

irradiction, differencez duve to the parent weterial remalin. The
smbiguity o: to chemlesl Pamwoumblﬁv hes been aow reamboved by
kY i
trering “Xpéfl ments on Burveyor ( Mare Trenguillitasis, Vi

o8
Sinus Medili), znd VIK {csmt“neﬂd naar Tycho) whieh all shoved a
egaltic coaposition {(Turkevich siar., 1967, 1968; and KALA Rep orhs)
ﬁxperlaenﬁal and theoretical work, especialiy by Hepke (Hapke,
1966s,by Hapke and Ven %Grﬂg 198
i

Uetking, 19663 Halajisn and 8%
pegnolo, 18663 Gehrels eL bad. GH

%; Coffeesn, 18
ctory revresentstion orimitzuicn of

S 555 Dgzn and
Southn, 1965) nas led to ﬁatls 3
Tunar photemetric and polerimetri

& vroperbies on the busie of the
S{pdry castle" nodel. A8 a result of integrotion of & voyiebdy of
elements, efreement of the fimal oubcome ig not necessarily 2 proof
that all the sesumed details arve corrvecth. Nevertheless, tae broal

publines of the phobtomeizic behavior of the lumexr surface are up-
12

denbhtedly cxplained in o

peh & penner.  Dunite powder (graiaffjxlomé
mn}, aftor 65 comlﬁmb/cn

sroton trradiation, egulivelent o

E-.J

1033&&33 oi goler wind as encountersd by lizriper Ii, closely re-

produces lumer photometric &nd pols ?i&ét?lﬁ propeviies {Hazke, 1966@
Hapke's imbhroved theorctical thoton ctyza Tunction, with & curfac
covered $o 90 per cent by little steep featuren (cbout or cver %5

1&97Ln«b1s1) represents lunay beigliness To the vory Limb. These
festures o & subcenti meler Sealesr“ara probably primery ¢nd soee-
cnéary metscrite craters and cjecte debris ..." (Hapke, 196(v).
Moegt remarkadblie is the blsckering of meltorizis aﬂée$ COT PRS-
culor bewbandment, (Wehmer, etal., 1903a; Tosenberg cad hLelmern, 198

f"'t, -

iy

<
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He.pke, 19§§}c' 1 ia 'ccamganied by spubtering ang deposition of
zeLive silicate camjszbdq deficient in oxygen on Fhe rc¢fr cides of
the irvvaedisted grains. Ve a@x%oawrﬂ ivicreases with decrezsing
wraiﬁ slzes; coarse powders darken the lesst, znd rough rook sur-
¢ac=u more bvhon smooth surisces (Hspke, 1966&) Thewe are diffi-
erences due to composition, bnt it would be difficult +o exiriscote
them from tacee Gue o geolin size.

The derkening of lunay naterials ig &kin to that of intepy~
plonetsry dist whose zlbedo ie equal or less than $hai
haee 2lso be:@n explained by radiation demages {Opik

Bputtersing by corpuscular zaéiaﬁi o
sputhbered aioms, as well as sublinaiion of veporized subs
from meteor.be inpaet offers a & 0
greins. Tie dust will loose its mobility and bvecome 2 "wesk, popr-
ous motriy®, ss Whipple has put &
vacuo, vmimdneded by #nterpo@ed 21% noleculew, the grains mey dooome
slightly wce.ded together by direct contact; when the
hesion sxce-ds the welght of the grain, fthe granular g

4

aoguires the mechanical properdies of & solid snd will maintiin
slopes ol any sheepness. Glesrly, ¥the [iner the groin, aad the
smaller the gravity, the more like a solid will the QQW ier tehave.
This is the case of the experiment by Gold and Hapke (1966), a2nd of
the$ie Juna: surface as seen by ILuas IX and SUTVeyor I {(Fewell, 100663

:.:—Zf.c@g 1906:"»>
Accerding to Smoluchowski (1966). cohesion forces betwosn nsigh-
boring srains of the order of 0.5 dyme or mere will be precent,

sufficient o counterbzlance on the moon the weight of & silicate
grain 0.13an in dizmeter. At sn aversge grain zize of 0.033om (sec
below), cohesion beitween luney dusbirvains would excecd 60 tim

thelr weigh', In vlirahigh vacuum, Rysn (1968) alwe found fov

a9

silicetes wore oxr less conztont adhoesion forces of C.3 o 1.%. dyne
gt loads helow & x 104dynes. for higher loads, the zdhesica .
repidly inceased, resaching 100 dyne-s and xore at & losd of 10

dynes; ‘twhen this type of adhesion wos observed, extensive surface

Gamege was Lo noted”. At lvmar presvity and = 1.3, the sespond -
type of coh:mion-would set in &t & depth of 1000 weters Tor a graln

-y
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gize of G.033cmy the ¢.bh.is inve fEGLJ preporitional te the sgusre

e,

of gradn ficmetar, Thus, in the lunsr uppsr layer only the first
Hype of cohesiocn would be asctive, "Ecwefar thig refers 10 gpeciclly
prepered cle.n sanyles. Cementetion pay lesd To much stringre cole
eeive loxrces.

vo treat che

In view ¢t this Sype of cohesicn, it would Te wrong
smell elevevnicns or craters of the dust lﬁyer fyrom the standpoint of

the #ngle of Tepose, The dust 10 sey no spombonecus flaidity, and
the inclinsticns of the raday rezlecuing elements 2re not conditiconed
by fyiction. Fyonm ﬁhs mechanics of exwiering in & week medium

I%mall Aoy sgvotion (9 ;;9 shailow eraters and low inclinsticns ave
eiyact@d as & rule. fhe dugt is ther induced o Grigt domhill, whate

ke

ever the slope, by micrometecrite impsebs 'Gﬁxk§ i862a}, o thitb even

3]

the smallest slopes are ultipstely levelled cwb {of. Sectien X)._ A4s
has been »oinled ouvt by 5 sipple (1859) end the author (Gpix, 1u62a),
there ig.no loowse dust layer on the ncon, which explains also bhe

sbeence ofdust on Swveyor 3 exbternal surfaces snd the fuilure fo

record eny groael distirbonce or raisiing of dust by & nitrogen jelt 1ionm
from the surf:ce (Jaffe, 1966a), or tle lack of a covering of Jdust on

the Iame 1L ctaera lens (Iipsky, 1966,. ~ This, znd the firm setibling
of +the speree »Hroves n.¢unmr soil hze led even to %a;ro: ticens that the
ground was no; dust 66} This vicwmpoint ie shovn 0 bhe erronecus

[
jry
ot
L6
o
&

DO
by Hepks cnd told (190?} snd i fobed by Iuns Fiil {December 26,
1966) which drove & rod inkc the lunmar soil, ﬁrovzﬂg that vthe meeﬂ
roperticn of the meon's surilce layer 20 to 30 cenvineliers éaep
sre cloue o the properties ofmedivm-denelty terrestrial goil" (Vatbs.
R.T.,1967). Tne deneity of the luns:r scll is estimated to be abeu%’
1.5'g/cm3n{Jaffﬁ} 1966a). _ In the following we still will e&Tl thie
the¥dust layer®, with proper reservationﬁg

eel

é-c—i

fhe eolor,of the moon 1w ;eddish? ité i recﬁﬂcn”‘ cilesdo in
the optical ringe incrensing from o0.02 in the vieclet To 0,073 in the
visual (mre~n«yeﬁicf) bend of the sSpesirudm. Infrsyed photcec..ectric
meceprenents from tr&toaaaﬁe IT on Hire Tronguillite & {Vatyeon snd

*

soe oconbtinues in the dec?n in~
out thryoe bimes hetwsen 1 and

4%

Deuielson, 195%) showed %hot the iner
froved, the reflectivity increasing

s

b
ot
7

=
o~

ry

Eeéﬁ, - Ordirery veek rvowders cannot metch these oveerveiions; vot



en irrvédistior. by & 2-kev probon betm ecuivelent to some 107 yeurs of
soler wind move or le~tsirofuesd the cesirable effect {(Lwttson end
Haphe, 1966), except thi.t the intrsrel reilectivity of the powiers
remained still escomewhet high as cemunared to the moon. The povders

vhichn reaponded to The trﬂatmen% were rrom szmples of baseld, tok bites

and dunits. Contrery t0 LF@—* terrectrial samples, 2 powdered chon-
Grite (Pleinview meteorite) was nct reddened by the proton bowwm, al-
though ite &itedo decreassd in all wavelenzths. This may mesz1 thot

the luney merc meberiel is more of the compostition of the sarbtals

orust <ud not mebteoritic. Other recent groumé-baged yesults point in %

the seme direciion (Binder, g¢hal., 19¢5) end decisive evidence hag

ceme from Gircet curveyor ¥, VI and VII Tests (furkevich, etsl.. 1967,
1968) .
' B. Sheymal Prorerbies

Teasurements of the ferieal exission help to disclose some pro-

by

erties of the lapers just below the surisace. ITnfrered thermil
o

b

end radioc emirmnion zre used for this pursoese, as

et
)
)

it varies wit: the lumar dey, or Gurirg sn eclipse, studied losall
L
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ses with the vovelangth; A
thermal parwxelbers can be studied at (ifferent depths, qtal

least, waile ¢bsolube quantitutive couclusicns srezlese reliable in
view of the miny uncertainties involved in th
T

-

models. Adapting & formuls propesed by

ek (D

sky (1862), the depth of

vy Trc
eniseion from a layer of silicate rocl: or gf“rv1"$ﬁa matcrlal of bulk

dcneii;rjﬁ (g/ch) cen be sed wroughly (to o fsclor of 2) equel bo
: L= 18 )/ & (146)
@ro%id@d the predin is small as compired o wavelenghh,
e

For r = 1.3, this b

to be used forr the lumar surfece. Thae depth is than fov
O 7, ] . M. - a - _:_l.__ \
radar reilaot;on where it i3 of the order of 5 A
The rapid variation of lumer aurl.ce temperature during sclipse
sd Teesslink (1948) to & caleulation of the hezv cceaduwehivivy cf
Auney £olld: Iesgspite &n 'ﬂ itionel coaponent Iror xodlative c(pmaunetll-

, 3 o - . +f
vity as depenliing on groin. size, it.btarned out to be by &a orcer of


http:inrt-.re

3
20
reguitude lower then for atmosphoeric air znd to correspend Lo mineral
ust in vacuo &t a grein slzme of z2boun 107 “eonm. Since then & wealhh
X ﬂ

a

&
of cuservelticnel matcerisl regirding thermsl emigrion fruﬁ the meon
accumilated. Despite elaborate model.s produced to asccount icr the
8 s Linsky, 1968}, the interprelation
in terms of realistic gkyﬁap'l noramenors has advenced voery libtle
giace VWesselionk's work. One~layer «nd two-leyer models with Tixed
:ramete:ﬁ cen be mede 0 rgree with one set of data, while trey may
fail im.another, In the words of cne of the suthors, concluding a
get of critically conducted adeplatlousy of virious mcdels solely for
the Tycho regicn, "In the light of our present inability to decide
vn1svn1y ghicn of several pleusibia

b

odels applies ...,., any Cetailed

Ceiod

.

deseriprion of smell-scale lunzar suriice eructure, weriticalliy vased
upornt eny one ind of model yet devised, may be physically mesringlecs®
{(Ingrao, etal., 1966).

Tre'knee” in the thermel emission curve during eclipre, cx the
subGden chonge in the rete of cooling, has been interpreted through the

v ew cenbi-

meters, lezdiag thup te bthe concept oi & itwo~lsyer rodel. It secms
now that scliid blocks of difverent sine ctrewn all cver the svrflface
such as seeh on the close-upy pictures {Iigi‘Bgéj
10564a), snd wz suggested by the diffure compenent of rofur reilection
(Evens «nd ?etwenglll, 1963; licgfors, L866), are lo a considcwable

Gezree veaponslol

“5
3
O
o]
<O
[-.l
H
L 4
e3)]

&
after the cutoifi or reappes 0 e
{1966)j Hheve rmet be & second components, not in devbh, bubt (n

¥ the
suxfacel.
This surfece compument which principally wrust berresponsible fox

the shomalies, thgrugh greaber thermsl. inertis ag well as vhrovgh its

non~-horizoental profile, has not yet boen freated theoreitically, excent
Loy Gear and Bastin (19623 Bastin, 1963} who consiidered the sifect of
macrascopic roughmese-steep covidies and elevetions~on the thermal

i -’w
£ W
o

and redistive -balsnce oi the lunay surisce, a8 iigtinet from ihe {lat

gurfece Tiguring in all the neusl nmodals

, affects cert:in de-
ion curve depaids on

ra? \9

The suricce ccmponent, duwe to sty dlo
teils, yet tre generel run of the thermal en

h‘-

IE4



o1

the dust layer with smell inclinoticns, sa“isfactorily'appﬂowimatci‘by'
o

’i}

a horizontul cuser suvla Tte thermel poran
el

a function primarily of dspth, to Jome extent alee of temperziure which

agnin ig wolnly a Function of depth, Ey applying the egustions of the
one-layer model o observationg re]ating%o different depths, the effect-

bl
ive porzmeters se obtained (eonducth1tJ, grain size) may yield an

spsroximate desecription of their variation with depth indegperdert ef the

.-Ju

rigid preceripiions of & two-leyer model, and perbaps rore reslietically-

¥
In any c.se, the errors ol such an 2ppreximate medel elloving Ter con-

(..h

tinncue virizticn of the parameters may be smaller than those of a

frigorous® procedure based on unproved cssumptions, Besides, vaxt of

the vaeriation of the conduetivity with (epth, dus to mechanical com-
r, csn be estimated from firsd pr1n01bleq.
s0 that only th: grzin size remazing zs ithe cnly depth-depcnde at par

neter
Foy thermel fluctusticus of pcrﬂod"dt{mec}, o charceteristic
pareneter « .
Y= (.Ktrg) TE (147)

can be determinsd, to o Tactor of the ¢rder cof wnity, elmost free of
hypothieser. “«re,[ the thermal couductivity {cel/cm.sec.deg),

is
_i D‘ .":’\F J = ) s s L
she bullk density (di* snd ¢, the spucific heat {cal/g).

Y = 8.7,°/Q, x const (148)
titude of temperature of the rediating surfsce layer,
Q  %he zmplitude of heat content {(cal par cm? cclumn), obteined from the

)

a £
obeerved fluctuztion of rediation (insolation minws radisilion losss s)e
o

e

3

e

r »n ingide (radioc) layer at elffeciive depth X, the smplitule ©
se

given by the obeervailons, while the hest content @ is itself 4 funciion
of K% oz'}ﬁJ ‘
v

ex = %, exp (< 3;,5)9 (149)

where .
1._
L, = £ © 150
) .[; ‘“{)t_f-t.‘t (J’
is +the &ffecetive depth of pruetration of the thermal wave, to ha identi-
fied vith the Cepth to vhich the mesn thermal parameters apely.

With ¢ = 0.2 cal/g as 2 close veiue for zll kind of rilicate rock,

/7%
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With 7‘m'2409&§,g’w 0.00% cul/2n. sec.deg. and ecusticn (151g),
this reduces fo %
1;;%% = 200 + 1_05/ {7558 _ + 0.16 %),
For &g snd ¥ in o, 5
Fith p= 1.3, o = 0.2 in (147),

AR D A . (153},
obtaing., Setﬁin@,4ﬁbo Ll;&a) Fuebiher X = Lﬁﬁas defined by (150}, &
- " B R - &
can be calculated. . Teble JXII consoins some typicel resulse,

TABLE IXIT
Bffective Hewn Thermwal Characterist.cs of the Lunar Soil Thermal
Tnfrsred, 104
12

source vghec . -5 3 z

Bolipse (yepgelink, 1.5 x 107 1000 3.8 x 107° 0.5 0.035
AR S5 w108 ' 5 0.031

Tunsy C:fcle i “’.ﬂwm’ 2.2 0% 750 6.8 x 1070 8.0 .- 0003

o

N th
vetions oz.ﬁufray and Wildey (1864) ard Qm.tgc calcoulstions by
Ingreo ebel., (1968) Ter "temperaturco-indepondent® moedels.

Fow instend of {two or movs discrete layers, & convinuors incress:
in the condactivity ciused by comprmubsion, 2% a more ov legs con

£y

stant eflective grain size,

d'ﬁ 0.033 cn, (154)
is indicateld. ?he efiective graia size depende, of course, on the
dlatriiubion of grsin ﬁﬁaﬁcﬁ@r ius consbeney way indlcete identical
distribution at different ﬁegoﬁg thus essentielly & one-layer strucd-
VTS, ‘
The low surface condunetivity vegquires a large thermal gradizut,
to deliver bhe internal flew of hes =i, B. . sccording to

-1 AR .
a7 /aﬁ = B /&. . (155)

witn {152a) e#nd {154}9 thie c en be integraied. Fox very Gifferent
initial ccenditione aund different cortent of rediosebtive iscloped
Levin (1965.4,b) cites caleuletions bty Mzjeva (1964) which give for
the preson’ mocon values of the ftherral flu%% within a renge of (2.3
4.86) x 19"7 talfcmg.sec. Teking 4.3 % 10“?, which is the serthis
4 in proportionm to Lk radgm¢, indggration yiclds
Qeratnre’? =% degbh;x

5?*
A
e

velus decreacse
for the me

ga
cb

301 hen

17%



P T 2 . 0.834 56t -
T 1 8.6 10 = 4+ 0,532 x° 0.53¢m (1.56+x)+0. 37,

o =
N {156,
woere }0 is the mawn tempmrature of the surfece. Only the firet two
terms are sigrilicant.
=3 A
For % = 10"cm &8 sn upper Limit of velidity of the wodel,
LT [.{Qo iy s vt g 4 P " qx R B ot
i PO Thits iy dnsignificsnd;  jocbebly & sodld xhoky struciure

baging even a4 ¢ epdier coth whers the condustivity willhbhe much
higner. fmd presvure~indiced %ﬁﬁreasa in comduetivity is ympld encugh,
o shet the 1iswiating copwmceity of the oviexmoet dust layer hee 1ittle
effoct on the thermel etate of the mosa's inberior.

Le compared to the pressure ofieet, the incrssse of the redisvive
cenduetivity with éepﬁh?k&u@to the inercese of the mesn temperature

is insigoificant in the granular layer. in the owber laysrs, however;

whepe radiatsve conductivity pleye ar. important role, & curicis affecw

bt}
2riges. The divrnsl flucituabionoct tempersture, alfecting ridiative

oy

conduetivity, csuse the daytisme conductivity, when thetempsraturs 1s
wigher, to b2 higher, toe: @ven in she wbuence ol 2 net outsard flux

oF nsut From th: mocn's intorior, the Saybime intzke of roley hest by

c«i“

he soil recniyes éheref&ra & smellcr inward negative thermal gradien’
then the positive noeturnal g radienl needed o restore t&ermal ﬁal&nc.
at thﬁ grds ce. e net svers=ge thermal gredient will be po i tlve,
the tesperavars rising inward without prodéucing & net leskags cf neit.
@ﬁlv effect bae been investigated in detail by Lineky {1866); when
radictive conduebivity ic taken inie accound, the th al pyadind
dexivbé,ifcﬂ ?"&ﬂn dzta 1@&&% te & thermal flux of the order of 3.4
1077 c‘ixca soc), in cgresment witr theoretical limitaticns {Levin,

fEa Ty v e T <7 4 ; »
1903@33 wh.le a cdondunctivity independent of the fluctunting tempers b

ure yields =en times lerger a. 1 3
b & vlmes serger &-Flux, wnacceptehnle for varicus rourer



This explains clso the excewvsive values of the luner thermal flux,
derived by Xrotikov and Proitsky (1963) Lfrom the inwarﬂ increcse of
tempEreture a3 shown by radic datea.

.As to texperzture variztion, for the subsolar peint & vslue of
371° K { Pettit; 1961) snd for theantisalar noumg 104° K (88274, 1964)

yr whe typicli eurfucc. Ca scccunt of low thermsl

«Q
Q'.
B
oy
0
o
o0
tn
g
]
el
)
h
[#3

inertia, the sxitreire alterncon maximuwu and the pre-~dawn minimum would
differ little from these filgures. These are black-hcdy values; &
smell correction Ffor emimsivity could raise there velues by l-Z per cent.
The mean ecgusbtorial nesr—-surisce tewperature as debermined from short-

woeve radio {3am), is neawr 206° i (Drslce, 1966) though the scatter of

forte
©

individual detemeinations is lerge, In any cuse, the value should 1i

between 200 =1 220oﬁ;

It 5% anid f2 arethe temperatures of the subsclar and enitsolsr
points,; the msan seithmebicsl cruaior tu”p rabure s close 44
=T 1 -
=&« T - o0 (I =75, (157)

Tris ecuszbion is emplrically edjneted to thne skew radio rzwghtv

%

A . .
ness temperstore ot A=3mm (Dreke, 1966). For the tonerral inlrered 1
yiel@s‘lL = 2080, which is close to, znd less aflected by ovscrvetionsl

A

error thon, th rmdlo vElue.

: .
e EZ;;; tentetively represents the veriztion of the nemn sub-
svrfmce teopersture with dcpthe. It is bascd on rzdio brighitvess tenp-

eratures as listed by Erotikow snd Troitvsky (1963); properly :edifie
. - s e ~0 i L -
by Linsky (1L66), with & sysbemetic oorrection of -1z appliet. o meke

the zero poirt coincide with the surlice value for the inirurad.
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TR E 56%* bt " G A
£aeen I plracte e er BHepll, fosrr Tqaipd

Depth, om 0 25 50 100 200 400 700
Pompor. ture, eéﬁ wih =BG wﬁﬁ -4 =43 =33 ~23
e Cepth “o caleulated from fthe wavelesngth cccording to (1L46a)

. Thermal Ancmelilias

The lvneyr night~time temperwbures #yve oo low lor cecurate
cheerv. vicne iﬂ the loffawiﬂﬁowv Using the 20-m etwogpheris rindow,

LOW (1965) found & mesn tempermture of Qﬁcﬁffcr the cold limb {dark

NEAr-Polor 01 Pre-~aBvmn). Cold sunets of 706%(aﬂﬂ,1a*e“ were found,
tTeny i rely erpleined ms thome of low conductivity { E-&bavt 2300 ﬁmz

24
deg Ssdﬁ/ca v, and & hot pob of 150° ?iwao recordaed nesr the *outhe
eastern 1imb.

Hot spois, which ars wermer thef the normal surface doring =u
eclipse bul coolar inm deytime, have Losn QEQtematacizay observed and
l&ﬂtod by Sherthill end da&vl{lgﬁ 1¢66). fmong 330 such chjectha,

8,95 per cent HTE Iy Croiers, craéeis with bright intericr oo byight

o

rime &t full moon, 8.7 per cewt sre rright srezs of vavious gialitioca-

tions, 0.6 per cent sre crvaters wot lxight «t fuwll moon, the reet
being uwnidentilied. They cceur over the entire lunsy surizcz, butb

somevwhetd merﬁ@ensely over the ma via, being expecially crowdsi in Kere
Tr&nquilliﬁa%i:¢ On a recent map (fseri and Snor%h*llg 1966} - mede
1

Lrom ﬁhe observ.tions of the lunsr eclipse of December 19, 1854, 271 or

58,0 £ 1,7 per cent of the hot spots are vn the meria, 196 or 42.0 1o 7
per cent on the conbtinentes. Strong enomélies &re even sllgﬁtWy more
concentroted on the meria (125 oub of £ tobel of 201, or 62.2 Y 9.5 per

$

cent) . There nmiay be some odverse sclectiviiy I for the limb arces hCi
continentes yradominate, so that the represenbative &reas of nmoyia &ﬁﬁ
continentes ray be about equsl, or slightly in fevor ol continenten.
The excess ir tvhe meria secms thus t¢ be rewl, slthough the digtributio
is quite petihy, so thad the random saupling orror is not reprementoyv-
ive of the astual stetisticsl wncertdnly. In sny csse, the @bomalie

78/
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clesrly post-npexe Teastures. . The moet prominent cnes &rg Iycho

1)
e
4t ]

Copocrnicus.

cl'\
e

During eclipse, the interior of iycho (dismetber 88km) ret ined
a tempervbture sround 70 bo ~6000, with maxime of -51 and ~4803, while
n ﬁ? Snormal® sarreundingo 1 drop§ed to -106 and -112°C. Juet owh~-
eide The cxﬁhgrﬁ wall it wos ~82° ¢, atb double radius around Taie creder
~9?OG at 2% rac** " -101° G, ot 3.5 ?m@‘l mﬁOﬁQCb The reeolviig power

of the &pyp ar_pgs wee 1L0Y ¢f zve, 1%km or 0.22 of the cruter dizmeter,

ficient %o. %l

[d]

-_J;

¢ greduval decline in the infrired redistion cround the
cre bexr. At full moon, th@'c?ater ig by e'few deprces cocler bhan it
surroundings { +??§G} but this dey be parily due fto its grestec 2lredo
Otherwise the snomaly is undoubtedly accounted for by grester thermal
inertia, i.e. smzller ¥y, or gresber conductivity and density
neteris

In additron bo the spots, cxbtended arsusg, chiefly in the maris
{Fere Huou _erurt, Qoeanue Procellurum betwesn Aristoxchus znd Keoler,
Rorbhesrn Laxe Imbrivm, continens sroend ¥Fycho, &nd others), &1 wWarmner
by about 10 C during &n eclipselShortrill end S&aril, 196%,1965) .

Trom their distribution, the snorelies axound crafere &re un-
éon%ﬁeﬁly due to cradey ejects, similsr to the rays bult more Concentr-

.{’

ated in the vieinity of the crater. The medGlarn Gistonee to wulch
maaoive ejecta are flying cin be calcvls tuﬁ Trom eguations (45), (27},
C(16), (4) und (19) with 4 =9 x 108 s 2 6, }, 2. EN = o 14 {Tsble IV,
YWodel £, v= 0.5, $1ng3 0.8, tﬂﬁh vields v,v v°39 % 10% cm/5639

§éz 8.8 km. he pJﬁivs of tﬁaclxole cver whlcﬁ rost of the e]3cta &r¢

#:

spreyed may be teken twice txj& vazlue or 17 kmy almeez egual > the

-

resoluticn of the radiomster veed by fhorthill and Seari. Thig rediud

is independens cof crater dismeter. e effecotive diameter of ihe
anomaly ie thuﬂ.B + 34 km, where B is the crater dismeter. The -area

cannot be lees hﬁaﬁ the 34— 094 gcreku end 2lweys well resclvable

by the 59&1c eter. Therefors it is cxpected thev the mescurad ther-

mal excess w1_l not depond on the size ¢f the crater even when ite

dismeter is snaller then the restlving powsr, except for the thickness
the overias when it drope below @ certain limit.

This is exsctly what Shorthill snd Seari (1965b) hed fow d bub
they ve 1t a differ i rpretatdas e ey e
J &Y rent interprefation. By sssuming that.tke

/5%
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Thermal excess 1s restricbed to the crvtber iteclf, for critews bolow

the rerclublon limlt they reduced the excess te the criter sica and

obtoined g strange incrcaze for the swalleixr cruters. Their Ycorroe-
ted oignsl dijfcrencc%“ hi.ve ne physical meaning: oven when the

metcorde thecry ¢uElU“Curh ed (which no lenger i

Lvs)

pozeible wiwh the

. o

preaent stuts of

...:

knowWQQge}g g volemnic cruption on the moon would

ol

2lso sypreocd the ejectz Lo di=tancees intependent of criter size.
e vneorrected ooaerveu apcreties (Sherthill cng Sazari, 1865%0)

yield for 211 craters within the dizmeser rense from 4 to 90 Ikm

consistently the senme velue of the thermal pa*ametcr*kﬂ = 600 from

¢
the ecliprse cbhervations. In teres- of cur prescvre-adjusted thermel
odel, Trom (153), (150), (152a) withT. = 1.8 » 10" sec, /A, =
‘ ’ ! g G 1n0 X

lO“ﬁrisz .81l cm, &nd dg = 0.115 ecn are chboined. The thernal
anomé%y of the hot swot is rewdily ewplained by & cogrser gid.dn ned
the surifcce, just of the orvder of oxidinary terrestriecl sand. The
upper layer is continually grouwnd 2ad overiurned by mebecrito iwxgac
gnd supplemented by the smokelike products of SubilmfﬁiOﬂ; Lt is

expected thit, without fresh Overlag, it will bouome more ani. morc
fine-grained with age. Alsc, small mebeorites End es

k3
[
o
p_a.

211y the
numcrous secondary ejecta which do not penectrete the dust sne rubltle
hwygr? Yot which sre responsitle for most of the overlay outride the

emch of the large posi-mére cratering events, will c¢jesct cnd cprezd
arcund m terial of a Shaller grain si then lsrge metccrites which
penetrate tne top layer {(creters over 0.5 ¥ in dismeter) znd crush
the fresh bedrock vadernezth.  The differsnce in the therma. properti
¢s of the erviwons of lerge priwmsry post-mire criters, as compored to
the sw fzce at large, cén thue be understocd without postulasing fov
then improbsbly short ages. All_ages from 45 x 109 years ta zZero
weuld do. ' '

In addition, there may be blocks of so0lid rock on the surface
which, oven when in & small proportion, will contribute to tae
znomely; iy such a c..sc the calculited effective grsin size 1is &n
upper Limit.

On the other hand, en exposed sclid wocky surf.ce of this size;
es it figurss ia come interpretutions, is physicelly inconceivable

n g, "l.‘_’,..-..
except when the tges of 2ll theese objects are aszumed unbelisvably
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, & T .

short, some 107~1C" yeurs. Ker wcula smzll corrug. tions on & oM
seale (Gesr and Bastin, 1962 Bkﬁﬁéﬂs 1865) nelp in the interpretsticn-
theae would be develled out by ¢

H

ceior andé substituted by the naturally

rect of the
surfece, 8o that we znomzly could arice on this account alone

se v

. undulating and small-schle roughnens identical with the

The youny ray craters, like Tycene and Copernicus, in zddition to

their cuelity as nocturnal hot epots, heve proved to be strong back-

scettercre of radar (Gold,]OCo) As Tirst noted by FPeittengill and
Henry (1962), the intensity of redzr Latkscatter Irom Tycho ie some
1.0-20 timen bthet from the suxroundincs(gi‘§@F TOém)o Porsly this is
due to grester roaghncss. The ciffuse, noﬂlspeculur genersl com-

ponent of backescatier from the moon (Ivans and Pettengill, 1Sc3:
Hagiore, 1966) is most plousibly expléined by reflections fror compncd
rocky "boulders', similer to fthosevshown on Luma Tﬁ and Survejor I
pictures (Fige. 5,6), with dimensions lorger than ,‘/H. Similar

Plocks in grester nmshers must be pre~ant on the surfece and haried

smong the ejectz of the ruy craters. h cerrection for geneys Lrough-
nese; i.e. the wmore frequent occurrence of lergelinclinctions f@&ﬁ%ffm

ams of the sceitering clemente then cO¥ :responzing to normal surface
undulation hae becn attempbed DY Thompson nd Dycs (1966) . I= thi
way they separated thﬁgcmpnnenﬁ dune 0 the increcee in rg lectis itg
(A, ) Trom thes ocansed Ey roughness, In such a manner; for craters
12? cer than the rocolution limis; corrected velues of the dielectric
constent cre sugsested as follows: Aristiilus, 4£.5; Syclio, 5.23
Gopernicus, 6 5. 0f the 25 orsters which showed rader refelction

X

enhencement, 23 would suggest dieleciric constents within thie raunge,

or less, amony them 7 ray cralers, 11 nom-rayed crabers of Cless 1,
znd 3 non-rays@ Class 5 creters {4tlzs, Posidenius, and Vi%ruvius,

#ith lesser eahavcement, all within or nesr the borders of Har

i

Serenitatis snd Msre Tranquillitatis)" Tvo cbjec'uQ Diophanins and
Plinius, both of Class 1 non~rayed, yl.eld exv “ﬂul&ﬁm_v veluee of the

BN

dieleetric cocastant, 15 end 35, respectively; heavy mev teoritrc mater-

ial mey he suspected ip these cased.

(Y

The rest apuezr to heve bzckscatber cherecberistics of bare rock.

Howevar, it éingt“necess&r‘ to postulite & s s0lid roek surfsce; neither
exposed, oy iuried under a thin loyer of loose materizal. Bocks of

154
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o1 / - P . .
BOre hon A&;;Tm 23 cm in dilcmetar, buried in the uprer 5-10 mever:
n

of the soil, would wet ip £ winil r mernver 13
sgction cove:s tiie ers.y wor this, they aced nov ccoupy oere then 10
pey cent of volume of the Whoulder bzdd. surveyer I pichurcs suggent
thie voesibility which, in @ much weaker degrec, exists even in this
mere lendscspe ol Ccewrms Procellaruan (Fige. 5,06).

7. R 08T ON

o S ——— e " un M——

A, Soviuce Lodificoticn Procuousas

U‘

el
i
o

n the following rectionsy, & vwabit.tive phyeicel theoory of the
cvorusion of the luvn.r surfice under the influence cof exbternal cosndce
fr.etors ie d:iveloped. The bi cis for it ie the theory of crutbering
snd evcountzry, ag well &g observotional data referxing to features on
the luner surfice and the materisl contents 0;1ptaraia WEDELY 8DECB.
Ae alyezdy could be sewn from the priceting heculcﬂs, indernendent

though not preplse, theses predicitlong are suppessd to be close
spprozimeticns, 1o £ 20-30 per cent in e0me cures, within & & ctor of
o ‘ )

2 or 3;0tﬂexs when the pnwambitst:

lines of evidence converge in checking end cenfiyming the prodichicns.
Al

ive s 4o uneerdsin, &g 10 le with
- s p . M f
the éeacity of intervlzunetery mather. It turns out thed the present
ctite of the lumer surdisce csn be complevely understood in terme of

- Ly

exbernel izctors oobting elone for 211 the 4,5 billicn yeare ok

L

SRR N

ieterce, any eigns of endogenic-voleosnic or love-aeti ity be-

O
e
et
[
.
bt
i::)
o
<l
=
o
pt e
1
fuy
o
=
e !
H
(o
i
&3
(&)
B
S
o
!-—;
T
s
o
=
(&
]
s
4=
o

X
longing ©

o

Gonclusions in the 6pgosisc serse are elther sred oun inprobobie
asgumptions, on dlereg;"d Tor physicol realltieh,'Oﬂ suelitorive judg-
ment by berzecirial gwalogy not guelicable Ho the moon.

Az an Gxample of the latter, ttc very lunberessiing a]tiCLC hy
0 *Keefe gﬁﬁg, (1967), “Lumer Ring Dikee fvom Lunar Orbiter I" may be
cited. The crgument hinges ocun the contention thet "the glo 1o
less than tre angle of repoge of dry rock; bence an e¥xriena tlon in
terms of mess woetsge is herd to cupport™. Hovr, in luncr processds |
evosion, the angle ol re spoge 1o iveolevent. 11 could be desisive Whe
the eroded uvhips of rock were left lyiug in eitu, to roll dosnliill whe
the =lope i stecp enough. The om.y process on the moon vihere
counld be oncretive is the destruction of rock by the exitrenc veristic
of temperctare yet. in the szbsence 3T wol

a

er; 1t cen work only ©o o
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veyy minor extent; otherwise the obssrved prevence of shony blocks
snd ersrusiors would be ulberly incompreheusibvle. A¢bunllily, hovever,
mebooritic inpect {(indepimdent of veloelity) will disperre the rock

fr&gn@nte over o redive of fboub 17 ka (ef. Secticm VL O); Flamsteed's
rocky rTing ih sbout 3 lm wide g(@"f ofe etol., 1967), Fig.:
dobriz will éisperce into the sngulfing plane withoub uny relntion 0

the slones of the riag. Grevmador material eetd bling on The ring will
B

be perbly swept owi By the lmpacts in & ﬁlﬂllrf wayner, aad purdly i

a2

will drift dowrnkill under the ingﬁig»t*em of wicrometeorite Lomburd~
ment &t L. cilculable retbe ( goticon X B} proporiiond ¢ the t*ég@ﬁt of
the slope sngie, anowever small ihe m:glc ig, indevendent of frichion
and withouwt cuy velation bo the snglc of repose.. Besides, the nolion

]

of zngle of rapoge is ineppliceble fc¢ the fine lunsr dust when the

on betrieen the zreins sxcecds whelr welght {grzin dlswe boy less
Also, om the photograph of Flemeteed's ring {0 'Keefe
etel., 1967) little craterlels, wiltnesses of contiruving eroslon, <Ie

£
seen though in much sweller nuambers agn on The survounding leing

-

the amelogy with the peak and wull of Alphonsus is complete Lofl.

Section ¥‘£)= ke ring mey be 8n sacient wing dike of n Jr-mare

o

4]
0
iy
e
o

although irlerpretrtion as the remnsit of & reised improet criter 11p
ie much more. plausible {ef. Figs: 5,5 gnad Fig.1l}s |Thowiver, the srgu-
ment shout i1he sagle of vepose is nolt only irrelevent, batb miclesding.
the mechanicsl processes &t woerk on the lugsr surface hive
rezlistically Qescribed by ¥nipple {1959} and 5gik (19828} . Thave
sre spubterng by corguscular radiaticn, &accres fion fxrom wicromepeori
material, destFuobion snd trenspors bY winery ond sceondery impac$s¢
Mozl ol the estroyed mass, much greeter than thoe nees of
jmpecbing bidles, reburns to the lwer surface, though not recsesaril;
in the immediate vicinity of ithe impact. Broepd Tor the feliboek
Traction, ib settles on the ground voboide the cralcr covering pyre-
vious mell feabures with an "overiay®. The overlay ir suphreruently

Iy

aisturbed by plerometecrite and ews 1 mebeorite impects, Loreced to
lsave elevobions and collect iwmbo &sprecsions. An eswpiliboivm steve
between new smell craters and their levellin cut by erosicy embebl~

inhes itoe.f, the creter profiles tecoming flatter with age. Thig
gha

5]

f——‘-

until & lorge crotoer erus

(0

“he traces of previous formetionts

254
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Using an iggenicus method, Jaffaleﬁo5 15661 wibtemyted to in-
terpyet the profiles of sesll crstors by overloy only. By eswrinkling

!,-:3:-
K
L]
b
e
-
I
o
P
b
pt 4
)

eifteil szxnd on shexp rrtificisl eraters mend,  Bhe waghows
)

of “mbc:&tayy crater profiles se depeniing on the sdded send iluysr wasg

comprred with the profiles of emall crotesrs (3 to 104 metere) on

Tengéy Vii, ?Elg, &hé 1K pﬁa%eg?ayhﬁ? snd the thickness of overley was

estireted dn groportion to cratcr (lemiber when the iuborditcry snd

lumay oreter pweiiles wers similar. In such & menmey it was found

Thoet Yot lesst 5 moters oi gre ﬁR T meiorisl, &nd ppowsbly eon?iﬁer°ﬁ1§

NOTE, hewe Dedin de y@ ited cn Hure ﬁ?.ﬁq&illiﬁ&tie, Mlyhonsus, sad near-
¢

v highland sre: 8, subsseuent to the formation of most of the crajery

55 meters in dizmeter or largur?, &nd simllir resulis have besn obiwine
ed Tor Fuze Cozpitum (Jeffe, locecid.). Th is intorxesting to noile
thet, despite objscbions do the validisy of the methed, Jaffe's Tigure
cemes close to the setimate of 14 meters nsde below {or post—mive overs
lay, caleulsted = priori irom etronomical date znd cretering theory.,
Weller (1966) reised some objections to The methed, and cothers are

5

pointed out here. The prefilee oF luﬁ&r cratvers change more iren

erosion {vhich mmy carry away an elevaiica or £ill & depwescior of
2030 mebers in d. ?Og veavﬁg and i;tfle iF a2t 21l from overlay.
The weshout of € w1me§§a1 ereters depends on friction and relling oI

sandgruins (siza ahamt 0.03 cm) whiech in «ir are woch more xebhile than

.
E
in the lumer vicuusm, sad for which the sngle of wepowrse is degicive vhen

there are no pereuscions or gollisiong. The 1 ar loose matorisl iw
forced Govmhill by mu teorite impsoets as well &g by the secondrry spray

¢f debris wnich aaeaanﬁs for the ovefiay end which &t $he séme bime
disturbs the graine and aends them downhill. Apparently, the sone
role wae played by the laboratory sendgreins falling on the sriificial
creters zud Giaturbing by their impacter Thelr suvrfice even wher the
olope wac less then the engle o reposo. The sgreement betwecn the
epiricel endibthe theoreticul estimwben of overlay is thve not guite a8
fortuitous as 1t seoms, a,certmiv amounts of injecbed overiay ciusing &
sponding :lumping of the crater profile. 1% seems thet & given

overley of ferresirial sand &t berrestrisl grevity sprinicled Tiom &

1,

spmall oltidtude Loe the sems effect as'z goual amcunt of dust angd

+

Cpuhble on the moun bthyown with much h

"

sher veloclty on the itn4¢

'jﬁ:} &
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compzeted dwust plug Jirect ercsion b7 2 smeller mass ol lnberplivet.yy

nebeoric muteriol. Asn te the gperent lncresse of the estimnted ovepw

15y ffﬁﬁ;p}th '*.'-s’i't}:l QIHE_‘{;@}': d.ia'j’ﬁe't:@:i? &smg{g}ﬁs Leﬁ} ;3'? JAﬂf‘!-(- "3 ’\3}:»,{36‘3’2?,?5{331@3%33 3*..‘{7
can be cseribed to ipercise In age, craters below 300 moters having

¢xicthed but for ¢ fruction of the Hosal spsn of 4.% Dillion yesrs wnd

having thus roeelved & smzller gpriniding, & dismeter of 300

i

vE
meterve, Jaffe'ly figuves ag plobbed by Velker (1866) point to sxn over—
o,

ley of T meters, &t Smy dianeter dhe overday is about 0.07m,. while in
properiticn to dismeter or uge 1t is oxpected fo be C.lom/; she ordep—

alu
b
of-wm.guitude cgrewment 1o satisiuctory.

B. Hruttering by Scler Wind: Loss and Goin from slé“ﬁﬁ@tf0“1te

Soler vind bomboerdument ciuses The spudtering of atoms from the
silicate lattice. From & gemi~-empirioenl theory of siuttering, and
with a pure protomr solay wind Flux of 2 X 3081Gﬁ»/Cm saee {(Fywriner KA

édﬁ’) 5 ts {1962b) e=i es lesd bo & spubbering rote of 3 x 10”9
g/um YL Pron thoro zqh eEperin el iﬁV@Stlg“ﬁlOﬂ? of sputtering
of viricus raterizsls, Venner %3%10 (1963b) srrive &1 a 2 much JCbt&T
founded spuitering rete Jor & stauy ccugh surfece of Q.44 or “bgvt

1.5 = 10 hggfcmg‘ year, Tor 2 x 168 rotouns and 3 x 10? heldiwn ions

per cmg and se¢ with snergies above the azuttorlﬂr threshold in ‘the
normal solsy wind, with allowence for solar storms; tris Tizure will
be Turther sdopbed. For & pure proton flux VWehmner's figure would be
Lox 10“9gfcm2, yeur, or one-half the suthor's estimsie.

Apout iwe-thirds of the spultered atoms are cjeeteﬁ wita véloci~
ties greeter then the ve?oclﬁv of excape from the moon. . Th2 aanual

v O 4
s to space from syutterang thee ean be set &t 1.0 x 10 g/cm?; o,

’.....t

€3

0o
a constant voler wind, this would zmount to z loss in 4.5 % 1&9 years
of @5g/cm29 equivalent to & dust lsyer ({E 1.3) of 35em or to 17em of
soiid rock. About zn ecual amount is ﬁguttere& inward and contrib-
utes Go cementation of the uvqb* tre contiaued stivring end turnovey
by &icrametnrl e impact {}0 yeare riwing time for the top lem layer,
5pikg 1662a. casures mixing ol the jrradiated layer with the deepir
a8y, ceocording %O
Tetribution of W
4 ag “overlsy®

ead
s3

lunzr soil.
Mebsorise infjux may Llead to haiﬁ oy lose of m
veoloeity {(¢f. Section fVA)? end to arvshing ard roedi
¢ T

debris which are sjected from The craters and
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over the surroundings or felling bock gnto the crater flcor, A%
cosmic velocities ¢f impact, the mass of overley ﬁay be 2-3 crders of
megnitude gfaater then thet of the imracting hodies. Yipile secondsry
ejects may add to the overlay smd its vedistribution, +the nst. balance
of mass over she entire lunsr surfsce depends oF course only oa the
impacting exireneous mass and its velcelly. -

From the considerstion of energy transier and V@ﬁ@fliiﬂ“@ﬂ in
the ceatrel pord lﬁﬂ.ﬁcei sral funnel®™) of a2 nmetecx cyruter (Gu: s 1%61a,
Ezble 23), ths suthor &siimated that below a veloeity of 10.7 I/ see,
a1l the impecting mas&‘wmli rerain on the moon at its present zravit

B
at 20 wm/sec, = stony meteorite will cause a loes Yo space 17 bimes its
own mans, end at 40 ko/sec a 4L4-fold loss occours.

The firsh casc is that of the micrometecys of the zodizeal cloud
(o

"M LOLP ?adizs; L035¢cm) which thug, at o spoce éené’fy of 2 & 10
g/cmA znd relative veloeity U = 0. ?8? 5,6 rn/sec (Opik, 1955) lsad %o
a gein of O, Gig in one million ?Gmf @plk, 1962a) or 45g in 4.5 = lQ?'
FOLTE pLY cmd * the lunar suriwce. The gsin turms out to be egusl

to the less from sputﬁering but, with factors of uncerisinty o the
ordey of 2-3 in the assumed rates, the balaxnce is uncertsin sven as
o eilgn. ' . .
Higher valocities are those of mcteors and metsorites which Thus
opulations, witn
Tdusthall?

’&T
re, fluking off from comet muclel and with nesees in the rang

o net loass of mass. They consist ul difverent p

g
different distributions oi periicle sizss, The ordiaey
o

&
to =hout 10 gham, Lﬁveﬁa&ueﬁ fron theoretical luminouns efificlency
cupiricxliy coniirmed {sz L9630) repldly decresse in mumbers
increasing size so that little F&Svjlﬂ containad in the largerst categ—

ories. The nsin mass fabout 86 per cent) of the "yigual" weteors is
contained in zn “Fecomponent® with asusroidal oxrbits {5pikg 1856}, end

the totsl influx is estimated at Gu /b = 80 x 107 g/ en®. yesr, lewd~

iag to 2 loss about 20 times this smommt O To T gram per cm” in 4.5 X

109 Fenrs.

A wmore iaportent component of the mess influz represent 1he
asteroids” of %he Apollo group whose freguoncy exponents, 2 i ol pOVIET
of the redius, eppesrs to join them into cne coutlnuous group from
meteorites of 25 to 400cm vadius up ¥ bodlcs in the xilometber range.

25



From corbined obsexv:dions
thig grovp in grexs per om” &nd yezr cod wil
I,,ﬁ\,\l
R, to R, is estimzted al
+ 2 ~11 s 0.3
%fi/&t =-1.11 = 10 (B, °” - R
at 2 density ¢i 3.5 gfemSe
Comet muclzi, :.ccording bo the saase source contribute (at density
2,0 g/cmg)
e /35 = 1.55 x L0
e
<)

R “Rlaﬁs)s (]‘59
snd Hers fgteroil 3¢

2 )
deflected hy periurbations, at deasity 3.5z /cm”,
gAVe ]
| A/ 8(32i'4 - r ). (160)

Theze aecretions corvespond to differential pumber fluxes v the

lvnar surlsce per cm2 end year and intsyrvel GE according 1o
AN/t = GR TR, : ' {161)

~13 = 1.48 x 10“15, n, = 3.2

3
¢y my = 2.6, ALL the Fluxes end ccoretions are
1 e L

!
!..J
N
_:_]
54
!._l
o
t

ompayved o Tthe visue releors), 80

thet ﬂl = 0 cen be osswied, Tor a&n upper iimit of cretexr dismeter of
{

about 200 km, R, = 5 ¥ 107em, egquations (158), {159), =ana (160) yield
comparable velues, . .
A t ” - o~ “'10 - l - ~ .
%ﬁi/d‘ = 5.6 x 107", qfé/dt = 5.5 x 10 ™Y, qﬁ%/at = 1.2 x 10

. . . . 5 i . ~11
snd with tke 'visucl® dusthell mebeors contributiouns 8 % 10 7, the

10 190
'

totel mew influx Leccomes 1.32 X lOmggAcmgn yeer). Vith a 30~foid"
loss retio as the mean for impact velocities of 20 and 40 km/sec, -the &<
loss teo space from these components weuld amount o 178 g/cm2 in £.5 ¥
109 TEATS. “his appears to be the dexipant component; wiithkin the
wncertainty of our estimebes this represeuts alsc the net mess loss %o

- -." 2 o - e - P -~ - sy mmmn Ha el . POt I rrh mey oD P
space from Bivremetcortdsa-end-epudbering~by-redfy—FiNe BRI

4
H,J

e
c.g-
b—l
©

Iy -

luner svrface, accretioa from micrometeorites end sputbering ty solar
wind mutuelly cancelling outb.

Host of She loss is accounted Tor by large eratering cvents end,
thue, afiects crater interiors withoul directly influencing trose por-
tlons of bhe surfzce betﬁa:n the cratsrs, The logs fxom the zverage
surface, undisturbed by the locslized lerge cratering events, must be
caleowdlated to o croter dimmeter of 300 meters or RQ =T x 10%¢m
wnien is-the limit of erosion or leve . ling out of the crabters during
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the totel age of +Hhe mesﬂ‘ Thie vields now
. g ] . 14
Gp /8t = 8 x T, @ /ak = 3 % 10712, dm/at = 1.4 x 107
3 3.’ 7y
plug du /ot = 8 x 10 77 ixom the visusl dnstbslls.
H
With & lesg foetor of 17 imrfm1 aﬁﬁf.gy znd ong of 44 l““;uz-aﬁé

i

Ho® & taﬁyh lese Trem the surdfuce ura:s%vrbﬂa by lerge supvivinag k

craters 1i“3 300m) beccmas 5.0 x 10 "2 gfam PoT year o 23 gfﬁmz in
4.5 % 10% Verrd, This is preciicsasly the effective loss from meteor
ite impaot, Tor an cubrexdly "level” surfuce outelde the boeundsiies of
large exdbers 1f sputtering by scler wind is aseuned 10 e balanced
by bthe gein Trowm microneteorites. Yhatever unceriointy is invelved
in this migu*ai*iﬁ shows the cyder of magoitude of the very onsl
chenges in thz megs losd of ¥he luner surface ue canged by externsl
Teotors, Thise wre very much smaller then thoge due to redistrivu-
tiomn of raess through cretering.

The woet imporiant component in the exbormel maus exchanae ig
the influx from micromedteorites s 5 5/ on 2‘ Alghough an av 1aﬁ$®
couivalend crount of mess, 45 €f,% irvom soliy wind end 23 g{ﬁm‘ Twom
metcorite imyact, is sputtersd buck to spece, this doss not mesn thedb

E.,‘l

the micromebeoric meterial is imnedistely lomt agelin. Befor: helug
subjected o syutbering, 1t becomes nixed with 10-30 bimes 1%y apss of
overlay Gebr.s, ejected from the bedrosk by meteorite impsobe {ges
next subsect .on), and the msterial soudlered %0 spece wOULd combain
oaly some 3-10 per cent of micromelenyic material. Fith the figures
of external @mass exchrenge aq ewimm%ﬁaa wbove, ovar JaJ ® 199 years
there 18 5 grin of 45 g;cm frem.mlcrameteoraﬁ and & logs of 45 4 23 =
68 gfcmgg of which only 2-7 gfemz would belong to miervomeboorid “eﬁﬂ
in such a case the present lunzr surince shounld contaln rome 40 &/am
{ﬁ} of micrcmeteoric origin, s2dmixed lo, and dilﬁi@@ in, the overlay
dabris or tle “ﬁ%s%“ layer.

C. Overlay Depﬁh

Kuch mb?ulmpﬁfﬁwnc Then . 3mzr1mslc gein or loss is the material
crusned and thro$n.mbmvt by ﬁf@%ermug impuctey  thie may oxceed seve-
yol hundred times the infslling mas.. From the creter bowl excavate
by the impsot it is ejected To &istmoees of tens or more kilomelers
from the ¢rater, whereit settles o Poverlay®, & mixture of dust,

rubble, ani boulders which is subjcet to further modificaticn by
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pobeor wnd rodiathon bowboxdmentd, o form waet we howve celled tke
Tunar seil or “dust® layer. The aversge distences of egac%;c derend

w

esrentially on the strengih of the mate?lal‘ equations J{ , (16}, (18},

(27), (45 )‘ gnd are fthus grestest fox im§acﬁ into bedroek, while insiz-
nificent For mcst of the stirve §~ra 2 of dust. 1 lavrge crsters,
when the distorce of glaction i of the order the créter ywrdius,

most of the debris falls bzck inde the exeter %ﬁw? whers GV@KI%@‘may
sttein & thickness of seversl kilomeders.  TFor the post-mare crater—
ing impschs as represented by Table ﬁ? the tuhickvess of overlay (as

a

due 0 the single impac t) in cewntral pcriioms of the crater 1s

;3;: (f’/}) ~ 0.625 /B )
Tuble ALV show iua thickness of overiay in post-vare ope %ersq

FABLE Xfi“
Thicimess of Ce entral Overlay,4% , From Fellbeck in FostElare (aters

(&iam@ter), T 2.2 4.5 22 44 210

”'ﬂ , asteroidel lmpzct, meter 8§ 34 780 28500 23000

47, cometery impzet, meters 1.8 - 6 230 840 10BOC
Tndoubteltly, pressure compzchion bukes place when ﬁhéﬁhjexnéﬁg

of the lzyer s grest; exwespt lis $oxmont layer, it cenmet be re-
serded se just loose rubble ox dust.

Outeide the cyater rim, messive wsjecta may be reaching over &
fringe of about 817 km {of. Sectioch VI.C)s .et 9 'km beyond the rim,
the thiokneze of ejecita cen be reughly estinated ®e be one~eifin of AR
which Lesds 1o thick overlay in the vieinity of large oIrs ters, znd &
negiihible ore nesr swall craters. “Maeyg-ape~but Tew. © The distei-

pution ofoverlay must be exbremely opotiy, following the patisrm of
the distribaiion of croters lsrger than 10 km in diaweder, znl with &

more oy legs uniform "background” of ares not disburbed by ths vi
of lerge craters {the sress being resoved by more then 15-30 kg,fram
the nearest vinm of & ereter 20~100 kre 1 Glametex Ve
fhece consilerstions apply chierly to the maria where & pre-«

existing rocky {lsva) base has been -ubjected o destruetion by im-
‘pacts. Tn the continentes the crust gppeurs o be complotely forme
by accretlor. of overley during the premmare gbt ge, any e-rli xr mrls
surfcees of the sccreting moon being buri&ﬁ under the finzl shower of
Overiay.
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The formublon GL overley hea been in grinciple described by
Wnipole (19557 wnd Gyik {1960,1962a).  There ore twe kiuds of pro~
cesven at work: (1) 211 impzetivg boedlen ond rodistions countributbe

tao acai¢1ewtzan‘{wvmﬁa¢mvﬁ cemenbation), wixing snd d&isplucorent o1
the ewxisting overlzy ov “dust® layer; {z) only those mebeorites
large enough to penetrete the layer contribute to evowion af the bed-

*

ook ond cre instrumentsl in adding vow metericl to, anl increasing

the tﬁicknafsofg the izyer. Hence the arowth of the loger =ith tims
becomes slower ag lie thickness and tae infericr size limit of the
aetive neteoxrite populibicn Inceressls.

in acgition To primery inpucits, sceondary end higher ordsy con-
trivute To overlay. At firet we will consider only post-mars primery
imprebs on en initielly nerd surfece, sugposad to be golidified lavs,
of 2 strength about that of tervestrial lgnecus rocxs {ef. Seckion
v.0).

an everege), B the mudius of the progectile.  Alvhough the velooity
of the projectile decresses af penetretion, ite fiatiening &7 hyper-
velooity gvents increcses the croes section ares, go thet lons of
mopentum o&n be assumed roughly proportional to depth of pe;g%raﬁion,
Henece the ftwOL“On of wmomentum retaired alter vengtration of the dust
layer is
A - X/(Qiﬁ), - (162)

The condition » Jo yields a minigum redius Tor penstration thet

renches the bedrock
RO = X/2p (163)

+h BYR_ sre cepslie of ercding the bedrock. An

Unly projechiles wi o

infrlling mass %ﬁaa reding R produnss & nasy of overiey
A

A

b

Ho= A8 ). g (164)
whore mgéﬁ is given by equetidns {é%}, {33, (1)

Wicroretedrites and visusl met:zcers ere G500
the dust leyer cnd do not contribub: significsntly to ov aY\e woept
st the very beginning, when incldent on & bere rocky eurxa@x . Fox

H

i
bt

il bo pengtrate

the remeining three ecmy@mﬁﬁﬁsplﬁjxis to be substituted by

a -~ . .
R (Qp/ﬁu). aR with R = Ry, Ry = eonst.



ag siven in (158), (1»9), (-

i

60}, end e.uction (164) integrsted from

Lw.-m-

Rl‘% B, aeqnatiaﬁ (163) § to sn upper Limit RHQ Toy the zain ook
ground, wneficcted by the viciniﬁv of lavge cravers, We ALsune an upper
limit of creter dizmoter B, = 2.48 %m snd Ra = B f>§ {cf, Tabilz XV)

for which thelme&n.spacin$ im ldare Imbrive L& {(£.65 = 16§/2GT)3m &7 Y,
ahout the double of the exbreme {lighl distence of massive egjests from
nerd bedrock. Ejects from cyebers up %o this limit will heve by'ﬁﬁg
oroduced & more oy less vnifons overley X09 with 1iitle spottiness,

The ejeots from lorger craters from B, = 2.48 kw bo B, = 44 Ia, or

+
0
From corvesponding lavger projebiiles (From R %o Ry = LA/ Iwm) will
czuse locally much deeper overlay whinh, ﬂre%é mwniformly over the eni-

ire arsasa, would smouvnt to an average iayer Ylg hewever; for theve
larger projeciiles, loss of mouentum in equation {1562) dis t0 e oal-
culated with X- = th a0t X +X§9 becau&& of the spoliiness and iow
probupility of c¢oincidence ox the major impacts. Actuelly, Tor these
. B is so large thad 7 = 1 can be sssvmed for the preserst sand
past state of the luner surisce. The upper Limist BO = 44 ko fov
major craters is that for which throwout is about DU per cent of The
totel detritus. For still larger craters, most of the overliy re-~
naine in the crater, forming an avarug& leyer l/5~lf3 of Adza given ix

Teble LhEv; 11 must be treated as purely locsl enhemcesent, and thers
A
Y]

ig no point in cilenlating i
overlay elisevhers.

a contribution to the average depth of

Yor the three components of metcorite infiux, fhe following nwme-
ericel constenits hove been assumed:
for Apoilo group |equalkion ( ﬁﬁﬂ}aﬂﬁ,ﬁafs asberoids (180}, {= 3.5
st

20 km/sen, = 2°88 (et p= 1.3, ,ﬁﬁm 2 x 108 as Tor the du
layer), B o= X ;”5 76, = 8,3 x lﬁgem, %ﬁ = 1.5 x.lﬁﬁam? ﬁ{{fgm 232
for comeb mmlm (3;9),, <= 2.0, WO 3 40 km/see, }aweaze R(}::sg/‘@das,

By = 4.66 10%em, 35 x 10%om, ® o/ = 63T " After imkgration

with thsee data ol egustion (365), separately from ﬁo 40 Rlvana fxom
R, ®o R with J4X rilujr = A%/ 1.3 23 for the overlay rubble of

; s . R . o ne. th iori
actumed Qensity 1.3, and omitiing swall irrelevant terme, the a pra

caleulated rate of growsh of hackground ovexl&y'iram'ﬁrlmayy'meteérlﬁe
impact (cratere sgeller then 2.5 km) in & lwer mare (seligixied 1ove
=8 the bedrcok), in em/vesr (st density 1»3g/em3), as listed
gseparstely “or the three components. hecomes

Iy

5



ox /it =
= 2,97 x 1070 -« 1.67 x 1072 % %73, (4pollo group) o
+ 6.5% % 10 -9 - 8.96 x 10 12XQC -8 (Comet nuclei) 9 (165)
+ 7.0 x 10 ~11 - (Mers asteroids, . E

gnd the annizl rate of smoothed-out growth from gajor impects (craters
from 2.5 to 44 km diamcter) equals

dxl/ at =
-8
= 4.10 ¥ 10 (Apollo group) 7
+ 6.57 x 1078 , (Comet nueclei) [ (166)
+ 3.94 x 1077 (ifizrs astercids) :g
Integration of (16%) (in which the negative terms are not very eig-

n;iﬂcgnts reducing-the cutcome by only 10 pexr ce ni) yiclds, for

4.5 x 109 vears; a background overlay of 40 = 147 cn froem primasry
impacts alone: +to tnis is to be 2dded a spotty overlay from 3the
larger craters (2.5 ~ 44lkm) of average thickness X gy = 468cm (B4cem
from Apollo group, 266cm from comet nucled, 18cm from Yars easvercids¥.
The tobzl averazge overlay from primery impacts, calculated & prioxd
from cretering theory end astronomical datu, is XO+X1 = 61%cm oxr 800
g/cm2 (at density 1.3): YDbecazuse of the spottiness, the figure has
not & very definite meaﬁinga

Secondary impewets pwobably contribute very little

2.5xm in diareter, and the value of X, should 1ct ne ¢d any correction
in this respect. As to X the contribution from secondary :wpacts

to cravers over

by large ejecta from the iarger craters must be consliderable.

There esists & direct exwpiriczl method of CVMlU@TlQﬁ the tnlokw
ness of overlay, based on the volume actually excavated bv observed
craters in & mare. While the crater dismeters are directly nessureﬂ,
for the depth tc dismeter ratio, | /D = XP/BO, the aversge %ke)*etlcal
velues (dismeter renge 2.5~44km) of G 1105 (Apollo group) and 0,0569
(comet nuclei) will be assumed, according o Table ;g, weightz:d in a
re=%ioc of 1 ¢ 3, so as to give & velume ratio proportional to the
celoulated velues of overlay X, 184,266 = 1/1‘45;‘ in other words, it
is sssumed Flet, within théghosen dicmeter renge, there are taree
cometary creters to one of tue Apolle group. Thie gives an average
ratio K',/BO = 0.0703. Furtner, doibling the volume as for surisce
ejeoﬁa_of deagity 1.3 originaﬁig% from bedrock of density 2.6 (however

J75
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for thick overi&y ()i i&lL beek, the deubling is not justiiied, <& the
material is compressed Jﬂder 1ts own Waighb), qu**won (15) yields
the voiumbgg giects &s .

\fo = 0:0344 B> . (167)
The thickness of overlay avevdged over area :; is then

SN/ S  (168)
Oplk‘v (10001 counts in Wesbern Mare Imbrium yield thus

r—————

“observed vaLue%Ex overlay &s representet in Tubie X KAB

ALl craters ¢f the area except Archimedes are included; Arch-

imedes gg o premmar%E?ater (BO T0.6km) i m’iih 2(] . The cumulative
nunber of creters in the third colwm is Trom 1a rgest (e2) dcan to

the given limit, while the cumulative thicknesns of overlay in the
fifth columa is counted in the opposite direction from 2.48 km up.
in the lagt columm, the average sepi.ration oi the crate re at given
cumulative ﬂumbefg ¥, cazlculated irom.f%/ﬂ) , 18 given. This
chzracterizes the spottiness of overlay; 1ittle will spread beyond
& radiuvs of gﬁ + 20lm irom the cen’er Q%Lﬁhb cretery o roughly, be
yound an sver ge SEPSI¢LTOP of B “* tOKm Lﬂe large contributions to
X, beyond B_ > 2L. Amm ere lOOdll?@G =0 & frectiom lesw than {61.4/241)
= 0.065 o¥ the area and ave not charuchieristic of the beckground but
largely depend on_sanLe mejor 1mpoctu. As the figures stend, for
ithe dizmeter llmlts 2.5-44km, the &versged chserved overlay is
X, = 1489cm, to be ccmpired with fhe velue of Xpa= 468com sg calcula~
ted z@hove theroet1Cc1Jy ¢or primary imps cte cnly. The difference
may he pertly due to someqeconaa?y créters lerger bthan 2.5kn in the
go re nicus znd Erat ovthcnos rays, bul mainly it is the menifestation
* the excess in the true number of larvge crabers sbove thel ce lbvln—
ted from the present POpuldtLOh of {nuerﬁlametarv strey bodies, as
versistently revealed slso in crater sitetistics (Table XVII). Al- .
though due to a few individuals, the excess is alweys there, and
essentially in the same proportiocn, sucﬂ a8 in more exbendec counte
on en 8 tires lerger srea (Table XV..I11); these counts as presented
by Bzldwin (1964 1) agres so closely with those in Vestern [ore

Imbrivm thet no revision of Table XIV is necessary.



Overlzy (X))
L

sverszet over 3 = 485,0C0 wt
Gf&ﬁii . Fumnber ) égiﬁ Xﬁ-' ivera§e
S n i on cumul=ztive, separtbion
meter, hm interval cumulative Ieter) km
2.48 207 O 47
g¥ 14.1
2.92 110 14 G5
36 8.3
3. 35 T4 22 TS
21 6.0
4,10 53 30 94
19 15.1
5,40 . 34 45 117
9 14.6
6.70 25 &0 136
T 204
T GG 1.8 80 161
3 =54
9.72 15 95 176
6 DZe 2
1.2.7 E 158 221
0 ] O
16.6 G 158 22%
1 Py
1.4 8 209 - " pAl
4 T 432 .
27.0 & ‘ H/T 340
2 ’ 423
34.3 2 1064 480
>3 425
43,0 1 1489 68>
4 LB
55.5 0 2377 -
0 0 "
;5¢; - - - 3T - d(f;%?
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it ig 18.5 + .29 Bo(km). A aversle czn be oasumed,
Lm = 15 4+ 0.3 B (kmy). {169}
[=1

With fthis and the deta of Pabl stribution cf

e

Fl", the freguency d

i
overlay thickness in 3 mere basg bedn czleuvieisd as chovn in Table Xl?tja
The volunes sryo based on the zetuwal orveder statistics 1n Hav

¢ Inbrian ot
For cn averige busic overlay of B (az explained below) being alded, due
e crater% less then 2.48kuw in dismeter. Figure 1 reprencuts this

Yery uneven QE*El]BuL]OP grapaically. The dhickness values are
TADBLE XL
Datribution of Overlay, Thicknessg in Tuner Haria

&
as hacsed cn Volume and Ronge of Ljects

Thickness, meters 13 14.9%9 18.5 23 29 39 60 180 330 550 &80 1470
Percentage Ares .7 22.6 7.1 1.7 1.4 0.6 1.4 0.3 1.3 0.8 0.5 0.6
aver .o over intervals of the crater stetistics For Mare Dmbrium (ﬁh;uh

(""
stz

is reprecentative of all lunmer merie, cof. Tables XVIL and AVLIL.).
t

1,

il

ere prinary impacts only to be commidered, the besic coverlay would
have becn exwpecked o0 be equal to XO 147 cm as celeulataed abov: for
craters beleow 2.5km. However, ejecta Ifrom sscondary craters are mekiag
a very much lurger contribution in the smell diawmeter renge, icressihg
the thicknesg of the ovc=10v and, by its profeciive action, decreasing
the role of the very small primary imrscts. -
#e shall use as typical the actual covaie of emzll crzter 3 in Mare
Gognitunm, as derived from Renger VIL rhotographe by Shosmeker 11966) 5
Prom his curve on Fig. 2-42, loc.cit., cumulative criter numbscs &t
srious dismevers were btaken (dots on full 1ine). The curve, =2fter a
marked twist upwerds beloW'Bo = 1.2kmw, interpreted as due o sscondsries
bends sharply down below Bo = Bl = 285 meters. This fen be plausibly
attrivuted to erosiomn, B] being the 8iareter eroded in 4.9 = 139 yoars
s P

i
t.‘.)
('0
,t's:
or
!
et

znd the lifet me, as well 2= the ﬂhmbs of smeller craier
surviving being proportional fo 33/31. The counted numbers for B (B
et thug be ;mldivlied by the erosior fuactor
B, = ' 170}

+o allow for oroded craters which are no longer there tubt whose ejecta
may have conteibvuted to the overlay.

i1 T « A o B - e -

The cumulative mumber of primry impzcts per 100%m2ena 1¢9 yearn

iig

-

/97
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is sosumed zcoodling o (1a1}9 after integyr: $ion end with the proper
censtentsy with R in cm:

,-

log E, = 11.921 ~ 2.7 log Ra (170
for Apailo group or mebteorites,
log W = g.828 ~ 2.2 19? R, _ {(172)
Tor the comed nuclei, whilelthe comtridution from Mors astercids is
negligible wishin the renge consifered.  As in Teble IV, 2R = B/14.9
x

and EKG = / 6.6 s for interplanetzyy stray boedies impacting on
haxd rock. ’
The adopied creter statisties are colleoted in Teble ZLVits.
&aﬁuimtzvu ufbter WUﬁb§“7ﬁﬁf“?T?2“ﬂm&@§hﬂg “ﬁ”Ob*”T?@G‘?ﬁ&T&

Cﬂgnitum ooeord i@w to Shcom&k&r (19&0) N ﬁ ﬁfim aries ov‘h“fd

i & ¥
ground, czlcurzted; N Lower limlﬁ F cr&ler almze% chalt :
N . . Por S 6 NIRC L
ﬁhﬁ@ma?e? gqrives.his orate dan&gtleU\\Yux 1Q k@ end 407 years ®
introd _ﬂmn« “tae hvuabhetlcal e?em'n* ¢f an zge of éhﬁfﬁ 10
*@ Uﬂliﬁrﬁ 1nc:acnﬁe into blwi tr&zg&tiorwefd\couﬂbsa I the total -

ge 15'msfe o~ less correct,

"

z

Wﬁm&efre:blvetmw:1Qfﬁhaftz 6n zocount

% 4

. ..-u»\.a,-

of \Oqlaﬁ, &% 1Cc b foxr %‘mﬂalier vraters (04{ Tobhis XXT?}‘;’ His
i 6 H a N N
f;ﬁuﬁua.cxamaﬁgaallydseunte Eiumﬁ@rq-lf? 2102 A4 B,

From the .eguations of & ec%zon 1%, the geometric parameters of
cratering in btwo 0&mfﬂ0u61lﬂrlc media -~ the hsrd hedrock, ond the
rubble of cveslay, are aﬂacrmmneﬂ Fellows.

It will oe Tound thet, ;q the rarvge below 2.5km, seccendsry craters
athe mein contribugdyr to ﬁ*erlay #1so, in the smallest clzss of

crators, the ipollo-meteorite group preveils emong wwimeries, while in
the larger clisses the comeb-nuclel group i more prominent {(of, Table
XZVITL). 4 simplificziion is therefore afmissible, in assuming en
equal pwoportion of the two groups among primaries. Tpis gives sn
aversge of XﬁfBo = 0,0837 and, insbtead of (167), 2 volume of u:jecta
from wvaprotected hard rock {?fq Fgua b on{l;)
' viE = 0.0204 B, 3 (173a)

o

H:.

r the primaries. On the other hanig overlying rubble will prevent,
thae underlying hedrock:

4]

]
this condition is most critical for tae smallest projectiles umong
W

3
=)
[N
I

‘parﬁlally or beobelly, the projectile sir

-which the Apclle group preveils.  Fer this group, wi%h.ﬁb = 20km/sec,
s = O = 8y =
&= 457 g/f = 2 eng /.f,,, 6 x 10{ LIS P 2 x 3.{}8‘ &3301}%} a8 w{r

i

i
2
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TARLE

iy
Cumuls tive Crater Lumbers per 2.22 ¥ 107 ka® ¢ 1

HMare Cognilum according to Shoemaker (1066)%;

O
-log i
(meters) 1.247 1.636 L1.947 2.270 2.512
logit obs. 7.332 5.590 6.000 5.414 4£.75
log B.,om 1,775 2.162 2.473 2796 3.038
log R;;cml(BEl 1.910 2,221 2.544 2.786
3

log{l +1i )T, 220 6,212 4,609 4.010

4o 48  2.86 1.39

7 1.05
LN /LC 1.05

189 yeers?, iatroducing

09

4.5 = 1
forwer: counts. L1 the total

the efrective ags in

for the smaller craters

actnelsy counted mumbers pex

Shoeemeker gives his crater densities

the hyrothetical siement

arar

SELVEIT
2

¥
‘5t

hard ground, calculated; Bo’ lower 1imit of craterx

2,716 2,935 3.071 3,
£.071 3,402 2.873 2.
3,242 3,461 3.597 3.
2,950 3.209 3.345 3,
3.512 £.984 2.659 2.
0.83 0.64 0,55 0.

Uper 1

years and a tmiform incidence into iule
3

age is more or less
c: account
Pable RXIN). Hie

1¢°%/4.5 wm?.

diameter
282 3,336

-~
-3
I%

LY

-1 Q
L -
=
Q [j%]

g-.J
L-]

w
o
(o]

43 G.2%
2 . a
an” aad
of an ageff'

COTTecT,

at least ¥

figures ere

20/
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TABL B, IXIXK

Czlowlion of Meria Overluy (E)(eb Sensity 1.3 o/cmd) from Eiechs of

Craters smaller then 2.5 km

=] = - 2. 'y - -y y - - -y £
(Supericr nmumbers indicete decimul Fover r&ctors, thus 62535o62XL0J)

3 :

B ;87. ,meters 2190 1500 101¢ 759 550 462 366 283 214
n observed (per 2.22x ) . 4 A 4 5

10%5m2) 107 472 1770 2920 G400 1.41% 3.147 6.5° 1.37
o e 11 1 1 1. 1 1 1,04 1,33
pccorrec%eﬁ{per 10 ki ”, _ : . )

10%yrs, 107 472 1770 2920 6400 1.41% 3.14% 6.8% 1.80°
Paxrt (A) Upper 1limit of ove lay,! all impacts on unprobected berd rock
n primery,celealated 69 310 508 806 1480 2520 4470 1.02% 2.02f
ng= nemy secoadary 38 162 1262 2114 4920 1.16" 2.69% 5.8% 1.527
gfpg(z L5510y ) on 13 19 2 6 6. S L4 4
B, (4.5x00%r3. ) om 38 .51 125 89 97 110 127 18 153
% = ZLX 51 121 256 351 454 569 700 822 989

Rubbvle penetr.i_prinsdies . o
: PUUm) 169 116 78 59 46 36 28 22 16.6

Tubhle ﬁenetr. HS '
secondaries (m) TS0 540 2370 270 210 170 133 lece 78
Part (B) Assumzd: Fresent Overiay thickness = 12 meters end vwriforn

Al

aceresion with tine
hver.age té,in units of

4,5%1.0% 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.48 0.38
Aver,overlay £, in ’ ' . _ '
- . netors 6.0 6.0 6.0 6.0 6.6 6.0 6.0 6.2 -T.4
b, primery caloul, 70 319 540 GOG7 1750 3280¢ 6250 1.854-4576i
ng= n,-n,, secondary 37 153 1230 2010 4650 1.08% 2.49% 4.95% 1,347
7Z}J(ef:t:Lci»e:m:‘;y wrimeried)l.00 1.00 0.69 0.€9 6.98 0.97 0.9% .0.83 0.87
golefTictency pocond= 4 o0 3 461,00 1,00 1.00 1.00 1,00 1.00 0.99

Kew Overlay . .
[}XP,CE (primeries) . 13 20 10 7. 7 5 6 7 8
AX,em (zeconduries) 37 48 122 8% 92 102 117 109 125
X = FAX —=, om .50 118 250 342 441 549 672 788 921
Total FPrezent hute of Ejecta.cm per 4,5x109 yrs.{{from overlay + bedrock)
) . .8

zjgiiix?’cigf/ B i &5 g o3 17 100 127
8/d% X, om 50 118 250 342 441 54¢ 572 &8 927


http:Ejecta.cm
http:1.00'0.99

P ABLE JAIX (eom$'d.)

Celenlotion of Haris Overldey {(X) (a2t deasity L. 3s 0m3) fvom LRiecta ol

Oreters smalley thee 2.9 In

(Sumerior numbers indicate deciwsl povwer fegthors; thus 6? 3962x105)
B, av.meters 164 129 wco 79 62 49 37 28 20
n00uscrvmd (pﬁ* 2.20% i '
: 5 5 5 5o )
10%km?) 14708 20327 3,627 5,77 4,071, 4102.98% 5.4% 9,46
Li 1.73 2.22 2.85 3.63 4.50 6.56 ? 64 10.3 13.9
n corrécted(ber 10 kmg, ' ' ‘
9. . ) - & Te pplr 5a€
1W07yrs. . 2:.547 5,157 1. Oj 2.07 4 14 g.26°2.28'5.586"1.31
Pqu (ﬁ) Upper limit of cvurégyo a1l jwmpects on upprotentcﬁ ﬁﬂrd rock
4
n primary,celenleted 3968 T.7% _,485 2,28 3 99 7 0° 1. 91 b o 6 06
£ . . 5 o 0.5 6, 2 6g rb. noTe 7 :
ne= 1y, n%)tﬁL01Qd1V O 2.157 4.387 8.827 1.8473.T47°6.5672.07 9614 1.282
ﬁ?ps(.OJALO’y 3.)CR 3 3 4 2 2 .2 2 2 1
ﬂX (4,)?10Jyr:.)cm - 91 91 8. g7 85 97 1oL 109 94
= Zpx § . 1083 1177 1266 1355 1443 1542 1665 1756 1851

Rubble fcnﬁﬁro{p .
primeries (m) 12.7 0 10.0 7.8 6.1 4.8 3.8 2.9 2.2 1.5

Rubble penetr.i .
secendaries (m) 60 A7 35 29 22 18 13.4 10.1 7.3

Pors (B) Assum:zd: Present cverlay thickness= 12 mebers end wiiform
sccretion with tine
-Aver.age t.,in uvuits of

4.5%10%" 0.2 0:2% 0,20 0.1% O.11 0.08 0.07 0.05 0.04
fver.overlay ¥ in N : )
meters . 8.5 9.2 9.6 10.3 10. 7 11,0 11.2 11.4 11.5

5 -y 5 eJ " 79 .}17 O?

n, primery caleoul. 1.497 3.77° 8.147 1. K5 2.1¢ 3 856 i,OSF e2d75. .
n, = ncwn , Secondary 1,057 la38b 2,ln 8..2b 1:95 Sedl 1,23’3928b8,l‘

= l

%P(eizl iency prlmerJSJO 78 0.62 0.48 0.38 0.30 C.24 0.18 C.14 0.09
Yol SFLLORERETLFOC%"T 0,90 0.98 0.97 0.96 0.93 0.89 0.80 0.63 0.40

New Overlay

AZ ,cn (primeries) 9 9 T 4 3 2 2 1 1

ot - _ r .
Aﬁg,cg (secondaries) 44 29 20 37 42 55 48 44 25
= 54X —> ,cm 974 1012 1037 1080 1125 1182 1232 1277 1307

Totel Present Rate OL Ejecta,cn per 4.5110‘ re. (from overlay + bedreck)
a/at gﬁp, om 37 12 . 15 15 11 10 8 10 ¢ 7
d/dti&i@s om 45 30 2L 39 £5 617 60 70 62
a/at X, g84 1029 1065 1115 .]170 1238 1309 1300 1521
<

£ oa
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degert slluvium, p=2.17, D= 25.0, D/m~ 12,9, the penstratvion into an
uniinited lager f rubble in & prim:ry jumpzct becomes

wo
Xp = B/ 12,9, (1742}

N ¥
-For the secondaries, only fthose of high velocidy & in the rvevs of

ray crahcr% being imporiant {(the penssrsting low velocity ejecia are

vnable Lo crush the bedrock; they as well as ihe non-penetrating ones
are cnly aDlC te produce craters 1n thc ovarlay ef. Toble XFA, B bealov
WE Sesumne %. = 0.75 ¥m/eec, ¥ = 45° N = 2.6, At impact of =eccndnri cé
npon bedz ock, '

x /B = 0.433, (375)
ang from (15) the vclee OAEJGGuE fron vwnprotected hard rock hecornes

7" = 0.1070 B, 3, (173D)

The relaslive yenntr@tlun 0f secondaries inte rubble is then
P = 0.352 B. (174%D)

With 1.3 &as the density of overley or one~halfl thet of the bedrogk,
and 0y tle nunber of impacts per 109 years upon an syea of S = 106 zﬁa =
1012 m , The centribution to overlay thickness in 4.5 billion yesrs frou
& gren group of craters Q§ } equals
- pX = 2V . 4y 50/8 (176}

For the Hrimaxy creters this becomes

.

B = 1,84 x 107+t ﬂP3303, (1778}

end for the seccnderies
X, = 9.63 = 107 o B 3 (177b)
in om per 4.5 X 309 yesrs when B 1% given in meters both eguations

are nwovisiondtlly dlevegarding Ehe protective layer of tge ovevwlay i%s@é
T® and veprescnt thus upper limi
In the fouxr upper iineqffﬁé £ Yeble Xxik)/the vasie cumulative

crater nunbers of Table XXVlII zre broken up into discrete dat:, inter—
polated for mere or less coxpsreble {not cuite constent) logaxithmwic
intervels of D tha medien velues of crster diameter sre given in the
first line,
factor E; in -

(’.‘I’O

bqervea ditferential numbers in the gecond, th: erogion

b ld

e third, end the retes of impacts per 106 ¥u? &1d 107

bu

vears ag corxricted for erosion in the fourth line.

In the following Part (4) of Teble XXIX +the date
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C

cOY Veﬂtjohplﬁg by disreg. rii

¥hile fthe totel cribering ro
ingependent of this actlcn o
date, the number n? of pr

as

conventicnal assumpticn,

the
211

.s.

to creter dismeter,. thus

1]

T

Witk the rubble layer,

thus,

S|

given rlze znd, there

substrecting -

Ag these iattarx chiefly contribute

the tzble), toe ove
Even as the i
thicknesas
(lines 11 and 12 of the tabl

ey in 8

EUTES standr K41

ite thickness at crater diam
N HP = B}/Laeg

Tor the prim=ries, and
H, = 0,352 B

for the seconicri

@S, These

of the projectile and depend

takes place ab 30{49 meters,

zho

thickness of ut 16 wreters

Glemdtc of 13-17 meters a2t a particusar
wade lﬂ Sectlon V ¢ from Surveyor l pi.otus
igs. 5:6),

Part (B) of Tuble FZ9h represents

(-};

of an ancient crater (X

tion for oan &

will be more primery impachs &nd,
their number, the difference yields Te

excaeds the imeginery “deptnn of _pe*ﬂo’c:t*as.'t:‘Lo:ﬂ“,p

ssume? overlsy thickness of 12m at present.

ATt
O .

ng uhp
te n 1
o ad

i

in the 4th line nay be consider

overley, heing i mirdead

eged on purely en
ary impacts (6th Line) does depend on our
this

size end

determines the zatio of projectile

wber of projectiles.will-~

will-

"I -y
Le VT

+ projeciiles progduce craters oFf &

oLt

grver

we

¥ ceconderies.

to the overlay (liunes 8 and S

Sesction A represents en over—esiimate.
ew overlay cammot be produced when its

inte rubblse

e) or the crater rubble of infin-

=n
i

depth i

ebcr BOD The penetrations are piven by

(178a)
(1758b)
gusntities are independent of the radius

In Paxt A this
er limit for overlay

ont cretey diameter only,

whence & rougn upp

Tollwe. Thig compares favorably with Tthe
gpot in Oceznws Procellarum,
bes of an eroled boulder wall

[rp—

Loy ]
L2

celcula~
T™e thick-

more sophisticaled

nees is assumed to grow uniformly with tims, average values lrsiead of

differential eq1ot10n being

line gives the average &ge,
presently surviving crabers

used henceforth. In Pert (B), the first

in wiits of 4.5 billion yezrs, of the
calculatﬁﬁ Trom

(179)

L

‘-i’ ’.-: —“/EL‘ ' £ " e
and the second linedcontain B the aver=age ovcrlcy thickness at th
Ca. -
time of impast, ) 180
time of © o 181t ( )

) 7
in meters. -
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) §
when overlay o Thickness cveeeds “Yrvbhle penetraticns
X oo Hps a2 0 \ (181)

the bedrotk is watouchsd and no incrcascol overlay fekes plmee. ™ Tor
the primsriss in this case ﬁ 28.0, nga Q,hSOQ For waprebected
bedrock or X = 0 thﬁlfig&re$ are D = 14.9, ZRp = B /;ﬁ g, which also
ig the cszee of Part (&) of the Tuble. For & ziven crater diamelber,
the padiuvs, snd thus the predicted numbey of imyactmﬁg p£03u0t11ﬁ$ is
different “ecsrﬁxng to the kind of iar gcﬁ» With the leogsrithmic
intervils for E or B in Tadble X&Ilf the ffequeﬁcy index is The pame
ag for cumw %xvv numbers, n-l aﬁcarauﬂg to integration of (131).
For Apollo group the index 1 8
incidence in the two cases is
(28.0/14.9)
di

Thue, whea {181) is ve

thuy 2.7, sad the ratio of primary

?\L“’ﬁ{ﬁ

T = 5.50
d, ox For ﬁoé,lsﬁm,in Part [(B) of the
tslle, the priwmsry incidence will be %.5 tim

The incident mass, however, containg &n “&&i%ie
thus decresses with the 0.3 power, in & ratio of

(18.06/28,009°3 = o.e3.
¥hen {183) i+ not fulfilled, dwo-layer aratering %e cee place.

es that given in Part (4).
nal fsotor of fS, angd

Instead of a complicated snslysis, wo sinply uae an 1ﬂi@m elvﬁ10ﬂ
formula bcivcvn the two extremes for B -G; 120 mebers in Part (B}
mp = 7y [1 5 4.5 (120/3)% ] (182)
wherear for Bcgilzﬁmg n? = 5¢5mﬁ is to be assumed. Here 1, 1is the
value of nl» in Part (4). The calevlisted velues of aversge innidence
etes are given in the 3rd end 4%h linszs of Faxt (B). Thoge Bre

incidence retes of projectiles of the same average sise that hove pro-
éuced the obrerved craters, although in the pact the cratere in each
class - and not the mrojectiles - may have been d*mllar begeausy of lese
overlay and more herd bedrock involved. .

Eguations (1772) and (L77B) reguire ceritain additional eirleiency
faa%ars,Alg to allow for the sversge frachion ol bedrock crushed as
depending on orerlay thickuess, and on the time $}, during whick: pene—
tration to bedrock level was possible. Two cases prescnt thenselves.

For & given overlay thickness X aud OﬁcﬁtﬁmA penetroation ﬁfg the
condition muat be Tuliilled that at X{d%?lg » o= b and at X/Ho =0, a=l.

2 P

a2



2
Ve assuwme thus the individual ¢iTielerncy iy the ssoond cuse 8H
7 1o (f/’ﬂfu' ’ (183)
and the avercae over the entife time of exlgicnce ¢f the mere
(4.5 x JOJyﬂs Y, for which Z, =
7y = 1~ (6/1) (183s)
in the first Euae whan the lLayer is thicker than avertge pene~

& metbers,
2 .

tration, penetrstion stops after & reletive time iw

-_;{,\ = H,/1.2 -,-;,;,%wvz,‘ (184)
(Hf'baing given in meters) during whichsx‘-w 1. Substitubing this
Ee - -

into (183} and multiplying by tﬁg the efficiency of Pari—{3), =& com~

Liemen .

[y
&

ryval

v

e Ay iy L T
Ered to Berb-tat, becomes b faraiss(
o = I’i ,/3.6 ° ( lssb}
(¥or secondarieg, use B fox H%})e

These efilclencies and the.corresponding differsntial overlay
sceretions, are given in the 5th fo Sth lines of Paxrt {B) of Tuble ”“ii*
The 9th lins of Part {(B) of the teble contaeins the cumnlaTive

sceretion of rew overlay, in centimetbers ab density 1.3 for the total
0 -
time spen of 4.5 ¥ 107 . years until presentd. Extrasolation torerd

smelleor crafer dlometers {305;20 neters) will not yield mushf on aeoound
of the rapid decrease of Hy, tF, and % 4 totsl sxitrapolated overlay
thickness for Part (B) must be close i X = 14 meters, while itne stert—
ing sasumpbion waw X = 12 meters. The golutbtiown ie practically seli- -
consistoent. o= 13 neters csn be assumed 2% gn average thickuness of

overlay (demsity 1l.3) ir the maria onm regions removed Lrom the vicinidy
of large craters, c033i5tnwt with the obhserved volume and numbor of
craters and nct crxtlcoliy aependﬁnv ¢n theory end interpretet: 0T,
This agrees remarkobly well wmﬁh«thq?st1maba from the Surveyor I
pioture (Fig.€) (of. Section V.C) =nd is not in contradiction with more
crude estimates by Jaffe ilﬁ 5 1966,1%67) which point to an ovirlay
thickness of -10 meters. 3 “Pesides tle &ccrcﬁﬂen of new overliny Irom
an envirommental standpoint of 1ntere¢ﬁ mwy be the total iniluz rate of
overioy material, new from the bedrock end old stirred up from the
existing layer of overlay. i.e. the accretion rates vhen sattig qf =
?‘“ Le The 1ates sre given in the 10th, 1lth &né 12th lines of Table
LIX (B). E:"t.r&pol tion to smeller vraier sides {(45m) would yield
Qbouﬁ 2000 cm per 4.5 x 1093M$p but the addition cengists cf vsoft
spray",; which is not mlevent from mos: standpointe.
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The preceding resulits reler to ihe haris surfcce, originelly
molten and solidified into hard yock znd subseguenily taittored by the
interplanctery populutioh of strey bodles, assuged to be the =zme as
presently observed.

For the luner continentes the condltions were aifferent. e do
not know what wes uﬁﬁarneajh, but the expored top layer is batt:red To

-
i

a great depth by & saturaiicn coverzge cof crutbsis. ‘he great pro-
teetive depth of overlay leaves ouly the larger cratsys to contribute
to it. , -

Yet us sesume thet the bese of the continentes consisted 21 a

rock svrface, poasibly partly melited and solidified but still qot and
coft. The inmpact parometers which suit best the r%@evanﬁ cre ber

range from 16 to 64 km sre those of lfodels D ané E of Teble XIY (Fig.3).
We mey thus sob xp/B) =p/D = 5.0/28.1 = 0.178, w, = 3km/sec, W= 0025,
g = 2.8 x 10 éyne/cm2, From {(15) the volume excaveled is )

V, = 0.0435 1303 i (1.84)

Fhe {iight renge ¢f the ejecta, proportional to the produsy ﬁhg
at ¢ = const. {ef. 560ﬁi0ﬂ.§5§35 is now only about Qe 26 that for port-
mare craters. On the other hand; the creters of relovent siz: on
continentas sre ebout 25 times more numBdpus than on meris (Baldwin,
1964b), or their specing is &bout 5 times closer: the overlapping of
ejects of neighbouring craters is thus sgimiler on the continentes cnd
marif. '

In Tzble gggg Beldawin's (10641) crater counts on the continentes
ss contoined Ln his Teble XV are used to estimate the thickness of
ultimate over.ey, i.e. the layer of ejects of deusity p= 1.3, pro-
duced irom & vock layer of E;m 2.6 by the counted visible cratsys of
the highlands. . The rubble layer thitkness 80 cbbained is & lowsr
1imit, the originsl surface was rubble itseld znd not hard bedrock.

However, from the model of origin of thie Surisce aildepieted in

Jres

ey

Section IV.@, it ie probable that the bedrock preceaing the finsl

5..!
i
Q
31

bombardment was partiy melbed and esszntially compac@g%s ag & i
supported by she evidence ol crater profiles (“ablevng end Fig. 3).
The cebimaded overicy bthickness distribution a= arrived at in Table
¥XX is therefsre likely to be & close gpproximation.

<

e
C ey srtitivknessrrmengedavidh an-asderd ¢k des0=greet Thet -
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oo peu¢lﬁ?fﬁﬁﬁe$~£WHmw$IE ~pers b hevig-de b vmijé reEagevel e poerbied -

fﬁwm-ﬁﬂfgwp@&vmﬂwﬂ~~'mj womluywﬁﬁ.magrhgeeﬁm&vruuawwﬂmT VR b Rt N oy
repa-oE~the ~ie diosbe t-phickness,. and te s~Censity-o0f—2.0. o;w~¢ cIN /K

in the t=ble; the 3fﬂ columm gives ble crifer a?caaé = {J. ?9ﬁ3 gﬁ
the 4th columr, the ¢vmctw0v“} ersbar goverage E.S /103 tﬂu 5%i
column, the sres within a 5 o iringe over the crater rim, 3¢ = Q.75

Z g R .
(b +10}7, or the eifective arsa coversd hy the ejecta, ducluding the
1umcr intericry the 6th columwn, T= 34§§/1635 the frictionzl oowersge
La

HeLs

by crater ejecta, snd the Tﬁh - the cumulative coverage, 2T (this may

excesd wnity vwldceh means overlapuving)y; the coiual coverage or Ifracet-

i.

ional wres is then 1 m'cxv%:23m£?. Considering thet a decper overle
ftzkes exclusive precedence over a shallower one, the distribvution of
overlsy in crler of thickmess ig that of the dlstribution of tie fringe
greag in the ¢(rder of decreacing crober oize. Lhe percentage ares in
the 8th colum is thus the differcntisl ci’&c ® 100, snd in essh group
the averzge trickness of overlay as given in Tthe Sth colwm ig thet
over the frimge axes of a craber, §£f3 ?Vc/ﬁé 87.0 B 3(&m}f 2 (ka }
QmMWQaebostng to (184}, the fzctor of 2 sllowing for +he 9uuller danedty of
the ejecta. Pig. 11 represente this distribution ofcverley thickness
in the contincutes.  The 10th or last column of Table X4 conbains
the diflerentiel overlaﬁ,ggx? as aversged over the entire area. The

total cumwletlive thickness excecds 10im, tut this levelled—out ave rage

conveys an ind.ccurste impression of tre actual non-uniform éa%ﬁxxbéﬁéan

featured in tie9th column end Fig. 1. . .
D. Overlay Perticle Size Dictribution

Frow durveyor and hanger plelures, as well as from an vndsrstand-
ing of the procese of frvegnentaition ixn cratering impads, it fcllow%
that the overlay rubble condeins sll perticle sizes from microscepic
divensiong up 0 meber sige boulders. Let us attempt to predict the
particle size distributicn from the physics of crater rg as Gutlxned in

Section Y. .
It im & well known fact that the strength of meterials inerssses
with decreasiag linear &1@33&1095, e effect is caused mairly by

imperfect chhisional coufggﬂg betwern the molecules of the lattice,

only & small fraciion of them being ia full combact with coch other,
@ne of ite ccascouences is the layered movpholosy of meteor croter
debris; in ‘he ivner portions of th: crater bowl, the greater shood

a9 757
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pressurs produces fine-griined TGC?"fEOhP« while on the culbskivia ihe
rock is Tractured inde sizeble bounlders.
Let y be the fractionsl crater mass as in Section.ll and Pig. L.
The shock pressure is propcrtmon 2L to y*z gnd this can be sedt squal Lo
the destruction strength s

‘\‘“““-»./"'ﬂ*\ )
S"T = aJC ¥ . {185)
which: results in frogwents of sverage size R, such thet
’ o ’ : .
Sp = By s - :
Ve ascume g Tow“ law for the strength dependence on size, -
- -y " .
o = CR R (186)
The exponent v can be roughly eslineted as Iollows:. For pran.te, at
C
dimensicns of the order of 20cm as in building industry, s_ = .2 X 107

c i
ayne/gmz, Its typicsl mol@gnle¥ gaqu has & lattice energy ox 2.8 ev

or 4.5 x 10"12 ery end occupies a volune GF 3.7 % lO "23 cmB COITE -
ponding 0 & pean Gistznce veltwsin lualbtice molecuks of 3.4 = 10 8em.
For 2 bond of two molecalc% the energy equaiq one~L}1r& of the latiice
eneva or 1.5 x 10 12 erg, end the Torce of conesion, with an nverse
Tifth-power 10w of interscitiicn, equals

1.5 x 107 /{oa % 3.4 x 107 } = 2,2 x 1074 dynes.
Bistributed over an efsectnqe contact zrea of {3.4 x 10 8)Q em?; this
corresponds to a cohesive {tensile) strength s = 1.9 x l&ll ‘yﬁe/cmf
&t cffecfﬁve dimensi§ﬁ R{stends here For diameter) ¢f 3.4 x 10 Vx 2% =
l§ CHLe Applyiﬁg equation (185) to the two extreme values of

w

g8, we find ¥ = 0. a)é 28 an average exponent over & relative ranpgé of
5 X 108 to 1 ia the 11near SCaELe.

For a check, consider the Arizona crater with boulders up to 20
meters, supposedly from the periphery {(y=1) and :ocﬁ {lour of L0 “cem
at an effective value of y=yp. ¥ith the value of g,u% Sbgfeﬂ“eé above

=330:25 _38 vheace, according o

-

the ratio sy/s becomes then {2000/10

equation (185), y = 0.16 iz found to be the fraciionzl mass &’ vhich
rock flour of the spécified grain cime is expected to be producved, a
nol unreasonelle result.

Substituting Sp = Sy from (186) iunto (185), we-have
R =37 % const. (187)
¥ = Bﬁg& ,&ﬂ;J%?-l CRq (187a)
""‘é;‘;_i- i 274
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The number o naxticles in Tthe mas ai%?eloa ent dy ie proportionsl %o
éy/ﬁB or, with {187a), tbe Treguency of Lragmeﬂ%guamagg cwater gebris
ranging in size from B o R + 4R becomos

R)ar~ BTt ap = R am, (188)
where .
K b - 5% (189)
is the *frequency®index® in the power law of porticle diamebers as
in equation [161).,  With V= 0.254, we find n = 3.87 for the predicted

frequency lavw of eratering fregmenss as counted in a volume. For
comparison, 3.8. Smith {1967) {inds Jor the surfoce distrivuiion of
fragmetits with B = 2-20 ez on the Russizan Tunsa Eirﬁ.t“res n--l = 2.9
0,2 orn = 30, A similer velue of n = 3.77 is found by Hapke {
Trom the Surreyor plictures. It may be relevant to note that for
velcanic ejenta in Hawailil which produced impact cretere in the

968)

sorroundings, Hertmenn {1867) finds z2n empirical value of n = 3.64 %
8.1, cloge bt not guite equal to the exponent for lunar overliay
) The ggraement between the predicted and observed frigggﬂg%)‘
fanetions of lunar surface debris is remarvkable and guite kéféérés
the oratering theory as presented in Section Il Of course; erosicn
by micromebedrites and repeated furnover of the overlsy by new im-
racts will tend to incresse the numbsr of smell fragments eb the
expane of the l;rgcr ones, incresmsing thus alse the velue of n above
thet pediched. Apparently, none of these effects has been very
efficicnts the first, poobebly, becruse the surfzce fragmenis ged
are buried za1d protected Trom erosion sccner than they are eroded;
the second bacause the mass Trection of old overlay in crsteving
ejects is emall as compared to the contribubtion from new orushed

bhedrocke.
The dependence of sirength on size would apparently invite some
revision of the cratering formulae of Section II.  The size of the

largest blocks, as forymed at the crater rim, 1s aboud 1/40 o 1/60 of
the crater ciameter for the Arimona crzter, and 4/450.1/110 for the
largest block ween on the far side ¢l the store-wall lunar crater of
Burveyor E (Fige6). The Surveyor I bedrock scems 0 have bsen
shattered belore the Tormation of this crater, and the blocks may e
too small. It appears plausible to sssume that geomeiric wimilarity

22
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holds, and Tha% the charscieristic value of the merginsl crushing sir-
ength {ﬂc) determining the volume znd diamever of the croter corres-
ponds to o peruicle diametber egual o ?/6030 so that for typicel
granitic or bssaltic bedrock, the e1feet;ve latersl strength, accord~
ing o (188) wi.th v = %, become

85, = 4.0 % 10° .“;‘a K (150)
ﬁyﬂa{cm29 with B@ in k. According Ho equation {7), vhen s = = with-
out & grovity Irictional compoment the crater diameter then varies asg
the 1.06 power of prejectile dizmeter, instesd of sirict progort*or Ak

The effecs. on penebration, agounting to the ~1/120%h powexr of
linesr dimension according %o (8), is negligidle. Thus, leaving the
penetration pa*@mcte“ # wnchenged, the cretering p'r&meter in the first
nelf of Table ¥ are somewhab chenged shrough the application ¢f (190)
and are now as given in Table Kvaa e new figures for creter diameder

in the fourth line of the Hsble, are now markedly larger tran the
”Sﬂm values _5th line but the ratio of the two does not incresse
-

nonotoncusly with creater size, the Gecrease in the cchesicnal laoteral
strength, Sos seing balanced by the iuncreasing frichtion component.

For this reasonr the effect remaims suzlls;  the de9rease of sitrength
with incressinz dimensions, alihough f.voring greater numbers cf ineid-
ence of laxger craters, is ubtterly inaleguate to account for tre obser-

ved excess in bhe numbers of big cruters {Pables EVIL, XVIil).

Viil. Mechanical Properi 1anoi Lonsr Top Soild

Surveyor spacecrelt p%puures and exp eriments a8 televised %o .eaxrth
have shown +thet the luner Wwoil is grenilar, with a very broad Gistrib-
ution of gralin sisze Irom metcv size boalders to swdnmillimeber pmrﬁlctc
{Wewell, 10966,1967; dJufic eﬁal. 1966, 2,h, NWASA, 1067; Christensen etcl
1967; Hapke, 1968). Hard pebaies are present, as well =2 clumps ofi\
coegulated Tirer material. Impacte of the Surveyor footpads {Figs. 12,
13) as monitored by strain gage force recoﬂﬁ data end supplemented vy

static penetrction tests (Surveyor T i)} yloldgo experimental lata

similar to these deseribed in-Sectionm 1L.E from which the streagih
parsmeters of lunszr soil could hbe derived. The parameters ce be

defined ¢n,aziiercrﬁ ways, depending ¢n the mechavical model unxed.
Although the tats are scarce, they are suificient to show comnslderable

guelitetive &1d guantitative similarl y with derrvestrisl natural
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TABLE Xa
Cretering Parameters for Post~lare Cﬁﬂ&lﬁlﬁﬂ“ with Bize-Dependent
Latercl Strengthn (s, 8, A0 TOt dype/cm ) {ef. Tabie XV,

%5 dm 0.125 0.25 0.5 1.25 2.5 5.0 12,5  25.0
8, . . 3.9 3.3 2.7 2.2 1.8 1.5 1.2 4.0
-2 A 3,92 3.34 2.78 2.4 2.2 Z¢3 3.2 5.0
B, km LedG  2.93 6.15 16,2 - 32.4 64,2 148 64
BoeTable X7 1,14 2,28 4.57 11.3  22.6 42.6&L 105 . 208
Ratio {1,230 1.28 1,35 143 L1.43 Ln4d 1. 36; 127
. (ng
TABLE XL e
Su#veyo? 1, Enoiﬁmé 2% reconstyructior of motion d%wzﬂg penetmition
{a) Strein goge data %
t, seconds 0. 0000 0.01656 0. 0705 01140 %
Tos dynes ) 0 1.?4%102' 2,12x10§ 2e§5x1021
B s dyne/ cm 0 5o 37107 6.52X%10 T:87x1073
Xy om O . 4.72 524 5,80
Average velooity, )
W, cm/sec 284 5.6 12.9 %
{(b) K%t€r$§ %Eg%_velaeitieﬁz w :5§4c§i § Ve = =255 ac‘ﬁﬂl,dt
(c = la {;‘/{‘}3}1 5 = 0(«?5) %
$,10° 3566 0. 5 1.5 2.5 3:5 4.5 5.5 6.5 7.5 8.5 9.5
338 7 348 % 352 351

Egiggfsov 256 256 268 28B4 239 319

£,10 7sec 10.5 11.5 12.5 13.5 14.5 15.5 16.0- 70.5}! 70.5~ 114.0

"Tine WASA bemm (Jaffe ol 1966V, p. 69) gives 3.6 % n/sd
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beach grevel, gempecially in thet the cohesive strengith repidly increcss
e

37a) appeured to be appropriste olso

with depth.  Loustions (37) ong
fOfHFL“ froenteld and lateral resistence of lunszy so0il. Some comprese-
ibility of the lunar soll wus observeé, though insignificatn erough %o
juetify the aplicetion of the penefr&tioﬁ and Qraterlgg eguetisns of

Section 1i. Teble Xoki cortaing the resulte. -

. .. . ' RPN ) A
In Pexrt (&) of the tudle, st+tic tests with Survevor {lx s Pidbin-

o7
[w]
o
e
G\.
}-m]

hillaﬁ}gﬁn.aauinﬁer crater slope of & out 230 meters
in diwre%erg in Ocesnus Procellarum,‘f%
{aatroncaicsl) or west {ae%xcna&%ia&ll}are Y
equetion (37) &nd three as umed vaiueé of a”; test No. 6 ig decisive

2 . - . .
= 2.4 % 0, Ssn,, while other %feste mre inéiiferent

in this respedt. It wus declded to assune a2 = ecm? the same as fow
terrestrial sand (Section IL.E).  There

ag depunding on the particulsr valve of &

&

and would weguire

iz not much uwacerdeinyy in S%
2, and for the valus chiosgn
the logurithmioc mesn is
4 i ‘s
5, = 3.21 x 10 dyme/ cm {+23'%o -~ 19%},
0 be compered with a value of 5.55 x_lo for similzr eypericmints
with %erresﬁriallsanﬁi%able §§§ (a}é},

Test Me. 4, made on & trench botﬁam, vielded 9.15/3.21 = 2,85
times 8 higher value 2% & depth of 6 ca after removsl of the overiying
waterizl; thia compares feavorably wita Ixperdment {2a) in Tadlc fﬁi (a)
vhers an 8.4~1-14 increazse in the beer;pg strengih y&r&&etsr We &

d at an excavated depth oF 15 o

The dyusw.o tests are hased on the impeet of Surveyor Tootpa Las,

The footpad has a2 cirewnlar top 30.5 eom in dismeler (Fig. 12) axd a
0l 12.8 cmy the cireuwlar bottom ie narrower, 20.3 om in

£

)

b ) 3 =3 K L3 A, 28 G s TN
dispebsr and wodens upwerds over & conteal section of 457 angle, 5.1

thick, The footpad is not rigidly cenneeted with the very much moxe
massive madin hndy; but it iz linked Ho 1t by & system of shock absor-

be”S with stre.n gages. At the first comtact; the feotpad acts almost
as an indevpend-mi projectile; but as soon as it decelerntes, the shock
aBsorber yiceld.: and increases its pressure ocn the footpad which no

loenger moves I.ecly by its own ine-tis The egustione of motion of
Sections IL.D, B vhich refer w0 a »igit projectile do not apply thersiore
in this cnse. 0n the other hand, th: strain guge aota proviie & )j;
e
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Hoehaniesl Strength ond Cratvoring in Top fune ¥ | ‘cil;

e e

‘2) Stetic Besring Strengih Ixperiments with duvveyor?IiI caﬁp WAGL,

/’

§§

S

f}' .
! / 2% =

2
s

=3

3

1967, p. 97)- % 5% = 2om” asseru ! @ S.‘:C“ &Uzigpgvme}bgﬂjiﬁ/“m4
Test : Sy , %, i 3? Sp (l()dgnefcm ) 104'ia.fcm4 i .
fo. 107 dyus/cm™  om 10 dyﬁr;cm. (CdTGleIGQ with ‘ @Flculawiqg

Sp=3.21 x 0% -=3o70x16ﬂ

1 3.92 2.5  4.775 2.69 D4 2,68 4,24

2 2.16 2.5  2.62 2.65 2e 2,68 2. 34

3 3.76 1.9 343 1..80 ’ 3. 1.7 B 2.66

5 2.16 2.2 315 2,20 3. 2.6 | 2.7

7 2.16 2.9  2.07 3. 34 23 3,48  1.B9

8 2.32 1.9 433 L. 80 e 171 C3.51
& 0.72 (0.0)°  «es T .64 o Q.37 e
" ecompressed clod ' i .
Togerithric mean N 3. 21 e 3.7 P %: 2,81
Probable deviationratio 1.23 .23 Y 1.28 1 1.22
Bearing test ﬂep#? “made on &N CRORVE ﬁe& ~rench bhottom 5~Tf5em berow $he 1
9u¢£r963 ylelaed %r = 2,16. X 105 yne!c; &% xgxﬁaﬁcm o L;n.gclﬂxﬁm4g
dgnc/cn {(with & °=2) '

{1) Bynamlc { Tmprch) Experiments '

5 = 324 cm® (m= 16 gﬁfcm,T R = lQ,lEcn4¢F*l 3 QAYCm.Eﬁsgnmcég wlﬁwom
0¢“O4«34 = 0.118 and 27 = 2 Gﬂz pesomet. '5_ o ',1 B,
nx:“v‘.i {c Lowno- LYl 2 - e Xog Yo §%= &P R 5 L? i ' t&yne/cm4

. Tesh is/s,l om em/sec lG?dyne en® dyne/om
Surveyor L, Pootpad Ko.2 35.1£ 5.8 364 42 7. 8? 22100 1190
Surveyor L, Foobped Mool §3.3% 5,1 364 37 6,3§l 22700 ¢ 183@
surveyor LIL.Ego] Padnigeds 21.% 2,5 (53) 32.6 2,01, 24400 930
Surveyor Lil Fooipad Ko. 25 | | 2380

: T=F3xd touchdovn 25, 2 2.5 (60) 26.5 3,30 4000 L
surveyor LI geotped¥esd g0 .. . 55 19200
Logerithaic mesn . ; I ce euns - 24300 1430

Probable Geviebion retio ;o e.e e o een LA 118 I

GEB.E

R =Ry PY 'lf}é

gb(]O d. acbn )

(Gmi

. wiiﬁ
5, 81410 H

2050
2,30
1.36
2.20
324
1.36
0. 34



e
nora direct meanz of evalueling tne mecnanicsl parsmelers oL TAS Coll
ires that the terget material
rarte latersliy with a veloeity dstermined by the preceding history of

end the amount of redisl momentum treasmitted during pehietrotion
Theory of 1mpmct eratering regu
penetration, -higher than the iastantaneous pevetration velooity. &
cone of 45° s in the footpad will not therefore, in its forwsad
motion, he ah.e Ho overtule aﬂa contact the materisl psriing eidewsys.
It nas becn here essumed therefore (centrary to some ?gﬁlf"hy the HNASA
eam} that, during impact, conbact wos maintiined only witlh +the botionm
erea of 324 cn of the footvad.
The shocl: eébsorber records give the $ime variation of the Torce
9@ aiovg the shsorber a;lsg making #n sngle © with the divecetion of
1ma@b Iron about 61° at no load to 70° at full losé. The decelevating
fe;ee is then Fy = =¥ cosol. Trom grephical and tebwlar deta des—

5y
T

cribing the inpact events {loc.cit.) & plavsible approximabion, cosds

C. 487 ~ 0,147 /G with ¢ = 7, 2?198 &yaesg vas initroduced. The

waximun load Uhlbb is veachad at greatest penetration, Xy vieldg then
, {max) = I‘;};(may)lg with &= 324 cm‘e

end, from (37: with 8° = 2 cm . ‘

55 = 8 ‘m..‘-)/( + 2) - (37%)

is obtained dizx eCuly

With +his paremeter, the values ¢L sp 258 derived from the strain
gage when ent:red inbto {(37) yield 2 fow discrete values of x end the
average specd 0f penctration betwesn Them for successive intervals of
time, The iaitial speed at impoct, Yo and the shock enitry spead, Wqy
as well as th: initial decelerstion dvl/ﬁt ot entry (uvniniluerced yet b
the shock absirber) beilng estimated, « history of the forward motion oI
footpad botton surfece can be reconsiructed {grapbicelly), to fit the
average velocities and the houndary condibion. In such & meimer, for

Footpad 2 of 3urveyor I, & recomnstruciion has been obbained au describe

n Table TOGLLLe L
The time variatioa of velocity &3 shown in Table XIXXII () is more

TN

or " less empiiical, It can De lvtberp-eted in bthe following vy

during the first 0.002 sec the deceleration is balanced throuih incres-
ging couplizmy;, by way of the shock atsorber, with the main mess of the
spacecraft; Dbebwean + = 0.002 and 0.00% sec¢ the coupling sccelorais”

-~
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the foobpad to virtually the vélocity of the spacecralt; aftor thaﬁi/;
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the Tootpad is brougnt’almost o' rest within the next 0.007 seconds

S

tive breke on the nsin

o
@

L1

o
&
[0
$ N

by incresging resistence and acts now as
body during t = 0.016 to 0.114 sec, while its own penciretion is slow

* oo

and the kinetic energy of the spsmecrsi’ is dlseipated in the threc
shock—-abeorber lege:

The redial nomentunm released in the lumar s0il by the iwmpact con-
sists of two components-- the shock mouentum imperited to the targel at
irst contact, and the hydrodynémio pregsure integral

J ={in - w) BRE+ K pE[° wPat] /2 K, (193
. . f .8 o >3
to be used with (42). The Ilateral streﬁg%h perameter is then derived
vltimetely from equation (44), using the ferrestriesl beach average of
Fz 0.118 as the only available guess. '

The date for Tootpad No.2 of Surviyor i:”Ehich landed on » practi-
cally horizonisl surfece in Oceanus Prrcelleram, ati= 2°.5 south, X=
43°.3 east (astvon.}| are the best of those guoted in Table XKLL (D).
The penetraticn, 5.§_omg was derived from the shadow of the too surface
(2§L= 30.5 em) mt low solay aliitude; . the surface wes tilted, 9 om
above undisturbed ground level % one =nd, 5 cm at the other, 2r &
meen of 7 cm sbove ground level. Substraéting 12.8 em a2 the thick-
ness of the fcotpad, we obbain - x = 7-12.8 = ~5,8 cem for the pottom
surface, with 4.5 cm 2% one ead and 7.1 cm at the other end of the
bottom (Eiir 0.3 cm). The difficulty of estimetef by mere iaspection
0% the photographs is illustreted by the fact that in preiiminary re-
porte (Newell, 19667 Jaffe, clal. 1965a) the depth of peuebration, X,
was estimated to be only 2.5 om. The crater rim-to-rim dizmeber, BO,
wae more easy to estimeate, zlthough the darker material gjected beyond
the rim may hive produced the impression of 2 somewhad broader eratoer
than the sctuel size (ef. Fig.l4 whick shows moye conmtrast than Pig.12).
Besides, because of the motion of the legs. as controlled by tre shook
absorber, the footpad ctme to rest abcut 5 om inwards (toward the
spacecraft) foow the original conter ¢f the crater, and sssumed thus

an ssymmelric position (Fig. 12).
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In the other Tour asses of izble AXI (b)) the ﬂaﬁﬁﬁebf?ﬁ

ware more dIfficvlt to estimate. Yhe publicsi iam& (Jaffe ¢k nl.,

15EED:; Caristsnsan ab al.y 16373 Hewell, 1567 WALBA, 1387) as
o

ensuliad and compared.

.»'-..A rd

well pg Basa phobographic printﬁ were
i [ > ST TR PL L
The penetrations are prodsbly soed w0 L 0.8 cuy the eratey dd

Y

sweners 52 T2 om, while the veloelibies sud veloelty nistories

b

were considered in parallel or in homology with the dabs of
TeWle XI5II as of bevher quelity. The very low velocities ovr
Surveyor ILI are not in sceord wiib some statemsnie in the
1AGA regorlss but follow directly from Lne streln gege bime
reeords (less velisble than thoze of Swuwreyor Y wnd are ‘112)“-'
aorhed hy Lhe concordahy vaiaea ot Sc s0 obtained.

Tue derx ejecta surrcunding the impect crsters {(Fig. 22)

ONG=-Way precess end that the very surfses, oxposed 4o immaniste

+

radiation, becomes slightly blesched or, rather, that the

meterial vhen buried and protecied from dircct radistion g ~

comes Sportansously davker wivh biase. Howevers as Sugnes

%

b

&, by

Hapke (1938} the difference in aloede mey be due to diffe:ant

grelidness and poresity; and not L) physico-chemiesl chanse

Yo
i)

t

in the grains. Footped go.

to

of Lurveyor I11 wos ejected from
ite orviginal craber ot third lLouchiown and coms 0 yest st a

Gistance oFf aboub 50 em from it . e Tobitow of the origingl

crater (Fig. lu) (used in Tahle X3) is laid oven and appesrs

0 havae a higher alhedo then the w:é sturbed surface or tha -

ejecta~=a vesult of compression. 711

T geems Lo guspord the

geomelyvierl inbervprststion of ths cifferences in alhedo.
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"The darvk hado of elscta from Surveyor T {(Fig. 13) sbow
an sversge ocuber marglin ab 34 omy in some peclors reaching Lo
47 om fron the crater center {reckening with the asymmeilry of

vy

Wil A roy

Ry

a di&taﬁeﬂ of ety least ¥1

0%

the Tootpsdl,

g
{ute
i
»]
At
m

3

f"]‘
o

gt The sxtieme nof-to-ynuousd flishit distasncs uf the giectn
frowm the edme of the footpad can be seb equsl o [J-:éﬁ - 10 =37
ome Yith Bow 1180, %o~ 5.3y g = 4e55 x 10T drae/enf. Yo this
" a small contribublon from friction; 120z, [eqsﬁria oz (1) and
{125] or 7H0 dyne/on®y is to Do addods wmoking 5 =4.33 x 10%,

- B

(4. Following the line of ressoning of Section L1. ¥; 2nd with

'b‘f
ind
o
W

th €~Ma” Pi/cs“; pg Gruals 132 cw/sec sceording to egumbion

W 384 ow/gec, from equation (18) we fim@Ayézzuﬁ/“w = (00 8.

Further, with sxgﬁaf;ﬁcﬁ; ¥ =0.5 a8 nesrest o ¥ 3 v BOR endsen,
ﬁ;: oy Bin Y =048, cogle=0.38 Lfrom (273 ‘] s gnmlga em/BEes
équ&tign (&5} yields the ejection velocity Lo L=37 em as

vz 84 cw/sac wnance A R%/ﬁu*’“ 0.2%, JE=0.08 only. Fof tha
coneplouous ray,; H=5EL cw, y=0.8; u=384 cw/secy sin i =04
coB L RO.82, v =108 cwisec and ATI0 O3/364 =028, 9?':ﬁ933 o
the same valye. The lunsy dust seews Lo possess nigher inte mal

friction and lover kineltle efficicrey es compared Lo terreswurinl
grovel.

The tao Surveyor ecivperiments ylelded very similor mechomicel
p&ramete?S gegpite the differencs in teprrain, Survevor I hwring
1vﬁ¢@é practically on level ground; Surveyer ILI on the inuew
‘slope of s craver wall inolined sbeut 14060 the horizon (Eifd g
1887, Port II; p.20). Althoush both sre on g ware surface oY

Oceanus Froeellerun; nesr dhe lunar eguator e hirt sepsyated b

ThiTed

AAL


http:cos&,0.3s

o

@

20%

}-h

n longituds or by G600 km, the mpchanisal pronevties

S5 8%

orobably cepresentetive of the vpp:r layer of lunar seil in
peral 23 0 a depih of EO--L00 om Lo whiech extrapolabis

of equatins (37), {(372) and (37b) ile-permisaible. The paremeters
ars ehl&%ig deteraminegd by the fing-grained wmatrix. of tne orvder
of 0¢G01~uﬁa696 em =& shown by the retentlon of the imprials

of the footpad pattern of z nelwork of about 1 om meshk with
vidges C.005 cm high on Surveyor LXT Footpad No. 2 crater of

the thiyd touchdmwn‘Chawever not visible din the reproduetion

of ¥ig. 13). Lumps of coagulated greins were presents from O

s [S-2)
0 5 oy sbout L em aversge sisze; they sppsrently consist of
lcosaly bound smaller grains snd ore easily erushed. These
lampss as well es admived oceasionsl herd psbbles or roek
splinters s by - viritue of the cooﬂnﬂatwve aetion of the eounsiibtueni
greing af inner coutects, are pProfably responaible for in-

creasing the thermel conductiviiy and yielding a levyer effective

"thermel' grain size of the order of 0.03 em (Pable AXLL).

Tebee XAXIIT containg a suEmary of the mechanieal

charactoristics of lunar soll (from Table UIXI) as compared
with those of tervestrinl natural o geavel (from Teble TIL),
?hg noLasions are those of beetiocas 1. Fy ¥Fo In the ity znd
21gnte columns ave given the surface bearing strength, 8 o
end the sarface la

vateral sivenuth oy "aﬁﬁngwan”g By s bﬁtue{?m

respending 1o zero penetration, x== 71 E
EArSA sy X0 or X = 0. Wi ™ O X10™

: 0= O ith &ap & X10

. 2 .

cynelem™ . an petyenaut with hesvy equioment totalling 150 ko

but welghing only 2.4 x 107 dynes n the moon will bhe sunse viad
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TABLE TEXTII

3
3T

-

Soll and

- -
datural

“ipervestrial Gravel

to he used in particuler with equations (37), (372) end
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ZBearinﬁlimomyressive Strevgth

S
DO

1
A
Ceoeiy., aAversge. Prohavle Surizce

Eange

f Fric. %)
byt &
10 f Gl

: Tynemic

T

Gravel ...

S gfatic

.

Strength

]

‘205;\:Or2 293—-”‘390 5{0

4,84:0.6 3.0-8:0 9.7

352:"::6;:3 2»6“’3'{‘} 604‘

506&«5!:6 31:8‘“811_‘ 1}.53.

Leteral (Crushing) Strensth

8

Average Frobable

- 4 2 £ :
icte/ent 10%0/en? 1cha/on®

0.,14%0,02

0. 44%0.05

& % ~
- - -5 “
107&/en” 1074 em

£

'

fenge &%

a-

Dynamic

0.10-C. 20

G L 16""{.}0 3'.\:.}

rength Bfficienc


http:0.28-0.68
http:0.44t0.05
http:0.10-0.20

4

K]

sinking a centimeter Into > lunzr surface by 400

]

without
ct® conbact surface-~just ehout what way be provided by his
two Test.

The minimuan lotersl strength of lunar soil, or iies aur-

mininwum ¢dhesion of grains i, vacLO} enout 065 cvaen {uﬁﬁllchOhék

\\__._v_r_{}_,t_ ,w?— UW. l‘x ;V, a‘r- i{\, A Lf‘},{‘, L .(} Lv‘*h.:' }"v.l-i el )3;2

1&85; Tyen, 19663 of . Sectdom VI «} &b weﬁih‘rPQLire Aa?ﬁ“ e e

greins in contaclh per en®, or an ks

spe spseing (dismeter)
of about 0.023 o to accounthor-.h@ cohiegion of the matyisl.

gef not dilfer go very mueh Trom 0.033 cwie g8 the sversge
thermal”. Giaweter {Table XHIT), ¥t may be noted that meledrie
daustballs, or the grainy skelebons of comebary materisl which

remaln alter lees heve evaporated; hsve & crushing strength so

4 Z . . -
of ahout LO™ dyns/em™, ab rege grain dismeter Troem .01 Lo

H

0.1 em (Opik, 10880); their gtrenzth is shout that of lunsy

tn

01l &t y="2 cm, thus a2t an average depth of aboub I om,
although the density is less. The two kind of meterdal seen
teo héve}ﬁuch i1 CoOmMOT.

Bxtrapolation of equation {37a) with 5, 1400 ayne/cul®

would yialﬂ the strength of verrestrisl slluvium s,= 4 x oY

-

B

cyne/ cor ?'(m probable upper limit for gfénular maberisl)

a depth of pemetration of Xxg= 17 cm. The overlsy is wuch
thicker ihan this {Eﬁéﬁiaﬁ.fﬁﬁa 0 s and 2 eenétaﬂt'valué of
coh¢31ve strength of this order can be agsumed Lo hold for
mosth ox“the thickness of the overlay. The corresponding upper

limiv for the cempressive strengln is ep= 7 x 108 ayne/eom .
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IH. The Ballistie Pavirorment

L. Fleebrostatic varsus Ballistice Trensnorh

It has baan.uaqu\ﬁ oult. in Zection VILI. & Last elecirow

™ 4

static Lransport of lunaer Cust, s¢ inmeniouslwy preposad hy
Gold (1853), dees nit work on the lumsy surf foce--dg Sscte

PRSI

beecause 1t would have obliterasted sharp transii lona of corn-

trast wnieh are ac»haliy oh erved, and de _jure because ite

effect ir the actual enviromment «f the moon csvnot be signi-

ficent (Singer ond Valkér, 1962). The ratis of elep‘ﬂ«r«- atie

'

gpulsior to grevity of 2 emsll prrticle on & plane twry surface

gquals . 5.6/ o

- F_O/F_=2.68 x 107°17/ (ex 5 {19
Qf & N 1C fiq 5 q J 192

where 1 is the compon electrostetic potentisl of the surfang

end the partiele in volts; g the ancesleration of greviey, I

. . [
the spiterinazl radius snd ¢ the Asusi ity of the pariticls; Lig is

length) Tor a planetory surface cha erge. £or the moon, g 1ud
. {,‘2 {Tmﬁ. ,S.Ci“‘;"..‘j,.';' 4
ew/sec”, O=2 g/ew® fox individusd irregulsy particles, L= 46
e it
velt and L3=100 em (Upik, 1962h). whence
,1-—3 — 2 "'13_ :‘3!-2 - o "? -l
Ro/F8.20 x 107 T%/R%= 205 3 107%2 (192a;

2
—-iife

The effect would be moticestle for R £ 10 om,

...F‘-
Fe/ e > 0.3 and of decisive importance for R<5.8 % 107° ¢m,

b krd
?.m/f
N

- .

impact, these small particies way flost in swvalight within

™1, or st suhmicron sizes. Jhen disturbed by meleor

ﬁt%

the sereening length WP rauges atout 100 cm frow the surf:ce,

&

N


http:efF.=8O.20

.
8
thelir charge ﬁhsa insd by the photoelestrie effect wtil
L,

L

entaring 2 ghﬁ@mw when they beeome neutrT 1 zed end Fall hack.
The virtuzl absenge of any trace of detall blurring (which

should De cavsed by parvicles of 50 high 2 sobility) éi sles

1

that thcaa gmadll partieles cann laf wy sigaificsnt pole on
the lunar surface. The thermel condusiivit y and uhe achesion

52

F lunar 011 also indlecate %haﬁ f?e relevant average parilclie
aize of lunar dust ls at Ieast LLG times grester than that st
which eletrostatic transport efficiently beagins.

Therefore only the Dballisticsl transport of dust on Lhe
lunar surfage, csused by meteorite impsobt; is of relevance.

Be Impnct Pluses snd Cretering in Overleoy

As Jdistinet from scerstion and loss, two maln socurces are
cousing the mobility of the Gust: dirvect wmatcorite impact into
the dust layers gnd the impact of debrig from sceondsry sjncia
treken off the bedrock and accuvui ting as overlay. Althowsh
the Latter source signifies aiso a kind of % neperty Irom
Fren the standpoint of the local meterizl balence of a normel®
" plain undisturbed by lerge-scele eratering its effect awouils
to virtusl sceretion,; while the "Obnormal® arss of & new
ergver from which the maderial is taken begins & new history
endd  1is ciypical. OF coursa, tﬁv factoz of dugt Lranspord
begin st once o worTk on the'su?face of’ the newly Formsd
orotery tut some of the starting conditions, such se the “nicke

ness of cverloy, are different.

295"
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The guantitabive imporitense oF the different sources in

stirring the dust can he dyuy i.**(z slly messurad hy the raddlel
momentuwn imparted to overlay by é’:’zms—pmwﬁ eating projoeeiiles,
d=k [#¥os whers i is the impinging moss vraie per woit of time

waB5Ty 4D % L0 wears—- and ares {ev®). Por wicromeLenys 7
the zodincal dusls o= 4.0 kwn/sec (ineluding acceleration by

k] * r— - oo i I EATE S TN * >
the moon., k=2, /z,,, =47 gremg (Feble XiXY. & and Beetion VIX. B}

o

0?
w
o
m
'
3
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o
3
5
=
4
<,
g
5
w
=
ot
&
o]
g
o

whanea JE ;=504 In the units

-

chiedly belonging to the'l-component® and which ave 211 n
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~PenstYesing; ph=0036 &y wo U
Joal. For the Apollo-meteorite grovps B, =200 cm (non

~penetrasing, the larger nmerbers leed to basic crotering snd

produge aew overlay Irom the ‘;)53‘063&)5 Trom equation (1L53)

J-w:(}o’fjiﬁg Wo T 20 kw/sec (umkg 1es38a) , E=3.3, i, 2 16, For
comet nutlels eouation (L68)s ki, 200 om. f"“g"{mﬁ?‘” W, L0
—

Ro/Se0, & Sded, Yo = 1.8 For MHors saterside, R, =200 ca,
f‘,;,:::‘:zc-g x* .}.i}“"&? o= 9 km/sec {ggim D6HaYy K =263y Jam2 x 107
or ut‘sc*"f'ly negligitle. A5 to secondary ejecta Only the burd
spyay conponent is here of imgoytances which orviginastes {rom
“the bedraek and thus is vepreseniative of “cna m--r oveylsy:. itg
rate at prescent may he cloge T4 12 .wmeter ; }L *3.5G0 .g,/c'nw in
4.0 ¥ 10%years sg glven by the tldcokades ::::*f ovarliay (Pable
XUIX € B)3 with 8 =G % 10° dyne/om®, ‘{3‘ 22,6, ?gg =0.22 for
the parent bedroek at yﬁécé 2 vhe median mess and wxy = 0.5
equations (4} (16}, (24) and (23) susgest an aversge ojenbtion

07 heqondary impact veloelly of vy =010 kw/see, k=0.63 md

AZY
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Bad an eddibionsl Tooter uliue, = sfi"\/& U fop Yatetis woprk?
(or Tome R RYeagi;
the velative stirsing paver of the differgnt componcnks ob-
talns 26 given in Table XHIV.

Beeuuse vhe veloeities and 7.igbt distences of vassivy

4,
Fy

ejecha depend selely on 'the mechanicel propsviies of toe
the figues of the teble must gpproximstely ropresent the
relebive nixing efficicncy of the seperats sourcss wita respec

o the Tine gresnuler component of overlay. There is, howevar,

b o < . . g n
& qxxall‘hartlve GLITeTenes depending on tne stotistical cﬁeﬁ:iez’
of the dhiforént populstions. Cowponents Jy end Jg are eove

censratel in swall particle sizes ond sweep tie surfase with-
out mme‘ v penelration and with shallow cratering, waile o 1

Y
Dre xf"é;l& tn larpe prodectile sizes which spe penetrating ord

+

wesplte the lesser mechsnical swesping power, J"'l and Jd, arve
mainly visponsible £Or eraterin ng in ihe surface layer, 2ud
de in additien provides sizable touldors: the vole of s and

Je then consisis in levelling out the craters end graterlois,

end in gblating {gﬂ dinz) the i?;a‘:t,lé o in “polishing®
—esmoothing out the surface roughness cen*‘:.inually produced

by the two other components and thewselves. The actual stibe
of the surface 1s then determinagd Ly an equilibriun betwem

the two ppnosing processes. Tho 1ole of coOmpPonents Jo ang Iy

[
AL

T



3o
with vespeet to the overlsy Jayer is negligible and need not

e Turther considered in this context.

.

In Pable XEXV, theereticslly oredicetd SXux and ermirically

supporisd flux ana crate?ing_ﬁatg in overlsy are given Tor the

~

four pelevant sources of particulstz fhwr, =nd fopx & Lyoiegl

g

level mar? surfece. The sirfsce ssample ig suodoged Lo he Temoite
from larg~ craters; it ﬁronlu cortespond to & "normel! overlay
thickness of 15 meters whichs acceordinge to Teble XXVIL, m=y be
represensative of shout 62 per cert of The total mara surface

(ond, with some iudulgences even of .SL.7+ 22.6+ 7.1l =31 Dex

7
cent), Fooo P?r»g &, R? #nd G of T?blgfoJ¥, tﬁe flux 1ates snd
veloc ’“ies are be@e@ on sstygnsmical dets In the autaor's inder-

retetion (1oca ~gl%.3 Sectioms VIL. B, Uy V. D, R, 2t slias)

which he sellevea gives & well Deleunced account of the oheerve~

tions end which he is ?nluctanh o exehonga for dats from ovher
oy

sur?cesg i cratering aramelters, equstions and ncolations are

vhose of JBections I, By €y ¥, while n is the freguency index

of radil pecording to equation (181); the

t
0
g_.
ki
e’
e
<
o

strengih data

for the ovwﬁ.ay are .these of Sect

B

e,
»
ir}

. on Vis $ the egquiveslent
fepherical ® rodius of the‘impac‘i o metacroid, B, the rim 1o rim
crater &huameter, X5 the pencitrations x' the apparsnt creber depih
ﬁeiaw the undisturbed surface {(zssvmsd to have hesn f£lal) a3

correeted Tor fallback.

Prry D of Table XXV contains the flux and epratevring dita
w

for the €7€Chﬂ,ﬁhléh are c@ﬁuzhuflag te the overlay. The {osal
/\

mass inflix is sgsumed to correspond 1o a present acerstion

a4

AA

("?

0
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TABLE 0TV

JJ Jo dy Jg Ja Je
Seuree Miero~- Dustball Netecorites C(omet WMars Secondary To
- T : . . v . .
“Stireing meteorites Tieteowrs Apcllo Group Tuclei Asterolds Kjeects
Powers % 72.5 2.8 2.3 G.2 0.0 15.2

TABLE XXV

Expectated Buwber of Punciures on the lVeon from HMeteorite

1G0.

Hzzard
lMisgnesium sheet thick-
nesss nm 04 12 lod 4.2 14 42
Steel sheet thickness mm 0,14 0.42 0.5 1.5 5 15

ﬁumheﬁgf purieture s
) .
per 100 m2 2nd 1C yeérs 2000 200 1.5 0.015 1.5 x 1074 1.5 x 10

3

0



Incident

e
Fluxes

14

1]
S

XREV

H S\

snd Cratering Paveoweters in Overlay

Hormel" Overlay

Fow

ot Presernt (E 21.3

Surfaces Remote Irom Large Craters

oiesl Cloud

ﬂh} (Lhe projectile

'y

ig explosively dvsiroryed)

Was 8.0 kn/sec; © uaoa'gfcudg uppery limit radiuvs L,=50.085 cn;
. - wi b i
n=2.7; cumalative number fluxy R 7.035 em, &¥/Gh=1l.27x10 ?Lfﬁq/k
';) P ) = ey P
per cm® horizontsl surface and year; cumulative mase Flux,
k] e kel v ’\."‘S “'1 ¥ 7 :Lvé‘-:} 1 -
d?A/QL——l-GU ® ATV - (R/R, | grem per cw® and yesry Cratering
4 - c, - . %
peramebers: penstration negligidvle, 49 L0 x L0558 =m 2032 x LOS

dyne/en’; k=2.0, (f=45%, p=3.52,

/{‘}:}w‘- 43 . (s

y‘-g ? in ?L XOW L‘)C CJ"'!..J T{ "““" Os....r Ctﬂg -?c! o -u- {L e Lt‘ )5 C-“J"‘"ul Li e
erater cave%qqefﬁ;vmcme 0. Wﬂ*”lE:" L fo gtﬂf
T COVETAYE [ —rpeiminne EA el B “:" 425 <
¥?rw vesy, B =
..w}
R, om 0.085 ©C.0205 0.0131 0.0080 0.0010
;rCumuJ. wasa fraction O 0.50 G753 0. 20 G.29
i - ., - Ry " ’5
. LA g 1 : NN
L . G o R, NG AT SN A 300, )
Cfol. nuber o 1.88™° £.527% 9,457 5,553
cumuln cratey )
~ “% oy \""‘ﬁr ¥ -3 < =
Cavé?age’ 5: 0 ‘19 {2 f}t 33 }.525 j ..1’...08-!.. 3
B .
ng ony 11.8 G 4o 1 - 2s L 0.3
f-xoﬁ ¢ C.207 0.121 0.072 C.035 0.00&°
fom O\ Y07 AL Ao N L8 £
[ SSPTR A 0% Te v S
xty cm 0.125 0.092 0,083 0. 033 0. 006
B, /x!' {(profils ratio) 95 73 35 &3 a0
Fraction of premular 0.44 Q.41 0.08 0.35 0,28

target, Gg

>

-

—

/

ey
)* Zx‘
th
\—f:)


http:L/dt-.LG

f1g
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TABLY XXXV, onbinued

B. Visusl Dustballs  (sJa)

{the project

R T
ile /explosively destroyed)

Wo = 18 knfsecs F—Oocb ?/cm ; loweyr Timit radius B,= 0,061 cm;

1= 5.2 cumel

per Lma and yvears; cunulative mass fluy R>Ry,

>bive mawber flux » B> 0.061 em, @/ dt= 2.

dL’ Jatb= 3

WA
(}'{ JE)T 2 gram par en® and yeaw. Cfater—lng parsmeters

trati on of mejority small; s,=282C(1+

iy =45%; p e Le82(14 1.478%)7 ~1/30

-1/30

xoz‘;o¢1f1w~1947az)

~©
ares coversge oy = 0.785 jBle((-}?::‘:- ).

Ry e 0.081 0.109 0.194 0.416 C.743 1.32
Cumyl. moss '
fraction 1,00 0.50 0.25 0.10  C.05 0.025
CumuL. numder 3.72°° 3,287 2.86'° L.18™ 1,047 9127
B, 2830 2870 2970 3520  E100 10020
By som  27.8 49,5 7.3 180 294 449
Xg 5 cm o177 0,817 0,565 1.20  2.12  3.67
x', em  0.04% .0.022 0,01 0 0 0
B, /%' €30 2500 9000  ©°° >0 &9
Fraction of |
granulsr
terget, G, 0049  0.52  0.57 0.63  C.67  0.72
Cunul.crater . ] _
coverage o 5 0173 66470 2,025,077 7,280 16570

= 228(1 + L.470%) "

o Rj 1”1"‘-‘-30(1 - ¥y ) jcumilative cretew

2. 84

03 % 10" Phes.o

3.02x10~ Lk

P opRrTe-~

-’i'?pg) dynea/ cn‘?’; k=543
Oo 203

B/ SRy

5.05 9.08

s

GoOlO 0o OSS 0. 0025

3.75 YP5.507 02, 89*7
36100 1350G0 344000
716 935 1350
7.60 13.0  22.4

0 o 0

o> laln T

0.78 0.85 0.92
-g. 210 -1l

151 2.67 04,50
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C. Mebheorites—Apolln Croun {gl)

{the projectile i sxnjlosively desitroyed)
Vi, = B0 k/sec §=3.8 8/ om® ; radiug non-pensivating ﬁﬂ}}er Liwddy .
c*u:-*u Lechive

R.,= 200 e when penebrabing, mot limited); uw 3.7

N, 4‘;-“ ) -
number luox, > Dy (MAGE=Bed x 10 1‘“.::1 pen ow™ and yoear:

*

- “woer o m - w1 0.3
cumulative mess uf.\./‘c:.i:,:: 5,3‘ ¥ 10 1L (*"flﬁi 3 gyam Dayvy o™ and

*uu

year. Cratepring parameters: 8= L_,‘,z:a,g = _,ﬁ*j(g i "’;"**o ) -dyme en
N b

1 - ™~ G Mg i 8‘ 4 :J L
WHen X << 173 ew end By= 7.4 x 107(L - 1¥8/x,) vhen x,> 173 ew;

§.= ¥ /Lmﬁg Lcw 2DRy #,= 2Ry Wo= 1.600, ¥'= Xo{l = Fply k=3.3,¥=45%,
By o 200 100 50 20 10 5 2 1 0o (o8
Cumnl. mass
froction
R <R, 1.000 0.813 G.658 0.501 0,408 0,230 0,251 0,205 0.165 a2
Crood s numher . ‘ 5
- [y P . - R <4 O =4 e a2 - _ w B i
1 20 5,157 %03, 8471, g7 18,, 5? Y7 1.63718 109710 1 307 4g, 4045, 427 64
-~ . . s -~ . £ ’ - 5 e o S e rs
5, 3.84° 5,127 2.040 4.3 1.18%  2.22%  s5.e5% 1.8 spap vk
By, cw 13800 7140 3040 2270, 1830 1030 612 404 254 01
Cumul.crahsy
coverage - e -0 - - w5 g nd
Gas year? 0 uels o.me 2.2870 5008 0045479 s o Peiglt
%oy O 880 443 224  94.4 496 26.0 11.0 B.7L 2.96 ¥

xty om B30 432 218 87.7 4.5 17.0 1.9 0e2 0.0 0.0

Cumal. crater
)

R C .10 18 e I
aumber 5.15 38,34 2,18 E,Qv 1.82 7 8,94 B3.82  4.53 238 2.0
B [t 18.6 16.5 18,0 25.% 83,9 807 392 200

G 100 1.00 1.00 1.00 0,921 G.74 Je57  0ed} .38 &13
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PABLE Y. houmtinued

it e g

Ve Rizcte frow Penetyating Craberdas Yysnhs
(J‘@.“; the prajecti le is not Centroyeds :5;;3,35}

Part (&} refers o ‘}_11’3?" r impacts. Contlbuting lmpacts {(Apollo

‘l

«HeteoriLe type) with T Lrom 400 t0 1800 cm (lzrger impacuys

sre opbside reach of Yonormal® surface sample); typleal Yfueding®

impzeth R =800 cm, By G0R = 24000 cmy yielding lavgest ejecta

bloexs v = gR=Ph= B, A20=200 omy n=3.875. Cumnlative
maE o

nuwber ia ,i..im: of ejecta, T L Ty, dW/ét=1.73 x 1C L_*c*{-}; kg

b ]
‘?é;

ner o> and yea.r;‘ cumuleative mass influw of ejecta, rx} LG E

. $ oy e 73 v
3.4 )3{ iD ?;fu in grom per om® and yesr, with y=(n/v

. 2 20872
Moximuw veloeit by of ejechion, Yoy = Ug _}\/y s and avernge

R ::f — - an
wgg;; g_rw;n ox for parent craters 8,5 57 % -_0% c}yﬁﬂf’cm N "(mzanc,,

o : , o . 24
U, = 2,12 x 108 9 =0.223 2iny'=0.3 y; maxiumum distence

of . 52" Light frouw Darent cfat.@rp Mg (wma}:g /g) .+ 2. sinseos] .
Tpsct inte overlay, Wy [ o™ 0:842, 5 =248 x 10H2+x7);

&, and E, as in Part C of this table, P=0.562/r (ew™),

F

2
Q= &.0572cos? H

&= Hr?(en?) }‘»”“LOW,. (gram), m=38.47p (g/cv?)?c2;>3 0.802/ (reosh)
. T g
R N

((332’3/8(—33}25 xg={ § geos 1/Py xp= xot gTeosh .

=V, (pressure componewnt)+ V (dynamic componen Ly=V

H. 2, - ~ ,v:' o, it
(totul volume), Vj;;”" 5.72 J}:Gseeﬁ, 3 Vg = 10613k tlu, (S?) 2,

2P =X (1l ~ Tg)y all to be used with the equations of Seection II.

1

. The blocks under oblique ineidance are ricocheting and v 113*‘
settle on toe vndisturbed surface not far from the mxeeh c%:a

o
e

Pary, (b) containe erater sta’isties Ffor the sum *i:ota3 or
ricocheting czmm%. Cumulative nwdber of eraters o indicected
Limit (B,), aW. /c-.txz,.MS? . ((:g D N)o(leh = 0.5Gg ) per cmd

and yesr (pr:maries » ricocheting chain), where AN is the differ-
ertial muber of primary impacts.
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ry em 200 - 100 50 20, 10 5 2 1 0.5 0,2
{a) Primary Impacis

Cumul.wess ’
Fraction,yyl.000 CoPls 0.84% 0,750 0.687 0,631 0.562 0518 0.475  (.422
¥
Cumul.
nuher, .
18 12, - ap s -
rr, 0 1,10%9,14701.28%%0,567% . 06 Pp.agM 7,250 5,247 73078
cos8 0,600 0.68L 0.740 0.800 0.835 0.863 0.893° 0,811 0.936 0.941
W, emfsec 4905 5350 5830 65500 7250 YP7O 8740 09530 10330 11620
Do 2.8% 3,55 420 510 5.98 6,50 7.58  B8.41  9.30° 106
Koy OB 68,1 58,5 47,9 Bd.d 55.8 18.2 10.80  7.02 4.8 2.1
k 0.188 0,219 0.258 0.302 0.398 0.472 0.567 0.613 0.846 0.680
'3ﬁﬁ¥ 0,6120.61L 0,619 0.653 0,712 0,762 0.831 0.873 0.507 0.939
By, oa 460 6B5 | 339 143 B0.0 44.6 21.0 121 7.00 3.6

-

X' oy Cm GE.7 3.8 43.7 7 30.6 23.3 13.0 8% d.5H3 2.88. 1,11

%
ED lat 232 12.2 776 4.62 3.58 2,87 2.68 2.68 2.6). 2.02

Gy BIIHETY. 1,00 .00 0.92 0.8L 0.75 0.68 - 0,62 0.56 0,52 0,46
Gran »1ﬁ“&3%#

B2 1119 1,5} rrumhar 155 ~“t,3 ; , -
(em™@yp™ ) 0 11077 8.85°01,15°7.54185. 08125, 071 4.0 ~03,§3*9 5.66"8

rs 0om .1 0058 | Cu02 0.0L 0.005 0.002 0,001 G.0005 Q.
(b) Primsry Ricocheting Iwpacts (nurbers reduced
to sswme craler dipmeter limit, B, , ¢s in the ERih line rz{%:seve}
Cumul.Crater 0 1.23"?1.08%%1,267%1.05%7, 16%0, 04 “Ulg g5=10, 4470 5:655

nuglber per
om “}’@ﬁ“’ ;

Cumul. (Fater ’ o 5 ,
v e -8 =8 L8 -7 < = -8
coverage,yrt 0 1.187% 5.33791,007%2.00"%4. 17 71020 .58 5.7270 1,76
Average :{Ocmalsi-?. BL.7 423 ’{:390‘4: n2e0 £.4 .6 8.2 2.8 1.8
Average X'ciz3 3 44,7 35,4 ©5.5 18.6 12.5 6.67 3.77 2.24  0.92
Ave e._,(:3 .
JED 27,9 14,6 9.3 5.6 4.3 2.6 3.2 3.2 A 3.5
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: o e o O Lowa,  uwhd
rate of 12 mebers oy 15H0 f/CUV Jﬁ £.5 x Q0¥ years, wiion

gi".-'es 32"17 w 10“( glﬁ?‘ H3 Of éeu j.hl 139?’ c-.yl—e ‘Z‘."ﬂ{‘. :‘Prea.}?‘ e I‘-qtp::

&

is ightly leos then the aoversge arrived at in Section Viil.3
f_; . .

snd would covrrespond to presewt time snd 2 greater protective

layer tnw@ the sverspe in the pssi. The figure is esseutially

ant emniricsl value, as 1t is haszl on the sctusl voluwe ejz2oted
' * - ad

their 1ide of survival on the luﬁz?.surfaee {of. Section ¥. A}y
cne crzhering event per 8& ke end 400 m.y. would correspoad

o § ¥ 1% evente per 195 km® and 109 Veors in Tanls XX,

ghié corregponds to By= 240 nmeters , rmgxmzzoq om && AN efﬁec{ive
upper Limit of debris sizes. 0Ff crurse, several hﬁﬂ&%@é auah

bloeks touvld be e¢jected in one er:tering event and, in the case

=

of & larfe erstery The hﬂacks cou'ld be larger such a8 iq}%u TEWN
ield din &a?a T?gﬂaailii atig (Fisfe 15) where, on o lunar orbiter
I pbotorraph, bloeks up to.g wmeters diameler are discerninle.
The Surveyor filelds, howbvery geen to agres with tho expecled

averege conditions, with blocks ouly up to meter size visinle
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Ty
. . - . 3.975 If 1 61) ans
(Fig. 5,6}. Sgbting r = 2800 cm, n = 2,875 fLequation (181) and

% - LES B 1 * -
Sechion VIL. ﬁ%; and the total mass flux bexng given$ the
B . B . . Y
] - . I o m ~
cumalebive number and mass infall retes as given,Part D of

wahle CXLT heve been caleulated with the aid of well known Inte-

prel formilaz (Upik, 1956).

The velecities and angles of ejection from The parent
evaber, iadependent of the parent velocity when y:>vﬁ and solely
~dgpenﬁiﬁg'0n erushing strength and densiity of parent tsrgsi rock.
were caleulated abc@rﬂiég $o the formulas of Sections IX. By Cy

0

. . 2 .

B, with }.22«- .22 (Tsble XV) and s=56.7 x 108 dyne/ewm™ at

B.= 2.4 % 10% om ss the assumed txpical parent crater Cilsvigter
’ .E‘:J/

_— k4 . I's
gceording equation (19

0). With {:aoﬁ gfcmgﬁ this gives
O a2

G hY
=0 18X107 (ew/sec)

[}

u%‘ and g waestimum veloelity of ejeatlion

« " 3 ) . )
W P ?\n éf}" w_ =8850/y (ew/see)
mex S/; Y Cmex 57 =

where y is the cumiletive relative mess as given in the third
line of the table, identicel with fractional craber volume of

Section IXL. B. The average velocity of ejecticn ic zssured

equral o wo=-wmay f@z, although % 1¢] could also he usedi the-

~ 7 < LHFSRA

arbitrary span of the model is much grester; anywsy. The uosper
—
B i A .
part of Tehle D@(llnes F to £) couteing thege -gource dois
of everlay--flux, sngle, veloclity and raznge I of the Tragmomis.

The 2jecta are landing at sawa velocibty and engle as those

-

o ejection. This is the low~velccity problsm of impeclt imie

granular target; solved with the aid of the equsbions of Scotions

i

Ii. ®, ¥F. The lower pert of the table conbzmins the eslculsied

o

cratering data, especislly By , th2 crsier dlameber; Xy hig
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£
18
\ ’ - - @ 3 1 e
penetralicn, and x!; the sppsrent crater depth as corrected for
fallhacks

¥e note thats in cur 'schemstieslly regular model,the
. A . . . .
ejecte raiii are zssumed to befunique functicn of y, which defines

the pesition and shock pressure irside the crater during ejection.

N

beedd

'his is essumed to be metched in ¢ unigue wenner by the in-
creasing cohesive strenglth as the particle size decreases, an
sgsumption which led to a success{ul prediction of overlay

pariicle

2

iize distribution (Section VIT. D). In nature- bheve
will be, »f course, considerable ctstistical fluchtvation around
the averaZe relationships. Also, lhose high-velocity gjection
pheﬂomeﬁa conneched with fay craters ave here not taken into
sceount. Our model is meent to represent the bulk of the election
processes; while the exclusive rey~{0rming processes zre not

)

quantitalively prominent snovgh to modify essentially our wone

&)

clusions (cf. concluding parsgrsph of Section V.Cl.

g

Tablz ALCG purports to deseribe quantitatively the cratering
events at impact into the granulsy terget of overlay. Yet wheﬂ
the projectile havpens to hit a fregment considerahly larger
then itself, the projectile will react solely with this freg-
ment; the impact will then be virtually ss onto hard rocks; and
not of th: granulsr type. The last line in each of the seelions
of the taale contains a probability {actor, Ggg derived as sub-
segvently described and indicating the fracticn of impaets which

are of th: granvlar type, while tre remsinder. s frsciion cf

738



1 - & 5, are limited to iu$acts inte single large greing or

Blocks and are thus of the hs ?§~ srget type as deali with in

]

Secbtion JT. BL

Tor a hypervelocity projectile (Groups Iy dg ant 31 of
the teble), z smell grsia though larger toon the projectils it-

seli mey he dewolished completely and the redia

o,

WOMmeLIT LT ang -
mitied 10 obber grains. The uwliimate result will woi Jdiffer
egsentially from a truly grahuler cratering wbere the grains

ave 2ll smaller thean the projectile. The hlocking effecy of

lerge gruins #ili be felb only whan the shook wave Trom the
eoliision does uoi trenscend, periially 2t leest, the boundsries
of the tﬂ?gaé grain, in other words, when the viritusl cretap
dizing ter: BR s oroduced hy bthe iygact iuto the hard substeice
of toe btanget groin by o projectile of radius R, will be of the
ovder of the ﬁazgetdgrain Alzmeter; 2 v (eo»dital ¥ sbands for

o s /e i '
rojectile radlus,¢g r for barget grain radius). On a model of

i)

o

EE A

* bargel-grain cross seecion , the vlocking eifec)
measured by th@ praﬁuct aﬁ target graﬁlareag 9??*; zad the
blocking e'fie cg'was roughly evsluated as Tollows (Wlocking
léfficieney measured by the szimuthsl ansle of shielding by the
grainj.

(1) For v >> By 5 blocking eifect FrZ

(2) ror p= -i and D =distance between gErain centsr and

impact cevter, the rough estimele by szones of A yields:
I‘! f._,.,

0 ‘r) J{E’r 5 }.o A
/ , :
blocmlk:angﬁe e ‘o ;GO //
. o b L7 ]

PN
LA
-5y



hlocking angle cse vere
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(L) For rtzﬁﬁﬁ y the surface of the grain {(not nscesseril
&

1Le woot) isc

pfvact ig mevn.

It is concluded fherefore thas, Tor hypervelcaity {m -
o
;:aewivujsmg“ct e blacking effaet of Leree Larget graivs

-~

1w reprdeented satisfactorily by the graic svesz, T2 s whsn

N ¥
% e w2 . -
kol &hd-gua 3 BRA Laken thai Lo 2ero voen r £ Py Ty cen b

calied Lhe gyanulsr blacmlng lizit. Frow the equationg of Sactior

Ii. B; »ito vwu=2.06 L/cmgg 8 B2 x 107, 8., =2 & lﬁ%dyﬁ@/cmg
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from & lerger terget gvsin, Considering only head-on eqliisicnﬁy

"

z {regment of velocity w, end mas !» wlll imparl Yo a grein

P

0f mess fiw a foyward velecity of
. 4

W, = f"f v, (1 A }/: e {0

1

and will tself scquire s ?cLlﬂc ol veloedity of
;
- ! I -
- WG (i n - :)\} i’l"-}-—.) ("L:C:@ /"’ B} (iga)

- +

which is negalive when the projectile is Douneing bsek, Ln the

“! % Oy W = -A¥g, where A~ 0.5 (23

1o experiments mewtioned in Section Xi. F) is the

iiwd ting case of 1,5,.

aeeeTdin

His

ilinear Xiletic elasbicity, CQ&%Q?Q;IVClV high for this case

of a single collision of reeky parcbticlss. The target grain which
wes nit proceeds further as an independent projectile; but ils
penetretion X = x,, inbo The grsnulsr subsirsium will he smoller

than the normal penstrztion of the ?rsjeetileg X, X%, o £ith

3

ot
)
:}
:\1
r"‘"
O

of Seztien IT. B, the degradstion of the tarmeb,

weasured by the ratio of the penetrations was found %o he as
follow
/E = 2
M = 1 3
} -n,; [ h Rl ”

X x;hﬂ{)w@}::sofsgs 00 224

-

x?;'xf {AZ0.8)=0,825 0.382
it ep@ears thﬁb o blocking Limit of v R 2R can be ascsimed.
On “CCOufb of the slow variation ¢f the cumulative msss of the
overlay ejecté.with rodius (Table XX u’£ aﬁéé line) s the -xact
1imit is drrelevant. The bloekiug effect is thus equal to she

“ . - o b .
relstive cumuletive cross seotlan~<fh :iZfﬁTEg of the overlay

34/
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Loz

perticles with v >x . The surface {requency expenent of osrilcle

b
gsimes is owiously n - 1, vhere n is the volume [requency

exponent in equation (181) (esch pariicle 1¥13” cn the surfece

cgcupics a volumse dv*nfﬁ; per cmg vhenee an additiomal r-fzctor)
Tha cuvmlative cross secihion avea is Shen (4o a2 censbtanl factor)
; .
i"i 3,. : n!':-w-' o ) 3 y " -
e p T Ty ro. 4 ﬂ\ y and this is exgetly ths gene
o i - . .

as the expressionior CumUl&b\VQ volume or mase reckoned per

volume. deice the blocking effec - (G

{F

wess of Lhoe Tregmentas for v )afb N 9nd Tg , the Fraction of
grenglisT Loargel imvactsy equals thus the cumuleliive mass Lo

AT
T J;?ﬁ sf tabulated in the seeend line of Tahle XXXV, Part L&)
L

.

P

AS a ronsequences of the broad freguency distribution of

overlay pasticls sizes, quite a corsiderable proporiien (1 - &)

FERv

of the impiets sre nop-granuler in character, ihe proportion

inereasing with decreasing size. The mean values(weighted by

maas} of i;iae gvamilar imps

pa0t fractions can bhe agsumed 0 Dbes
mlerome beorit Les (J »g:;Ooéo; visual Gustballs (Jg); &g:fo°53§

Yo matenrdta Aepenatrating . B = .79
Apollo nsteorites (Jl) non-penetrating), &g 0.78; secondsry

ejeets (J, 0y G =0.55. Thug, the granvlsr targsed mocdel alone
cannot seyve even s a Tirst approvimation. CF course, "blooiedl

-dmpacts dpte learge grains or blocks will nﬂt’ﬁﬁ oroduce craters

observable in cverliay but only swall eraslerlets or pockma

=
Z:"al
n

on the rocky lergets. ALl the ecrste-s nooverlay recognizab.e

as suen on Surveyor picbures must thevefore be produced in

granvlar ivpach process; the factor G gives ihelr numbar

e}

5 eousls the cwaulative

e

2


http:crat,.rs

Tos
relative to the totel, and csn be called the “overlay cratering
fraction'.

X

. The Asbromauticsl Hszavd

The astronsut on the lunar surface is exposed Lo the bowmbard-
mevih by‘flyizg secondsry debris frcm cveberdng - irmprcts clee-
where on the moon, though mostly from his immediste vieinity
in elditicn o ddrsct hoabardment luy iﬁterplachGW‘ particles.

Tae total mass of the

Py

secondary freguents éxcseds 30 tiwmes The
incoming metecritic massi although its wementum, on zccount of

-

the low veloeity, is only one-sixih of the meteoritic one (Uable
wfo) tt.e hezerd frem this source way sppesr serious. Thive g
frowm the cumuletive mumbers of Tabie XXXV, the nuwber of hi s

Iy P
per 100 m' and 10 years would be:

Kor T, ow 0.02 0.2 2
ﬁgﬁﬁﬁcramwtem?itesj T 180 . ‘o
7 (Gustballs) See 0.0028 1.5 x 1678
L {apolln meteorites) 0.032 O. 00003 1.3 x 10“?
Jd (secondisry ejecta) 850  0.73 3.5 x 1072

Amomyit Uhe ewmell psoriicless; th» wicrometeorite 3myset% of
ourse prevall over the ejecizs on account of theilr much higﬁe?
veloelty, Gespite theiy mass being only one-~third of the mazs
of the ejicts. Among the lerger pacticles the sjecta appear
to dominate.
However, unlike the direct mebeoritie compoaeﬁts which

appear a8 a flux of glatistically independent individusis, the
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ejecha ar2 coming in in bursts Tron lorge and rare cyazerlng

events in the vieinity. They are spaced by long imtervals of

-

tine duriog which no ejecta, awve falling. The topal freguency

of the pavent cratering evenls (primary weteorites snd secondary

ray-crater ¢jecla), given by the cumulative -sum in the 4th line
. . q
of The Toble XXIX , is 2.2 x 10° per 10° kn® end 109 years. The

.

mescinum £1light distence of fragmerts with > 0.2 is 10.

(83}

kg

g¢ that sprey of th;s size con resch a given_point from a
surraunding‘area of only.abouh 250 ka, vinilch correspends o

a0 empechatlon of one event, in!&GCD yesrs. €0 pér cent of he
SPYEY Ccowes onm.h o 49 w (_9014 XAIX ()4 @th 1inej ? w;th ai
expectation of one event in 6 x LC _ years. For cowparison, tﬁe
expectationlﬁo be killed in a car accidenf in the U.s.A. ig one
in 5000 yesrsy and to be injured ome im 200 yearz. Cleerly. with
81l the other sources of accié@Lls on earth--garthguskes, .
hurricaneé; fives amd warring haéﬁilﬁties;»the moon is é mieh’
safer piace to stay ony in any csss, the hazard frow Tlying
secgondery debris of coméonent'Jegﬁcan be disregarded altogrtherg
net onl accaué- of theif'lﬂwlvelocities but also becouse of

their wid: spacing in time.

Ther: remains the hazerd from dirvect individuel interplene-

Lary WOLQ)“Lie its, which may be nore dsngerovs on sccount of

the grest:v velocities involved. The shielding by the lunar body

reducps tue hazerd precisely to on:-helf that in interplons tary

m

ma)TG FOWT contains the relevont expectzilions basec. on

i
.g1 otner publication (Opik, 1761a).

244
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On account of the. wmicrometeorites, the hazard 1n the case
of weak protection is guite covsiderable; an astronawt with l-mm
nagnasium sheet metal srwour runs the risk of being badly bit

duving 5 years of exposure. ¥ith 4 nm proteciion , the risk

—
H

Arops to one hit in 70,000 years. Trus, {rom ihis standpoint

e

also, the woon may be essily made s much safer place to siasy

ot than ocuy earth. e
A s .
D Gbse?vabzllty{gha% ¥ Qf}Cfaqe?E and Hicochetiag

" emarm . ¢ et

Prom the Bofx‘ vavios in Teble XXXV it appesars that the
]

eraters produced by secondary fregments (Jes Part D) sre deep
anG mst De well ohserveble when nou degraded by ercsion. On

the countrsvy, the ersters produced Dy the meteoritic components

are spalloy and practically non-observable even whea fresh. From

a study of SBurveyor I pictures and crater counts on them by the

H

FASA tgsm ot the sun's altitudes of 20° and 8° (Jefre et al.,
D % . Fhat 4 3 4
19GEh, ppe 18-«25) 1t aspopears thet those with vrofile retic of

s p 14 e 1 =~ - * :
B%ﬁx <. 20 were cervainly dstectsnls (unless . covered hy shacows

}nﬁide lerger craters); the detectirm of those with a prefile

Py
o

ratio from 20 to 50 is dubious,; and those with ﬁojx’:k o0 are
certainly missed (on Fig, 3 the largest ratio is 120 for craters
observed on the moon at large; however, it secews thai s ratio

L=}

o e _ e C s
T 80 is an upper limlit For TeCOEN1Lion by repested ohgervaztions

L4

en the woow, aud at the Burveyor eohiditions 50 apoears to b

i
& Zenercous upper limit). Taking 50. w Iiwit,; we can say thai

the craters produced by micrometeor:tes and dustbslls »

e
23068
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& =pd B of Table XXV ) are unobservable even when Iresh,

wigf

slthoush whe volume disturbed csn De large and may he the ch
conbributey: to the migration of dust; thaﬁg couponents 4o not
contributs o the rqugh@éés of the surface butl cause ounly &
‘émsetniﬁg or polishing and sweepini effzchts In the Apclic troup
{(Part C of the Lable); cratess in overlay lerger than 15 meters

in diametsr (R 7 10%em) have observable profiles when fresh; but
gtill are roelatively shallow. On ihe gonmtrary, secondery electa
(Part D 56 the table) produce in overlay desp well observable
eratara; the prefile xatic decressing with sige. Tﬁetefere
'precticaliy 21l craters less then 15 meters ii@iamete? obhasurvable
on the luaay sérfaca mist be produced by the sacondary ejecha.

.

A besutiful exzmple of such g Teabure is rimmsd Crotsr No.5

5

of the Surveyor I plotures (Jaffe.et al., 1966h{d i Newell. 1866).

It i8 placed sbout 11 mebers to the south-east {astronawtical)
from the spacecraft, and can be sesn left of the widdle on Fig.5,
and en Figs. 16 and 17 at ddfferent illuwinsticon, with the sun
ot =z low angle on the latter. Its Iizmeter dis 3.3 meters srd

the depih le staled to be % we. Fron a study of the pictures I

find & smnller depth, x'= 34 om o5 the depth helow the uvndis-

turbed swface, which gives Bﬁ/x*$f§e?» The nesrest desceription

Ft )

is for r= 50 om as the secondary flagment radius in Part D

L)

of' Teble SNV which gives By= 339 nm, x'=44 cmy By /x'= 7.5,
f

- i oo st o 4 e - ‘s
ihe‘ﬁb&Elveﬁ cracer i1s somewhalt shallower, Possinly due o sowme

erogion 01 a daifferent sngle of iwpect znd velogity:if the

-

“flgures g1e taken literally).


http:Jaffe.et

T

The toulder which produced it, hovever, is wissing fron

P

]
~3
ax}
o
[
"
[
¢
-
o
&
&

the imterior of thicw-gnd sirndlsrT othor

fLCOCthL&é out» possihij even breaking up inte 2 fev lqrﬁa
pleces ., aru uhe so e#h T éfqéed boulder visible in the righs
corner of ihé piebure (wea& Ting B2 x 28 x'lﬁ e abavé groﬁﬁé)g
o auethc* in tﬂe 5nuth~vpn+ (astrdnaquCﬂi) (10 26 4 15 am
ghove grormd)g o boﬁlg could he (LTﬁ?ﬁP“le hovrever, ?&'tdev
are too near the craze?\ portlons of The original orojeciile.

The renar ablo L@cbﬁT@ of small and Larg « oThen qnhulﬂr houlders

lying on top of the 1uzar goll (ef. Svrveyor nnotogrsone) with-
out définjte ﬁraces 0f cravering érouad taem, can he explaiasd
. i

by wultipls ripoeheting of the imoxcting frsgu
gimiler T what heppened o surveycr f17 ("Iidbhinbilia“), (148A.

1967} sltlough in this csse the vernier voeclksts were meinly

=}
m
wn
L]
o
b
¢
(R
)
ot
o
-
]
~.7
jae
n
by
ol
(35
b
D
ot
ol
<
11}
L
I—J\
[HR
[¢]
| ais
4]
i
e
by
o
IJ}
! v
R
3
o
i3
&
o
=t
]
4

weuld Gecrease in a3 ratio of ?\,'eacn time making smnller

cerasters; £o0 thab in the las JUHD 10 visible crater is orodaesd,

the fregment finslly ¢ m1ng to resy ot a depith of not woers Shan

[ &
Feovr Fexy -5 20 oy e .y 1. - . '32
a rew centimeters ag did the surv&fo“ LQOuﬁ?ds, With A =0,02,
b - K s . = - ’
AF0:3, Initial velocity wy= 60 m ‘sec as in the table, the
ricochetivg velocities anud distancos will be (? = 45%):
ricecpet . 0. L 2 3 &
. v {dmpact) . _
w, m/sec . 60 18 5.4 .62 . 0.40
g 9 -
L, jumpine aistancelld 200 18 w52 0,158
meters
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The Surveuor expsriments permit of on estimabte of the »ico-
i o
tie efficiency;, A= A_ . Oscillations of the space
! - . 3* .

cheling clas
c?afﬂ on hard grounﬂ had a freguency of 8.0 sec T, while on the
lunar su~fage the frequency was 6.5 sec™+ (MASA, 1967, 11,p.146).
Fér nernonic ogeillsticns this means lhst, st equsl peai lond,
the smplitude &O on hard ground was incressed in the ratdo oFf

(Agt Lig)/hg & 1,51 ori the moon,; yielding A= 0.51 Aj--the Lonar

1866hs ps 73} a very low value for the shoek shsorbar, A
results; vhile on the lunar suifane the velocity &
for Footpid 2 of Survsyoer I was 0,20 {the velociti

Lo
2l

given by whers =162 cm/sec® on the moon gnt t ig vhe

time of free flight between twe toichdowns). Henes

b} .-' 2 -—f ’
{:KO-%A 4—?\ Ag //, 1 ag )= {0.23)7 and, with the rstio of

5 ) ) 4 2 s
Ag to &4 given, 'XO 4+ 0.51 )gs?z&0,0Q and K == 0,082, secidente
ally almout exsoily the velus (0.03) estimated dn Section VILL |

For the L“nﬂt¢c efliciency of luwna™ soil in a cratering proness.

Th

{0

value of )@ ?K;*: ,edggih 0e'3 szems Lo be well justifiad
for all irpact proezsses in the Luvar séilg 2 be compered yith
& velue o about 0.5 for hard rock.’

AS a consequence of ricochebing; a rock fragment impin

T

ri

B

onto the Junar surdsce with a moderstely low Vplecluy wlL!

preduce scversl craters in success.ve leaps, the velocity @i

P
~Re
K.‘_‘ '\']



cressing with a.demping ratin of Jﬁs The upver 1limdt of initiel
valoelty for survivel of the Tramvent ﬂL inpact is glven by

equhLLon (100 s with Q: t.By 8 =3 o 10”3 it is of the ovder of

‘2‘5

rl

0.5 km/ses. Hence crab@%Lny from component J, is hot completely

exhzusted Ty the data Copr primary impacits as c@ﬁtgineﬁ in Table
XXy (D) {a). Tsoble XXVIL describes sume cratex chaing produced
by ricoecheting, echiematicelly cslculale ed by assuwing & constent
angle § toroughout the ricocheting sequence. After a ricochet
from 2 gr 1nu3a? surfece {probabill y’G Y the v@1§city is
essumed o decrease by s Tactor of ,ﬂﬁO,S with =z erater imﬁrinh

to be 183 behind; e viccchet frowm a herd vpriel (lavge

e

rein,
Ty, 7 2r) d0es. not meke & craber bud the damping factor is Jarger,
?i =0.5 Dring essuged. The notaticie ere thoss of Tabls XUV

and Bections TLs Ey F.

- - % oi"" i L]
Tue Bth columﬁ‘glves BQ"3 s thr reletind crsteving ares

he

the 10th ghdves 30502 or the total rolume excavated, in uniis

0F Q. 383 um&; the 1lth gives K‘BQB; the velume gjected beyoend

é&acmﬂm=ﬁm$1n wwxm* ;ﬂm3)m£mhmﬂcmﬁﬂﬂ”h¥

]

¥

or lhe svursge raalai nwxwvtnm imoarted te L gram of the “volume

T

affe%t&d“ LGGhﬂtiQES (2} &3@ (0q>i The c¢hain is berpinated

e

either when L {,élﬂ ; or when the sltitude of the rebound is

lege then x4 5 so that the progaat}lc falla back into its lasd

ereter. The last 1line in each section of the .table shows tae

empliTicstion ratie” or a factor ty which esch of Lhe items

is incressed in the'smm.tatal of tre chain , as compared o

nd direct dimpaet into grarulaw target. Bxecept for ihe
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Semple Cszlevulated Wilcocheting, Cratel Chaing., Component 44

Ne.of ¥

Impact cm/sec

Slﬁrane10380

S2Herd 3110

5.Gren. 1555

G

A oo
4586

233

70

b A

i

1 oy
43,0 202 ?

.

e N

Ba

i

« Q0

> 5 » &

Chein tétal 5.35

0,204

k pial

0,108 0,014 33

v s
L I B B R ICE I S N

1

Amplification ratic

B(}f{.}:i }._3

ATSs8,

"::"F}t 0

o,
Wy

P
5.3
) 1e3
Do l3
0
1

3G TH. L

L.27 1.55

Cratering

Volume {J.363¢
cm€0°735cm2>total ejected

214

0
253
.17

G2

x

154

1,16

3
e

W

= 0,52, Intermitient dronular and Herd Target

Y mowentum

L4
ea/sec
par gram

6710
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TABLE XOWIT, Fontinued
(8} v=0.5 cm} Gg;-0052{ Tatermitient Granvler end Hard
Target (Gg: 0.5) Caleouvlated
Hsard Btart

Cratering .
- 5. Radial

Ho.of g Yo PBo Kk xt By/x!' L Ares 2V01 fe§09§63cm:‘m0meﬁtum
: § ~ (0.785¢m™) total ejected . /oo, Der
Impact cm/sec cm | cuw cm uik} ) Com/sec pe
. . : grem;

S f{ard 10380 ¥ & a 2 % O LS -] * 0 0O L - LI ) LI ¥ 4D g kD

.l: . H - 5

‘ d .Lo ,_..6

. 35 3260

SyGran. 5190 3.55 5.92 0.6G28 1.87 3.16. 35,0 le4:
SBHEB_I’('}‘. 1.555 . & & LI v o & 8t & LIS ot &

Séﬁfane 778 1:.53 3.60 0.37¢ 0.82 4.239 13.0 20 11 20

SgHard 233 oo coe .o N eva - P cas vee oo
. . ho

Sglran. 117 0.145 2.14 0.135 0-127 18,7 4.8 | 1 1 20
", 5.3 s

S7Hard 35 ces eoe ces ses oo . NI fee ces

. ) L3 . :
SSGrane 17.5 0:004:(0.77)0. 106 0. 004 192 (0.8) 0 0 0

. 0. 1. , .
Sastop LI 4 LR -] L2 I LI - LI - LI O () . O O

Chain tobal 1.00° 53,2 145 77 3570

Amplification ratio © 3.07 1.09 G.683  0.58 0.563



(3) =0.5 an;

Tag

TABLE XOWIZ, fontinued

ng'005g»

A1l Granulsy Tavged (ngzl} Calculated

Cratering
No.of .. Redial
Tmpact W %o 3, k ! By/x' L Ares Unlume(OﬁadacnS)mamcnuam
0 7RG en> - 3 cm/sec
ew/sec  cm em ot Bow”). 4 Lotal ejected {pgf grag
L '1038@ 433 .00 0.648 2.88 Z.61 ‘ %903 21% 130 G710
, 4,207
2 3110 2.98 5,12 0.567 1.54 3.32 282 78 40 1760
3780 )
2 833 1.71 G.76 0.403 0.90 4.18 1.1 24 13 370
_ T340
4 280 0.58 2.90 0.238 0.41 7.0 ‘ Sedk 5 3 70
P “ - N f ) B .. e g 3006 1
& Bd 0.075 1.86 0.1287 (.063 17.4 36D G 0 10
2.7
& 25 0.0070{0.93)0,107 0.0083 137 {0.2) O 00 O
0.2
7 Stop 000 0 0 0
Chain total W bf@ 102.1 221 186 8920
Aeplifiestion ?at%lelﬂ 2.038 1.50 143 . 1.33
(4) T=50cr; G, = 0.92. ALl Granular Tazrgsi (Gg'::: 1} Caleulaied
No.of Cratering o, Radial
Impsct wg e By Kk xt B L Area Volume (0. 363cu” J1omentum
.em/sec cm com cm . . cm(c 785em®) total ejected cm/sac \
per gram
1 5830 47.9 339 0.256 43.7 7.8 . %,15 5.50° 5.08° 1490
_ 1.88 . _
8 1?"3:9 2 298 O .LJZ ..L\..’OO 150? ) 00 86 8:012} 1060{; 3}10
- 1690 5 & 5
3 525  11.3 242 0.153 6.7 42 (.59 0.67 0.34 80
152 g & G
& 1588 5.0 131 0.129 0.54 354 4 0. 36 0.18 0.02 a0
1 )
531;013?3"?) "% * e © % & “ % 9 LI B ] L‘ 0 - O G O
5 : £
Chain total 2.07 2,90 8q36g G.99 9830
Ampilification ratio 1.10 2.57 1.52  1.39 1.30
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Tag
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TARLE ZoCIVIY éont,mued

PR

{B) ye=200 om; Gg:LvODu, 211 Gramier Target (Gf‘—:l} Celculated
Cratering
- ~ Radial
N, GX . It -
it " 1 K o opLSit L Aves Veolume(0.363cm”) nomentum
Impact Wo o B K &1 B/t L 0. 7850wy cootaq oW sEC
ew/eee om cm ] o total ejected  ‘pop gram
1L 4805 115.2 1460 0,130 62.7 £3 o o2aa® 20468 10848 930
&C
1297 .
. S ] .-
a 1472 56.3 10b0 0.149 26.0 40 Ll@ﬁ G.'E’;:B‘f Q.28 220
' S 1180 R . . ,
3 442 15,0 844 0.124 4.7 179 0.7%  0.11% 0.037 50
105 ‘
stoplsz) ... Lol ee e 0 0 0 0
. 4 a R = P
Chein Hotel . 1.41° 3,84°  3.1§° 1.66° 1200
rmplification raiio L.0Z 1L.85 1.30  1.24 1.29
TADLE EVILY
Cempardiscon of Ficochetbing fmollficavion Hetios
y=0.5 om
rater Volue Volume Radial 813,
Area excsvaned ejected womentum avarege
Averasge 3L(1)+(z)"}f.3((}qa 0:50) 1.232 0.926 0.875 0.825 Ve
: A )
Case (3)(~11 soltlfE =1.00)A 2.08 150 Lesd 1.33 ‘e
Correcticn Tactocr 3\}0(8) 0.635 0,828 0,812 0020 0,821

7573
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e
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total cratering aren, these faclors are a1l within the ordeyr
of vnity.

Vnile @ is the pronehility of impact into granular Lamrat,

R -3 : )
s Ticocheting chain mey heve all ccwhinstions of nsed and
i {3 to Ul 1 fal 1oy of probability

granulial Jmaacts according to the binomlal J&w 01 Prona o'
1o calcul&te'all;thEﬁe comuinations would wean sirevching onr
numericel ansiysis teco far; the ce! Cildt 0Ns ere Very apureil-

mate smyway, silthough cerhainly bezte? then a mere quelitative

For == 0.5 cmy, G,= 0,52, thre> typical ceses have besn
congiderei: (1), an slterneting chain of hard and "soft" irpacts,
starting with a2 soft oney (2) a siunilar chain, startiag with -

3 hard impach; (3) a "soft! chain throughoulh. The trus stetistical
mean for Gg::bQSO should not differ essentially from tﬂn
sverare of the Tirst two cases, and a compsrison with the ihird
crse could show then the error of pegrleocting the hard impacts
altogether, al The given ﬁalue_of 5.7 0,50+ The coupericson is

made in Teoble OIVITI. The last line gives The rstic of the

G = 1 %« %gx 0.5, %1ithin the uncertzinties of the madel, the
Tacteor is the same for a1l four perameters, iis aversge value
of 0,621 szhowing the result of the QLf‘@PEHCﬂ in the elastie
constent ( \ﬁb.‘ and 0.5, respectively) hetween th

-

Fo? equal. M 5, the true averzge should equel CE::G“S

©
o
<
o
(\'}
&
L4z}

but becsuse elasticity in hard

.
3
Q

mn

423

cts is higher, the chain

loss is partly compensated; a5 cowlered to the "all sofr

£

rnain
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(G =13, Tae CO?TﬂctiGﬂ factor of the zmplification retioc cgn

i

o s

= L.B: - g,ﬁu.g , which gives

P A A - 5
be assuwmed Lo be G x}g = ré’(l {‘?{f, ( 1 g a
LB at G~ 0, 0,625 at Ggﬁ*g =nd 1 at Fa 1 which very close-
) 24 =3 o = ’
1y descrites the true facltor atf“safﬁ" amplificstion ratic of
" . . H

THAXVIE, s¢ that BVG?#F@w czn he taieniﬁom A= 8,17 Tor crabering

eren; 4,7 A, 1.44 for teﬁ al volums excavated and A" A, = 1,35

Loy volume ejected. The chsin amplificatism rvatic for roek

Tragments or hard grains impacting with moderaile veloeity

- - N . . . -.
{&IBO0 wy'sec) and rlcoeaetlng on lumay overlay ds then
Ao‘.‘:: G‘g:gplo( 10!’5 - O‘Ep‘ ('}},:,) 3 k].{:}"j;}

%

with the preper value of A, corrasponding to gb@ particulsy

parameter g%(areaﬁlvolumeg ete) Lo be used. The sum totsal Tov

L3

the ricieheting chain is obtained by epplying the fsctor A,

te the srca, volume, ete. of a divect "soft" first iwpacs.

*

This kind of amplification of crstering by ricochebting can he
ilz ds not destreyed, i.c. in

Leke place aﬁi;‘uhcn the projecti

the casse of component Jg+ Another kind of ampli {1cab*m“, cauged

by the grunular ejecta themselvess is eommon to a1l typoes of

J
lmpact. Beeause of gmallness ol {he grain,; saall k and @

- iy

values snd low velocities of ejectlion ; eratering prover in

i gy
overlay W the secsn@ery~ejeﬂta Trom the overlsy itsell can be

discounted, but as a facter of mobility of the "Gusi’ +his aas



to be considered. Ouly tr ronsnigsion of radial mopentum is of
jwportance hereq

OF the ejecta,. only those wilh w > ug (all notations are
those of HSection II ) zre o be considered as a factor of

sing furbthsr mobllity in the varget. This 1imits the active
mass 1o a fraoctlon of 'ﬁx‘fx of the Lobal mass effecied; on
the other h.ﬁﬂg the veloeity of ageetlaa 1nc=eases t0§arﬁjthe
1nﬂu**f¢ ng of the crater LeﬂudtlQﬁS (Av}”“(ﬁb)swhlcﬁ pard
1y bealences the limltzbion of wmess. For hypervelocity iwpacts
%be ratio of radial momentum trausmitted by the ejecta inlo
the u1vuuﬂéingw o radial monmentuvm of the primary crastering
eventy is round o be

e

7 °Xf(ln5{:‘v it QcSG 2)/‘:'}}’

- - Y . . ‘-.‘ . . } i . o ;
/4 I:a VLY ;‘111( A H.'OWG/ZS‘QS )23 (zgu%i A kcwo) S_, % .

3 ‘mﬁdg

*

where kg ang ,0 are rmdlal monmentuwn oot and velocity for the
primary evendt,; and k is the radisl momentum eoefPicient in the
secondary shower. For mlcrometeorite impacht; wyw= €.0 3 : 10°

e/ sec, u(ézzoo cm/ & secy kw23 with /.mocdg ¥ =0.2 (ef. Table
YXXVIL, ©=0.5 cmy at w =200 cw/sec); and from Teble XKV {825
G@-0° Ay 2*/? :*O Y5, the Tactor ia square brackets (accounting
for 1nc“a'ﬂed'veloc1tv of egection from the interior) becomss

4.0 and JyJ ::OaOQWmaﬂ ubterly insignificant ineresse. For nen

I
-destructive impact {(J))

@l the gain in toisl momentum from ejechia
is 8bill swmaller. snd can be neglested completely. Thus, onLly

vicochedting is of glgnificance in wmwplifying the sction of

primary inpacts on overl ay¢ while the contribution from seennd-



sry ejeeta is too smell to be 'L,:a}:;sm inte account.
¥hn The a.K‘a:)l-Ll-’ (’ab_&@{l ?ac%ﬁ? in (.1.94) Cﬂﬂi‘f?"fﬁbu of E}'\‘:Q d:.f:‘»"&i‘slcs
fzotors 3 G, » the Eltl"”tlf"hfc’fﬁ“”“fu?u probability of tggoyH
[ 3+

'i

eratering, which-% bsms :rfu},es the number of successiul cratering

ee'ezms; i Cezr*h ricocheting step,the sawe as for the primary
impactsy and the produch A (165 - Ue g) which measures ths

total guantitative gain in ths pa Zt’&‘!l%t’“” (;um of area, voluma;
ete. of craters) 1”0 T one p"ﬂlmmry imoact. ‘.fe may a&bume the ¢raLer
Da eter {area, vcxluma) 'E.o d@cz'ease m gaorzﬁét-rical progresalion
with each ricochet (which is an idsslization of a more complex

process) (cf. Table XMXVII): if D is the comwon ratio of the

progreseisn (assuned infinite)s evidently
A= :0 (1.5 r&,« - zj/p (1.5 = 0.5 Cg\ . (3:&;5?
A% Gg'-‘-“ L s Tor the "test case' of cotjﬁ* bely granuiar targst.
ﬁﬁf% - 11,1’,;50 i’ o Ao /(L = dy ) (1£8)

I
For arater arca {EOJ) y AgT 2o 1?7;3(3209589 whenege for creber

diameter ’jBo) g ;{%,0;:(00539}%‘-:05?3@ nd A= 3.76. For potal

crater o ume (Bo®#4)s Ao 1.4, i =0.306; this is the procuct
of the cowon ratics for BGB end x,,, whence the ratio for
crater depth or penetration (x,) bucomes 530§ 0.305/0,530= 0. 586
_with fig = 2:30. Similary, for the apparent devth (x'). A= De480,
Ao = 1.82. This of course is an ove:*sim;il' ficatlon,; ae com b3
seen from Tsbie HXVIT s end 48 mestdt only te convey su overall

idea of tre vricocheting process which 1ls too complicated Lo be



representoed by o uvniforwly decreesing geomelbrieal prograession.
Wevertheless, for the sake of simmlieliy, seaseg of the ricocneb-

ing chaln pasramelers pon e expressad through such a progression

*

of a constenl cemmen ratio, with a1 evror of a few per wvent only.

The cratering svea 0f 2 rieccaeting chain, agcording te

Y

aquation {184), is -amplified By & Tactor of 2.17 as cowpared
i v . * B "
e the pareunt orater vhen {-}gz: 1. However, the vricochsting craters

are smeller,; and when the sum total. {(cumnlative nusber, aresn,

volume) to a fixed limiv of craber dizmeter is taken, tas rieo-

-

c?ze"i‘;:%.ng me nbera arise f::-ézﬁ lzrger end less ny _-e'r*c?us crater cizes,
so that the relstive conbtribution ¢t the fixed liwidt is less
than 2.17. The petusl econtribulicr depends on the frequency
funcitlen o7 the primery Glameters. Similarly. the contrilbution
Lo erater numbers is alsc a decreasing progression. Wikh an
emprical volue of nw3.27 as representiug the cwaulstive vrimary
crzber mmbers Bo“n between Ba™ 339 and 7.0 em (r =50 & 0.5
cms lest line of Pert (s)y Teble XAW. U), ond with the pro-
gression retiocs as quoted above, simplified expressions for “he
ricecheting chein paramelers were alopted as follows. For the
cz:‘:nu},a:i;ive eraber nuwbers primary .} elcochets; to same limit BG »
ag[at =157 (15 = 0.5 G, ) (@,AT) (19%)

was sssumed,vwherse AN is the differentinl i‘lﬂequency of primer
iupacts, or (Gg&sﬁ) the differential frgm freguency of “solgn
(gronular) rrimary impacts Elast lite of (a), Teble XXV, D}»

The cuwnlstive erater coversge te Limit R ;

: o larea per em”
& year, or "ractionsl srea per yesriis then

Lo
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Y30
57,7 0:785 LB By A7 (198)

vhere Q;ﬂﬁ.is the differential fveonpnc" of crster numbers

{primarysrlieochets) for the .interval f?om_Bl to Bs as can Te

obteined from (187) or from the lst Line in Part (b)), Tablse
KARV, D.

Thnrouzh admiziture of degraded shallower ricocheltss craler
L. i
depth is decressedr The depth-to-dismeter ¥stic in a chain forms

s progression with a common yatio of 05566/05?3%=50°??8 for
- \ . e .-a-.qn R
1‘"c)fﬁo, sud ong of C. a‘cBO/O 734+ 0.663 for x' /Ioz With 0.734 7=0.3658
M_J \.bvmf resndo s 0o ""'_‘__,’)“_H—‘z L.-‘rf)f.g,.-f\-.f,hj.- W2 }‘b,,..,_,,,,,,»...)

,._....._,_..--—

as the ”"efrqaaﬁwun retde? of crater nuph er& fow a vicochet.ng
Glaneter dzcrement of 0.734, t“_ average benctra ion 4 x nt
constent crater dismelery reguires a correction fagtor of

(L =~ 0.385) (1 » 0,385 22 0.772) = 0,834,

#
0

gnd the apparen 3 depib, x', wust he eimilarly multlvlleu by a

(a

factor of 0.834, It turns out that, Gespite multiple rico-
chieting, néiﬁhe? the crater numbers nor their wotal sreas and
velumes are éhangeé've Ty wuach as compared to the priwmery iupacts
when statis tlcs are mede to consti tant crster dismeter limits, ?hé
aeg*eded chain mmbers join The gxomps more numerous grouocs of
smﬁlle“ craters where theizﬁuébefs are relativgly swsll esrel Lol

ﬂfu_, ST .
In art (b) of Pable V. D the ricocheting chain Aatie:

g.s
‘\

primary ani secongarv POmDL s covnied Lo the same 1imit of ¥

o
sre givew,
E. Overiovping ang Burvivel, of Crateve
Tab XX ki : i
le XXXV contains the predicted rotes of erater formu:tion
n Akl I



f@é

Pwom the main sourees. The actual eveter mymoes depesnd on

t+he halsnee of formation and reﬂovalc
Q-

Py mesdn processes of rewcval of erabevs DY ﬂxmrneﬁus
j-z,i“i‘
TOTNE a8 a jals) dlace“veé th“ougu‘vuno“* osition or overpsiiing
‘r‘a
of & later lwfcr craber; ansG thraugh orosion hy smaller crater-

ing iwpscis. & rogion works gw?uuplly woonentially with tiwe,

and cannot erase & eraie? completely although t may beoome too
shallow Tor reengnition; this will be dlscusded din a saobsgavent

seation. GfprTPﬁnan changes the terrain cumpletely and no trace
of a %a@li c?atov can hs expected to rewsinm when 1t hapoened

1o fall wichin the bounds of a lateyr, sufficiently large cralew.

¢

an he mafs on the boois

o

Guantdtetiye ﬁsilmateﬁ of evexuwpﬁﬁﬁg
of Table LT

Onily ve%y‘sdhamatic approach Lo the probleuw can be

v

(.}

[N

e
o
e
I

Tied. The denerketion line bebween “'swall" andlarge® crators

4

cannot be sharp. Yet w1thoun allowing {or intermedisie trans .-
vional cases, we choose a csavé%isnul sharo margin of crater
size for deletion by eqerlappinm whi.chisy 1?0{ some rough estivebes,

&ﬁom?a.iewf to more or less the same 81T atistieel result a3

Ixi

mothematicsl edspiabion with gr ngg} Lransition.
Let Be 4, x*' be the dlaweter and. appsrent deptn of the earlier
erater; B, and x,= x, the dlemeter ¢nd depth of penstration of

the later crater. Several conditions of removal can he sat up

to he apvlied in different cases

The overall condition of removesl or evasure is

b7



fé%l

effective wininum veatic of dlameters which we find must be close

to . _ ,
By 22 By (198

als0; tne center of B, musb f£all within the boundsry of By
This condition is sufficient only -vhen the Iargeyr craler &ipgs

.

to- sufficient depth, namely vhen

Xo > h x! {200)
In such a case the rate of removals ‘UB s is evidently egual

Lo the curmeletive coverage by cratrrs larger than & Bos

VAE-N'S 203

Y ‘)2}"-‘:’ (201)
Wnen (200} is not Tulfilled, or whean the larger crater is nuch
shiallowcyr uﬂdﬂ the swall one,; partisl £1lling Lo & depth of

2%, after one overiap is sssumed, snd the rate of removals

heaomes
n
Mg R, T / x! (202)
& variant consists in selecting Baj2,6804¢4wi”h ¢ 8

end such that (200) is fulfilled ead setting

“iz_,CT (203)
Of the aliernzbives presented by (202) =and (203) tnat is to
beé chosen wiich yields the larger rate of removal.

- ,-\/-x

Tahl

w

e's containg only thos: components of im apacting
Tlux whicy do not penebrate the ovarlay at present. A fourth
component , represented in Tsble XXX in 80 far as it. does rot
overlap w.th those of Table XXXV, -mst he added although 11 is
important only in ihe larmer crate* closses. The'primaries” of

this comprment are essentially sn :xtension of the Apollo



Y42

-

Metearite groun of Teble XXV and Bhsll Te 4ﬂtefﬁo only be-

(Q

- 2 ~ T}, At £ HrS ) — ‘l!
ginning with B, T 122 meters (B 134 wm). The “secoaunriaes

m
b

in Table XXNIX aro priwmari es from tre standpoint of Teable XAV
they are prebably ene?gesle ejecta Tfrom rey craters with respect
o which componant D (J,) of Teble XUW is secondary. An upoer
1imit to evater size is also sel ab By gy~ 223 m.{"¢<i3aa why

iy ioaiOVﬁat; with ounr sssumption thet our rsgion is “normal”
and hayond the reaéh 5f large crebers. In such a manney Lhe

zres coverage LY ﬁhe additional " comuoenent JQ“ of {he lar
eravers, celeulaled frow Table XXIry is siven in Teble JRALL

]n
Y

In Tehle XL a summery of craber Tezmption and  removal
by over iapwlnﬁ is given. Only craﬁvrs with a p?cfi}e ratié 35
By /xTL50 gt the moment of formatl on are included. This ree
stricits tre swall-crsaier s%atistieé.ehiefly o couponents Je
and psrt of I, (Table X0 D & C), in the larger sizes supole-
mented by camgeﬁent'jc (Tsbles XXX ond XXIX ). HMicremebworites
and dustbsll meteore {Table XXXV, £ & B} produce flat unéew
cognizanle cratevs whieh are not ircluded in the ecountss al-
tﬁcﬁﬁh their obdlity of deleling sraller crabers by*overlapaing
must e reckoned with.

The top of the teble gives the ncoessary explenations, Fi
(Pn} in the 5th. 4th o1 10th columrs ofheadh suhsechkbion is the
theoreticelly calculated Cifferentizl rste of erstering (on
the basis 2 observed interplametary populstions and, for d. ,

from the rate of growth of overiay, itself based in turn on

s
Fo



£as

obeerved excavabed crster volume) ; with all ovange for the .

£

faebor G _ or the proportien of gr;mtﬁa;f impactsy ita cwnwlatlive
rabes ere given in the lst line o¥ Table XXXV, D (

i phiort y’ei; siloving for erosion, the time varislion of

craber area C:‘O?" ity 7y oy subjeet o creatlien rate ¥y and deletlon

rate "V, is deLernined from the G:lfeventizl equetion
d:ﬂ‘ / ‘fr ‘-:_- E?i s ‘\}ﬁ“ ®
When dntegrsted from 1= 0, ny= 0 to L= t, 5 YN\xony » this

yields ‘ ,
EEEGYADICIE IR (204)
H

&

Fop ‘\’ g™ ¢ The equz.mb‘c*‘v v density ¥ '“ f\r is reschied.

)

£

When Y. is srzs‘! L 11— Fiton iIn tbe G6th or 5ih colunm of cach

Part of Table :&, the ce.},c:s.f.la‘teﬁ ciater density o, eorrespoud-’
Ang e o™ 4.5 3 10% years of unercded sxistence ig given.

Yhen constructing Table HXIX on the basis of Shoenakerts

counts; erosion was assumed Lo delste 2 crster afler an evcsion
lifetime of -
+i= 1.58 % 10“‘}30 (208)

a

yeers wiey B, is given in eent dm
. ‘R‘}?;Ju 'T: ,..j
on & disermbinuity in t}au“ radie

ghkers. The eguation is based
ot G/, explained 25 an
erosionsl wemoval of crabters with B,= 286 meters in 2 time
inkerval #f 4.5 x 109 years. The provisional erosion time saale
as gilveu-hy (205} is shown in the 3th or 7th colums of TabieXl,
Fhen ' T, 9 erosion is Lo slow and c‘pirwe ore e -

A
moved mainly by ovevlapwing; this “s the case }\&:{ the smail
.’) .
- 3 b 1’ "1\
=grater et d of the - ?ble«; 'i~n—'m*i—e'1~ eade The theoretical creers

density will be close to n, .« When t'¥ <L, erosion prevalls

e
Ty
LN 14

£
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TARLA XD
Relance of Crater Cprestion by lwmpact and Dele%{ion hy Overlapoing

and Brosion to Profile Hatic }Bafx’:" 50 (Teble XXV for immacl

(‘3

parametors, Tables LT and LIT for ‘e-rc}sion) . Normal Mere Hegion

: - a “ ) POV o 4% i -2 -]
(cutside the ejoate from craters largey upan 580 my. ¥y (em™@yr™=},

aifferential influx; W, deletion expschation per yeer (fron
21l Tive sourcesl; By /’x‘ . erater profile retioc at impact;

To= ¥V 5 yeors; ng is the Cil,n.f{’},' nbial number of craters per

100 m‘f' yhieh would survive if unercded for 4.5 X .'L{‘fg we2ars;

= 1,58 % ".LO:;“:’BO {yre) is a rough Firgt-soproximation ei‘csi(in'
lJiTetime ¢8 us er;z in 'i?r‘bw[‘e XXIX, and by the Lifetime according

to the firal soluticn (% ab] es LI, LIL)Y. The giffevential crater
densities per 100 *k‘;m%; predicted from ni:l(;E’E‘i [J, ~oexp(~ Ly )ﬁ v oga-
8YE g 5 I''y Ny corresponding to ew %5 X 109 5, B, ema k
 respectively, H (l\?m LA l‘Ie)' are th: ors dictbed cumulstive evecter
densities per 100 m=. Bo=craber dismetes ' = craber depth.

{a) Component Jg séccnd&:‘y gjecta _,frozf_z nezarby penetraiding

eretering events {l.e. vwhich are penetbrating the overlay);

primery and vicocheis combined

Bolem) Bo/x' ) o Fs. ng Hg t? ot ' b, Mg mg Ye
1460 27.0 192 5,29 15 © o © . 0
o - ‘ =l D4 LBEY 0,10 3.54¢ 0.04 ¢
655 14.58 1..07°° 0.2 T ‘3’3‘1 Agg BB 00 4 g B0 ° Gﬁo;né
9.70°1% 4.9 7.487 0.67 zoz2’ 0.22
- , =0 = @ T .0 T PE
239 .3 3.7 Y 2,58 [y Go B3 2 0.2 0.26
.‘-,rv"'lg o - ‘? t
1,377 16.8 3.43 442 1.05° 1.28
" r "'% - ‘
1-\-3 1')06 1. b ig.)eff}? o =13 2399 7 5-&1, ¢ 1o
~ ) N *8 ? So?f . i 1989 ‘295 &"«52- 3&8
50.0 4.3 5,52 1.81 53 . "
: - _12 Dz 6 J—?eﬁ 5{5‘{&
:}t{)g 5‘2 :35"’:5 3’3 :.39_»3 12 4‘,

2L A



£50

eanLn XL (connjnued
____,._1

I_,Ls.n Cernioimul, b 57 {_,\.,\”’5 ;fd
. il )

44.6 3.6 1.7477 575" . 114 . 56 5
3Tl 230 4.3567 190 G, 7
— 355 &4 ~
21,0 3.2 7.8557¢ =47 10 344 . 246 .
G427 480 2.5%° 480 5. G4

!,...J.
&
i‘-‘
w
T
Ll
&
~
%.-
o
o
0
A
ot
-\3
o
&
\

5.227% 1200 7.55° 1200 8.70%
3,96 3.5 L.11"% 0,09 2700 L 2590

(b) Component J; : Heteorites--Ancllo
BREHD s o
18800.16.58 2,773 5,71 _ 0 . LB D
- 1e ‘ 2}

7140 16.5 [3{31L 5,219 .73 namd

— ¢ 7
o --1r “ - 4 g -3 -'-l'
L83 18 a9 £,38% 1.557°%  4,11°
3940 18.0 A,a7~ih 2.24- .23 1,993
2.585717 0,092 4,738 1.117% 1,528

2270 &
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e
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Gtk
and the c;lclloumd croter GGHS!bLQa,sgﬁgler than n,. Setting
eowd, YL
P

t o t"wu (205), the probhable values «nm of differentis

l.....l

. crater
'
density a¢ dué to the combineﬂ.removal by oveylapping =nd

hygotheti xal Cempirics! ly“aﬂtﬂnli h{@) evogion have be€n 091"
(8 Vi ,',-. PG, .‘-u") PRfhon i solnrm 12 "'VWL ap0y b "“J

culzabed ph“*(ﬁrh,or ?tn irnu"( .uhle L{), The 1las T EOIUWE T Iin
Coe l’t&.b‘f
gech subdivision of Table X, contsin tﬁe oaﬂulched cumllui e

Y
- [ - . -
freguency Ne of ercters pey 100 mFotine three componerntts of

the teble are 10 t ovevlapping and their sum, ohtained as shown
£ ‘r.“.»(l» BT ATk,

in the otnicoiumﬂ of Table ALLy d¢ then the pre dicted lst{%pnro~
ximgtion tobal cumulstive crater density as derived from tie
influx rete of the projectiles, eratering theory, aveilable
knowledge of bhe mechsnical progertles of the lunar soil augd

hedrock, elimination through overliapping by largey cratersitell

«sn,i

"'{
joll
~
[ty]

snd erosion by smaller vrojectiles (provisional rate
of erasion, empiricslly suggested by a discontinuity in the

£}

gradient af the erater fregquency Tuneticn). This can be corne-

pared with observed craver densities from thres different
sources g8 derived from the lunar probes (LOth, 1lth, snd 2tk
columne) é Yanger VII snd VIIT, (Hhoemaker; 1966},Ranger V.iX
a8l y 19*6?, aﬁd Surveyor I (Jalfe ef 2l.y 138G D),

A CFWpdv¢con af the lst approximation {N,'Sth column of
Teble ka) aad cbservea (lﬁtbwwlu.ﬁ columns) crater deunsiities

Nras

seems to show convincingly thet prediction even with the

provisict sl sssessment of erasion is in satisfsctory acecori
with obs¢rvation and that,; in the szme wanner as with the lisg-

24/
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somavhat 2vhitrarily sllownnes was theie made for Hhe incomnloieness

,26};%’{?



ta5

yribubion of larvge ¢rsbers in the warlia, the swall-seale rolief

4]

of the lunavy svrifzee can be well sceounted Tor tbeeﬁeticaily
in terms of the physical faetcrs:és listed ashove. The di~-
vcrgénci@s ﬁeﬁween the different scﬁrces Qf croter counts ave
even F;Griﬂ? nnr ulosn tet nmen vrE ﬁicticﬁ and ohaervation. Unly
ithin the 10 to € metey diesmeter -ange'thewo seemz Lo he o
#230? discrepancy s the predicted nuwvbers being sowme 3 tlmhp

too highy but even this i@ devistion is conivedicted hy the

survevor (doba at 3 meters which showr twice as meny crelers 28
those predichbed, and 5 times the mumber derived from the Laager

photographs. The wesk peint ? bhw predi Lﬁon L Lhe provisionsl

. . e s . \ : -
and ovoersimplified treatment of eras LOﬂ.,lﬂ neclL on XK. U, Boa

— 5 i
-t

more sofisticated © CdLEEﬂﬁ of erosicy 1s applied wilth the
caleunlelbed resulits given in the miJdle part ( columns 0ﬂ~9‘ >f
Taple XLY. There is certainly bebtar agrecment now in the wist

discrepan: crater range (3--20 met:rs). lowever, the main

fteatures of the stetistical balance of cratering on the wWood

n‘

are not mich altered by this more detailed tﬁeore*ical stud,
erosion: “he obs ervatlonﬁl Gata (prrtly 4uf1“0
differenc:s on the lunar surfoes) 2re not eoncerdanst éneugh to

psrmi if chetl on the more subtle diteils of the theery.

o Mixing of Ovirley

. . . . 2
Lach cratecing event displaces 2 volume of 0.363x 5,
equatien (1) with %o mow slandiny for lewhich is psrtly

ejeeted,y Ddartly falliug back. This mater rinl hecomes thorougaly
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v

mixed, Lo an average wmiwing depth h, ovar the crater arca LT85

om
|

given by » i
h=Thgx 0.462 x, (208)

For a static overlay‘laye? at depth h, the mixing efficiency

s

per unit of time (year) equals U, (x,), the fracticnal area of .

&

the surface covered in uvait time by craters reaching o and
beyond central penstration depth x, 3 this .can bhe derived Trom
the dsva of ”“bl@s XAV gnd XXXIX though the lstter does nod
ada much. Over a time interval of + yesrs the mixivg factor
ng or the eff@ctlve nuober of times of ccmol te exchange ol

meterisl of "cals specific 3.cger situated at depth  hy with Tle

L.~

cvoriying 50113 is then

Qp (ho) = TR0t) = T g (207}
and the wixing time L, , corresponiing to Q= 1 or complete

single miwing is
_— - ;-

However, the simple mixing prccess is compliested by the

geeretion of 0ver73y'vﬁ1ch not onl*

ol
i
[0
]
=
)
v}
=
- @
i
I
o
L
t
Fou
(o
’.
g
o

suriace bhut pﬁovlde% an ever inecressing protective layer. The

average accretion of overley on oul "mormel’ region wag est.mated

to egual et present 12 meters per <.H x lO years oy 2.87 X 10“?

el per yesr; eny marked layer st depih hy can be assumed to

gink under the gsurfoce at this rale,; so that its sge in years is
- f (‘\6‘! L}

2,67 x 107 "= 3.75 x l . (1209)

when ty > by s mixing is etfficient; when t, C-tm 5 the laye

sinks faster Lhmn 1ts time scale of rixing, snd hecomes only
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ne overlyipg stra . at all.
partly mixed with the overlying strata, o not at al
A qw&iion of identity arises for mixed strata. roysicel

d inbad 3 © intervals of time during
1dentity is muintalned only over srort .x_n_x,wwls of ng

& { ? pinkd le % nveleslls aningful. Tha
wnich the rabs of ainking }fﬁ vhus physicelly mean ng

+obe remsing the same although the muterial content wmay change

vith efficient mixing.

The qifferentisl equivalent o equaiiican {207 is
apfan=0
ond with the linenr dependence of age on depth (209} the wixing
factor can ve integreted in terms of inceremsuits of either b

or hy v{-;,m:jc;dt oy

Y

A0 = o). At=3.7 % 10, « Ab, . (210}
}—3 - 3

The integrsl from t=0 t0 L= by yields the total mixing factor

Tor the past i}iS‘bor-y o€ the layer when its depth wss less than

b, .+ The integral from t=tg to b ~Jjoudeflnes the mixing

getor for the future, @ £ i when this is swall, wixing can be

assumed te cease and the layer becumes stagnants The probability

oL

eventuél subsequent mixing is

¢p = 1L - exp - Qe) 3 {211)
for small values it is close to Q py for large velues it
éppz‘caches andty.
’ Dable XLIT conteins the cslovlated mixing probabilities
a5 depending on ﬁhe depth hy below the surface - The craisr
goversge, ("B 5 is the sum for gil {our com};')onen‘uﬁ of Table
XV, legerithmically dnterpolated 1.-;her1 negded for the chos.om

“values OF %, .
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The dividing line of bmjfﬁozfl 1s at a depth of hﬁf:ll Clii g
while the one-hell 9“00 oility'depth (pm: 0.5 ) is mesr b = % Ol
A£ Iy <fé.pm'£he 1éyer5 hecome well wived, witn miwiag ﬁima&
ronaing from a few m11¢hﬂn gears 4o 160,000 yeers pt 2 Gepll
of from 2 o 0.5 cm. Zelow ﬁﬁj> 25 om The chance.of ultimsic

mixing beeodmes very oiight and the layers bhecome sTafnﬂﬂU,

preserving the slrabificention onee formed when they weve nsar
the surfsce.. The stretificetion is weshed oul over a laysr

thickness of 8 em {linear Gisﬁersion * 4 cm)j chronologicalry
it reflects the aversge conditions (e‘mn with respect Lo coswmic
-Tay inﬁefacfiohs)over é time 1nc°xva1 of 3C million YE2TS
Fluctuaﬁiens of 8 shorter‘period must be smoothed oul and

cannot be detected, unlike the high resolution in time of

1
-Lnl"'f"e" i"ldl 'lLSu I':I'i.th : {‘/{“‘ '2:-{}":’ " ,;; 2 f} xt;.'( g":-\ﬁ
siecied BUAT }
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Cumulabive Mixing Factor (Q,.) and Fyventual Mixine

Xa

Dy

b o
o

&£ ¢F
Hy [w]

o

(om) =2 7.02 4?36 2.19 1.03 Qebd Q.27 O qu 0.08675
C.

Probabiiity (g, 0) of Ov erla}r at Yresent Depth h, (cm)
(’Jb =rpalastive.crater creablon arss ler year; Xo™= craler penetra-
tion deptlr; L, = accy avion sge; years: t o= blme 8 le of mixing,
year
(em) =34 LR Go. 1 58.5 47,3 34.4 25.6 13,2 10.9
10/._. a‘_Bt 6 32 ® 0 27 3 O 22 ] 2 lSa hod }_10 O & bét() 50 O"‘:!.:
T -Ml w10 , PR L= Fe) ’_,g "".., -
crze 2,287 3.64710 1,559 3.0579 1,1078 2,167 a.ag” 1,287

(. 0bE 0.079 Q.01 0,107 V..

0.001 0.076 C. 087 2.101 G.108° 0.120 ©0.141  0.42 077

3,26 2,02  1.01 0,50 0.250 0,126  0.0525 0.0312
2.69°7 5,987 1.57°° 6.257% 2.05"% 5.847% G.08™ 1.45°8
R N - TR T - e e
3.72 1.67°  5.35° 1.60° 48800 15100 1850 690
o220 .88t 3.78% Les® g.a® 4% 40355 119
20‘?2 44 54. 8»5 I.JE‘.ZQ_..G “"“""%‘
00583 0.89 100 1 1 1 1 1

Id/ k]
8 ﬂ'n
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o

TAELE XXXIX

Cumulative Avesn Coverage { \..f,g;g per year) Ly BLarge Craters

component J, (suppiewentary to Tahle XY Tsiy's;'h"‘ c¢h containe
conmonent J:L only devm to By > 189 meters. the rest of it

being vepresenied by Tzple XXV, C

B, , meters 325 226 186 145 118.5  88.5
~10 —10 e - -
G PFimeries -0 L36 12 5 g7 1%, 0172 1,097 1097t
?7ﬁecongz§1§S) o 21312 7o oyt 10 2.3
\J -
Uom’ e 09980l 12y e ther 2.l g.as7H
B_, meters 69.7  55.0  48.3  82.1  23.8  17.7

65y Primeries B S B s K o - Y- s 1

G Secondnries 176~ 11 2.9471% 523710 4 ge=1t g 7071t 9.0t

(xg= 03685
~11 - - nE -
by tolEl 2,850 5,427 4,457 s agTl

1,05

17T

~1l pgt

1.09

-11 g, 28>

il
ol

27
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®
sueh & 1low resolution, the Quaternary end li&CCﬂ@ wounld
have beea lost in the preceding Fiocene,.even the lavge
subdivisione of the Tertiary and the Cretacecus— Yaleocere
trensition weuld have been washed oub.

¥, Erceion Lifetimes of Surfacs Testures

L. Trensport and Sputtgringg Iifetime of Boulders

Tn Section Ti. E deletion of small craters {ox ather
features of roaghﬁess ) by later superimposed larger ones
wes evalisted on & Firm statisticsl basis, while eros ﬁﬁn
by conbiwwous influx of small prijectiles producing era%érs
smaller »n 2 linear scale than & given roughness feature was
treated, as & first epproximation, summar rily by 1ﬂv0klﬁ°
an empirically adjusted urspecxxxea spoothing proceq% whese
1inear s2ele is proporfioval to =ge. In thig section we vwill
consider theoredtically the actual processes of this gradral
grogion 2Ap “poll:hlﬂn“ the final rvesulte, however, havirg
been included in the mﬁdale pert of Table XLI. Two msi

processes are at works sgaﬁnerzng of iarge graing, boulders,

* - WX

end orater rime, and Pransport of the gramlar matrix.

Outstending large grains or dblocks, sufficiently larger
than the imnacting projeotileE which do not behave as payt
of the granular matrix but retzia a their individuality (cf.

»

Seotion TX. B), and uﬁuroteau sretér rims, are spubtered
by herd impscts. They are not mueh affected by the infalling

accreting overlay (J?) on scoount of its low velocity {ome

175



grindiag.

W

nd collisionsl damege occurs; howmever, the pess

fuds

sifentad im insigniricant); only hypervelocity bombardnens

&

by the weteoriiic components ls here xelsvert and, becaus:

the lsrge mass influy rate {cf. Pable Z3XIV), bombardmani

section, works on. slopes of craters ox other elements of
roushnese. At & crebering impact, nore grains ere forvher
ejected dowmhill then uphill, which leads to & net downhill
gisplecement or flow of the granvler msterizl. Also, out of
& hole fewer grains will be ejected by cratering eveants into
the surromnding terrain, then injscled iéte the hole from
the surromdings; this leads fto & gradual filling of the
hole {cra%er)u

Ta transport, besides the misrometeorites (Jm)g ovear-
lay influx (J@) may be of some importance {cf. Teble XAXIT),
asomevwhat smhenced by the higher valocities of ejection (ua)
due to praater strgmgtb (se) at greater penetration (xe
than in tae case of micrometeoritae. In adéition to momenlum
as determining the mess sjecbed, the transpord elficiency
can be aszomed proportional to thi flight distence, T
Eeauatian (4§§3; On $nis basis, the trsuasport elfiolency

is to be acasured by The product i=KG W (d./at)L, which
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cempLrisen betbween 4 ond
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cent; oumaalobive wass

i pomentayr uced 4o T

¥

-
©
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Wie XV,

ihe

the godirn {50 per

P
{5 f,;”n}

{Teble F¥LY). Por ot thie is &b hel.02
; ~ ﬁ /£ 3 o X - ; :')
Wo=h % 107 om/woc, K=2, GPxG &1y Eénun7 Cliy $cwz&2u ayne/om®,
5 -~ -
{i‘}a “fﬁ {.:“:;;l {::,s - 1{\%5 c-f'ﬂhld 2T ey o5 :f 1“2\1—;(- e F gt 1 LR '\-i'f\gv’,t'\
i LIRS S H L Wil e Yyeul. 10 < e? LG G L AUEL LT vl
%
. . 4 r - 3 -
&g Iwdal) Ry wex§n§3 % 107 em/roe; ke=l.513, §_»0.56 ﬁpzlzal
t3 d
ol B =2.01 X -H}!l dyne -"ng G/ = T x ]Om;{: o/ o 2 ceni
iy Bm2.00 x 107, yne/ cm™, C}e/&u*304{ x 1 gl en® . yery.
the comparison then consiete of two steps. Au imner poriicu

e
A

"1

(n) as the entire (yeﬂ 1¥ haxder T

2024 Ik, [k =3.26, ¥, / w =6
The

o e

the o188 for y. =1
i1 Jm ater { , -}&»

0. 496/ 2.5T=0.185, The
as thet crrived 8t in
Yo allow also for the other
to Pable

TXXIV, the

may thus be faken with an sidditivnel increase of
of its wilue. The predominsnce o micrometeoritic
thus greatly simplifies the ecaluziztion of %y

anyway cumaot be estimated better then o

The experiments by Gold and

......

grapular substance

ronchuess {"fairy cestles") would iske vluce

L.
emall

stransport efficiency of the

simultanecu

- -~ P o . . .
{Sm’x 0.323)01 the 4 crater which has the same shock velocdity

G/ G =1.37, #, | H.=32.1,
&) *! i
treneport officiency of
b

e
——

1

whenee o z
. e

i
> be nezxly the sane

-

aore rough estimate,

components snd goling beck

£ 4 _-conponen’

25 ner cewd
crosion
ensport, which

e

cloge order of

-

the

E{2]

wuild-up of rurface

ag due o

@ *
LA

966) as nentioned above
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[ AW

gdhegion. This Busd be only poxrtly true for Iamar overlay.

s ad , - . .
The Eﬁlﬁﬁﬁéﬁﬁ of the cement powder in the expoeriments was

A

due To the very omell groin size, of the oxder of 10 C¥le

It cen be shown that, for & greatly simplified model of wo

%Jt

collidivg egual spherical semimﬁlaﬁ*'c grains, the marirmm
rekativ& veloeity of encountex WhL h can be bzlsnced by thz
teneile zlostia foreo as ll@iieﬁ by cohesion, or the "velocity

.

of imela?%;c ci pture”, equals

p.'l

v&=(6fﬁif)““& ST A %) (212}

where ¥=Young's nodulus, & =adens. By, Adnfo?c@ of cohegion

between two graing, A= linear slastic cificiency, r= roadius.

11

s . . - 2 -
or siliczite groins in vacuo, ¥Y=3 x 10 dyne/om”, §zg,;

=1,0 dyne (Sroluchowski, 1966; Rysn, 1966}, A=0.5

"

as for Yzrd vocok in a single ceollision, we have

-2

v, =1.27 £ 107 7x ©  (en/sec) {2128)

For v=10"% on as in Gold - Dapke's experiments, v, =127

o
A

em/sac (nd the perticles can be efficiently captured at

) i .
moderate velocities of impact, while at »=10 ° comp, v_=0,0127
eafsee, they hardly ceuld stick, especially when psriurted

by other oncoming perticles. Yei, according to Foble T .
D (y), the mass of the spell particles from 2 X% 10m5 to

"y o . o
2 x,lO ' e conld only emount tn 4.% per cent of the tosal

larger than 1079 om ascaound

Aot

rmess of the overiay, while thos

foxr TL per cent. There sre not mough “stic

n

iy® oparticiles

in the overlizy, &nd the bnild-un of "fairy castle! giriciures



!\.4
mnet be greatly inhibited, as compared to the formation
of regulayr impact-crater depressions, while the former sxe

mereh wore casily destroyed by "herd” impact than the laliter.

Ve will first consider the levelling acticon of meteor-
itic bowmbardment on the gramilar elements of gurfuce rough--
nehs,mL,ﬁhe consequence of meteoritic (end other) impacs,
gifferent- pe of the ovexlay surface are exchanging

meterisl (the 1ﬁilux from componeny Je, or secondery ejecta
from neardy craters descends egurally on all surface.elenents,

lezding to & conbinuous growbth and_cimulibereous redistrlbution

-~ e 2 YT T
e T e e .

or iillingﬁ;n Section X, C gg@§i§f?§§3. For en element ¢
surface placed at the same 1evei?its surroundings (diffor-
ences ¢X level that mevier are of the Srﬁer of %L, the
flieht distence of thé ejecta); ejection and iﬁflux gre ob-
viously balanced. A sufface element placed in & dopreseion
will receive more or less the same infliux as if it wers:
placed on level graund, bub, or account cf gravity, tvhere
will be some fallback &t ejebtion;_so that influx over the
vim of the depression will exceed ejecition end the deprsssion
will begin £11liing. CGn the conirery, an elevation will
eject (ver its rim the szme amcunt &s when placed on level
ground, while receiving less from the surroundings; its
height will decresase. lé will wry to obfein a guantitative
ectima- e for the Hime rate or tsmocthing lifetime™ for

tne elimenits of roughness a8 depending on their linsar scale.
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g
Only @ crude spprosch is alttenpied. Strict evelinziion
of the integrels as cﬁﬂa¢tloﬁcﬁ by the adopied model is= not

Justified, the model of eretering sjiecte being iteeld but

apprexipete, involving ardiirary g guantitative relations iaueh
£

as equation {27} for the cjecticn angle, @ ,erd the

]

we of

w0

S

o~

5 mean coefficient of elastic efficiency, }uo is one of bthe
SiﬁilLLlCQ+IOWS§ sverage guentities of ejection or influx
over enlire areas are n@re used, instead of the inbegral.c.
The neth ewatmnml BITOTy perhaps -some 1020 per cenb, is
probably muich smeliler than the uncertainvy ia the basic

asstmotions.

bl
o

The gronuviar surface isg sssumed to be horizontal on
sne average, except for the raﬁﬂomly digtributed elomen’s
of roupghness (ch‘eflé craters)y. letsorits imﬁ;c%e on in-
clined surfaces will lead to systematic flow downhilli, «

+

procese to be conaidered seyparstely.

]
w

For grennlar overlay, witt the eratering parameter:
adopted in Table XXEV, A and eguatlon (4}, the narginal
shock velocity is '

u =2170%= 46,6 cm/sec ,
and the equivalent volume of grenular ejceta, proportioal
to & mhaélﬁ the f{raction of grsnulayx eneegnﬁer%,_&né ine-

8 )
creusec by 25 per cent 1o er o

oshicr components of

-

)
ke

meteortLe inTiux, and o The rroduet Fwo/us according 2

eguatitn (14), becomes

A

2
Y

o
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#3.6
Y

}?ﬁ 669 % 1.05 x 16“6x Q.41 x .25 = x 6 %107 /(L6.5z193}
X113 % 10 5 (ex/year)

4
ot — I - Rp— *
{ﬁm3/cm . veary. Ina LQCﬁ“fiil grevrler impaet, the ralic

n : Jty
of mass 3jscbed or 13Lurhca (inciuding fallbacx fi
{

wicrometeorite . projectile nmass 1o thon

s e
me/szln?E x 10% (18)
Fhe osrofile ratlio, BG Xy ¥ i of the ordexr of 50 for

miepomet sorite impact into the gremular surface {Table TBXY.

s, ho 3 = - .n r"?
AY. Tne 2reter le eXiremely flzt and the rim angle, WMot
f

O e me N . . o
neaver 90° (of. Pig.1)] imstead ¢f 0.8, in eguation (275

X

@
o)

1y
v

set gin @ =], Within the same methematical Trsmework

s nsed Jor ths deberminstion of fallback in Section Ii. ¥,

P

tne average velooity of sjectien in the direction grmgé &£k

erater moss frection y is

. Bl
v=%u$}x/y:31e1,ﬁgy {ow/sec) {215)
the Tactir ¥ ellowing for the ssiumed denaping of ejesction

-y

velocity with depth % [Fig. 1 oanc epuation (24)

| Pt

. The layer
cedleted from a hovizonbal level glenent of 3urface bayend
& cirele of radiuns D {(45) arouwnd it and thus 10huﬂm0 the

sprroundings beyond L is +then

%”_:K’i{l wﬁ-% 2)7’5 m)ij{\; (cryyear) {+3.6)

b
wvhere N
) {"3" miz ;
L R
end

el=3e/v F P = 0,084/ e . (+17)

29/
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1

fard

vem3le1 is the veloecldy correspending to y=l, A=l; as

of eguaiion (215). The geme amoumd kfv iz, of coursae,
guined by the slement of sarfaca through influz from
beyond radius L, as fcllows from the condition of gcuili-

briuwm, ind cen be proved directly by inbegration. lu the

[}
[p]
s
]
o
o
e
.
it
¥
ey
-
g%
]u-?
[oa}
e
Fouds
%]
i
W
=
s
:(.J.
[
[
pts
i

fremework .ol the prescyibe
cally exact.
Imegine now the entire level circulsy porition ol the

surface or wadiuns I radiating over itfs boundsry. fhe cass

is more couplicated than the fallbsck problem, becaunse in
s single cratering event the ejcelba. ware suppessd %o fen

out redizlly though at different sngles, and the dietence

n -

Prom eruter vim wee wwigue for sach radiating spot, while

in the yresently considered progess each spot smits gjocte
;v:’)‘ : & \m,f

in sl directions along which the diweedicas to the berder-

line are different. Instead of numerical imbegrations,we

cwer the bordewline L, bto corrempond to & point ai 0.75 &
from the center of the area, znd bo equel the mean of two
expressions (216), one for L'=L 4 and the othier Tox Lt=TL/4

{antipe-ial distance). Thus,for he eantire level civeoulsax

ares of radius L, the averzge enission a8 well as influr
overy; 0 ~ frem over i%e border, necomes
N T, 25 % %
\tg:é..& L&l +w} J16)% & (L v 49‘5 /16 ) - ;\ (cm/yesr). (218)
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meted vy 2 |8/(19) - 474

Coreider new o cylindrical depression of rading L,

the flight distance, os compared wiith the verbtical rangs
of the 17 '.rrh"{'. A, S aathory, & o€ et Lo e 3
e Llizht srejeetory, ait p el a norbicle ejsoted

froﬁ +he cooter will Just pass over the wvim when
o meke the schsmatic aesunption that when 123z ¥, ejsotiom
12 virtuslly blocked end (218) rapressats the ned averagl
scoresion ab the bobtom. Further, when L<( &L, we assume

a linear decroase of the accretion holanoe Trom its messinrnm

value {£18) to mere at H=0. This delines +hus the time scale

so thet, when Hzgi%ﬁ ig the iridtial depth, -the depth afier
time Tt vill be
Foad
H, = B, exp{-t/ U . {230
;ﬁb 1bP{ 1/%1) i \J)
Tor B > &L, the accredion im constsut,
a/at= - ¥ ¢ {231)

Fevations {2&8)*-{221) apply 2lso o a eylindricel clevased
cirewlar platesu od radius I with 2 granulsr surface, wiich
et & poritive height ¥ +1. does receive but 2 negligihle
ipflox Jrom the lower ﬁlaced.ﬁuxrcunéinge and leses the

net srownt given by (218). I=ble YXII1I contzins the para-

meters ind lifetimes of depressions (craters) or elevetions

( graouliy wounds).



es ( ) of Craters o Eremuley Moundg of

Lifetim
H<5% with Reepect to Sticring of Overley

by Small Projzcetiles

(Crater or mound diwseter EgﬂéL)
LA t < et )
32-0.00; h=0.933; B,=2.14 7 3 Tp=aB, At
‘{.’)f 1 2 3 4 5 10
S AVAN 0.523 0.379 ©.315 0.242  0.202  0.120
V., 1077
CI’:EXETE&T 3»73 2.170 2»215 }_v?g 1&44 63?35
B, om 2,14  4£.28  6.42 8,56  10.7 21.4
&log‘-’{:é./dlogﬁo 1,47 1.54 L1 1.7 L.8T 1.54
T,y youre 14300 39600 71300 12400 188000 682000
) 20 50 10 200 500 40007
\PL /o 0.057 .0228 .OLl4 L0057 .00228  .001M4
&%/1'&0@ 0.4 163 O0.0BL L0407 0163 G081
CIﬁf;}'@aT n"!‘OrZ 0» 03 o 1 I ° f « VLD . L
B, o 42.8 107 314 408 1070 2140
10T /élogﬁo 2,00 5,05 2,00 2.00  2.00
T, yoers 2625 1,647 6.500 | 2.628 1,642 5.60°
- 2




These lifetimas arve. ehordoer than the hypothetiecal
=

1 velues Limble XL{&{} for the smell eraters for B, £ 100
cr, &nd romewhat shorber then the overlapring lifetimes
&, for she creier diameber range from abeout 8 to 2000 om
gaud, thus, nust sppreciably affett the crdter statistices
{Pebles “L =nd XTI, lst versus 2nd approximation). Also,
the conditbion H <53B may preachically apply to all croters
and mounds; so0 thet Table XLITX nay be considered as of
general applicadbility with wrespext to this @arﬁic&l&r

process of ermsionp

That part . of meteorite {lux which ie not insbrumental
in grawilar cratering (i.e. & fraction 1 - &g of ‘the tolal)
pro@uces hard spubtering of sinsle grains or exrpored boulders.
The =of; caﬁpﬁﬂ&nt, J_, ig inefficient in this respect end

only mizrometeorites mey be comsidered. With Ecmg x-los,
{=2.6, k=2, wgﬁ X 105; ug=1a86 x léécm/sgcs equation (34)
yields for the sputbering mass ratio & velue 400 times_iess
then thet of (714) ond negligibie as a factor of maoce trané~
rort. dlso, with 22=0¢25? ymﬁﬁgg the'highws@e@d ejecte
_(anﬁ4‘cf very fine grain) are spread over a radius ol over

4,

0 ¥m end are not available for small-scale local sunootn-

Iy

ing. I cguation (190} is scperpted, for the small craters
of abont 0.2 cm produced by the micrometeorites in rock,
the ef ‘ective strength of $he raterial must be greatly

: . -kl by .
increased, to ahout SQ:LQOA x 20 dyne/cm”; this sets



i, /=127 (222)
Tre layer carried sway {rom =n exposed horizonial
grain cr vock surfsce (density 2.6) by micremsteorite sputter—

- . -

ing 1s then ¥ 7 . , when [ _ denoles the equivalent layzy
7

i
vl =1.03 % 1077 - (cn/yeax) (223)

]

Tris will be the svlation when H >» gBO 1Tor the blosk
A rocky suriace on level with the surroundings will be
coveret by overlay ejects and thus protected from direcs

.

sputtering. For an invermediate height; the thickness o

tecrite

@

the proetective layer will be svch that microm
vy

bombardment will sweep{away‘it1a8(bomes in. As the influx

4

P

ig Gecreased in an assumed ratio of 1&=4E/BO ibasis of
L3 ' e ] IyEa] ‘1 T} L L . Y
equeticns (219)and (220)%, the micromebecrites will spend

a Traction L — W of their momentum in sweeping eway the
tnin probective sheet (actually if is an exponental
funeticn of R , ¢fy next following subsection) ge ihe
spulbttering efficiency Zor the underlying rcek will thus
be W . In addition, overiay ies showering on the block,
burying its bese at a rate of 1200/4.5 x10%= 2.67 x 107
er/year. The outstanding height of such 2 block with 1at

top decreases thus at a rate ol

/ . ot
ardt= -2.67 x 1070 - 2.06 x 107 n/5_,

284



295

whence
B=(E;+ 1,298 ) exp(~2.06 x 107 (/B )~1,297 (224)
The blook is completely buried when H=0 ox
exp(~2.06 = l@ufb /B ) =1/{(1 4+ 0.775 ¢l,f o) (2248}
when the inmitial -avercge height . < 4B 3 the linear rcals

ig in on, the time in years.

As an erample, =€t ﬁépically BO=5O Crl, ﬂ1:25 cm;>gB3
i= the heginning (ef. Fige. 5, 16, 17). ine surface is at
fivet wrprotected, being syzﬁteréd at %5(3:0,515 % 1077
om/yesr (223) znd buried st 2,07 x 10”7 cw/vesr, or & combined
rate of 3.18 x 10"7 ci/ yesr. Afver an initizl period of
12.5/3.28 x 1077=3.9 x 107 yesrs the oubstanding height
is refuced to 12.5 cm after which (224) appliecs, with
31:1205t BD=50 e, The total lirletime of the vlock watil
complet: burial Lecomes

3.9 x 107

+ 4.3 x 10'=82 million years,
vhen its thicknesgs will be redusled to
2.67 % 10“7 % 8.2 X 107= 21.8 om,
having loet only 3.2 om through sputtering. This typical
56 snows that blocks of this :nd other sigzes are nodb
grouns to powder 1Y meteorite iapsct before baing buried.
in overlay; aiter a iifeﬁime of 10-100 mpillion years

(eccording to size), they become incorporzted in ovexrla:r,

being 7o longer disturbed excerl in & rare levrge critering

()

owcwt. Such hidden collectbions of blocks may then be She

+

-
~

gy


http:exp(-2.06
http:1.293o)exr(-2.06
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csuce of thermal snomolies, ceven when they are ncl visible,

being ccvered enbirely by overley wreeipitation (cf. Sceiion

B. Lownhill Kieration of Tust

In Fig., 18, 2 micrometeorite otrikes a gravular sur-

faoe £5, incliued under an sngle 2L fo the horizon HH. Ihs

meteorite MO impacts in an arbitrary unspseified direchiomn

£

nd casutes a spray of ejecta from the point of impect, O

with respect to the normal ON , whatever Tthe direction of

Ui, Uwo oppeeite
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[41]
o
o

to the “ertical 0Z, resulting in a greater downhillglighﬁ

dlsbance, LS , Thum aghill, L, . The result is o neh dowvn-

i
Wil divvlacement
£
Y LY Ay '
OOJ:, I‘( \fad‘)‘“.ﬁ\-d*p,“ 1"4,313

T, beims deken elgebraicelly, negetive when to thne left of C.

1

vel plene is

]
o
i
]
;:1 .
o,
&
e
(1}
i3
(E
o
o
]
L
<
[ey
<
o
W
o
O
)
¢t
g
(2
gﬁ
O
[
e
o]
Q
pact

- 010, s AB= L TLeosn

end this ie the neasuve 0F migravion oI a nass iraction,

. . n - y ..1.,,_
dy, ejerted under zn angle O srzh that

[?ﬁuutisn (27) with sin =1 ag in the precsGing sectiozﬁ.

+

From elzmentery kinemeticnd consideratlions we then Tind

L%
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P " 7 + SR EY
A8 = (2034 (1 = y*)tana (225)

i

where v 18 Gthe aversge sjection velocity (£15). Hubstitub-

2

ing this, gﬂﬁpg?*biaﬁ over ¥y yieids the oversge élﬁalﬂGE”

ment of the alscha. Therey howevery are some complications

oy

which refer 40 the walidily of ecuadiocns (Qi85) or (14), Limited

.
e

by the condgition y > ¥, ieaua;iez lf;; ; for gjects of
3 1 8¢

wicrometeority impact, the Llimi ﬁ (with = 0.3) eorresponds
o Flight distances of the ovrdsy of & ku, for above the
craber dimensions we ore concernsd with. Such fost ejecta
will go egqually uvp and down Bill of amaller crniees withoud
& aystenatic drift; thely effect being covered by the thesry
of the preceding section while for dowrhill arift they avs

ot no ovall. Clestly, ejecte from the inner gporvicns of

.

the ceralerlast arve irrelevang in the covbaxbt. Owly slow ejscha

Q

*y

» " - I L I 1 2k .
rrateriel, whose Tlisht dis-

o
o

from tht cuber povrtions ol th
'tamve& nre noed 1&?”9 a8 compayred to ¢reter diomeber, will
gontribube to filling the erater by downhill drift. In fig,
18a; » urster of dismster By iso schematically represented
by a coene HO M, of constant slope 7o . Ejecta (00q) frou a
middle péivnk O (the wmicrometeor cret&rleﬁ)ah the slope will

Travel dowmwards allright when ¢

sl
¢
A
o
S
fomd
it

#Bo but will mount
ihe oppusite ledge (w>o02) and aven clinb up or 1e¢va the
erater vhen AS>0P05"= 4By . Tnstead of propsr integratimm

whose o curacy is not Justilied by the upﬁerc¢1ﬁyy in the

(!

besic d&tes we use aversy

a

& 28 in many othexr cases of this
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treatise and sct the lower 1imit of inmtegration for cquatlon

(225) st a ho:i:’izéntel Tlight Gisitence one quarter of the

f
Vo g = LGl yf,& EREN

whanee the lower 1l m}.c ot integration hecomes
Y}fx o BV v (226)

Theve 18 o lower limit to the walidity of the tireatment,
ot - . L .
Bo > if@f. {corx'eupanaz.sg to upper Limit y=1 not to be excueded) ,

oh-beind given by equs'i:,. ion (21 AN ienco “the aversge GOWD~

3

hill m.sglacemﬂnb inside a crateyr of Cismeter 5, and fyerzge

’ . L BTV ey
slope ¢ ;. such thai tan = 2xt B, s with Zé{idltl@ﬁéﬁ. wesn L7
: "

factor ;:;*‘E (8/%) to allow for s:_tz-.ntLmn«-vw“lciloma diracbions,
heaomes > 1
“ (2/"’}1\')} A& . 8y
ot Iy
é‘il"sm[ax*/mo ﬁcﬂ‘ | B84 By -2, (e2n
with &' Con™ ) Gefined by (21 ?) W'By is thus a Glmension-

'i.%ﬁ quanbity. The flow 't'zwoagh 1 em of crster civcum-
farence ( 4%, not necessarily $iBgy whewe B=00, is an

inner dismeler, Fig. 18a) is then evidently

I“{j"‘vﬂ :?{' o AS} L} [:L b E‘Xjﬁ)("'}{ﬂ 3 (;‘32{:)
wherse )( ig 'bhe voliume o; granmulsr mabterld ejected per ew®
and sec (213) and M the "kinetic depth® of overl y th

_ca

spot so that the expression in brackets denotes the fraction
of projestile momentum spent in the (not infinite) granuler

layer, tae rest being applied to %he hedroek with much less

i
S
et
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x

sputtering efficlency (223) bubt of long range (10 km) and

16

thus indifferent for the ’ewnhill migration yﬁoblemm
Assuning the availabil Ef of sufficient supply, thus

meintzining a thick leyer of ave?la%}&*ésﬁg the time scale

for fillung a conical depression of volume V=( #F 'S, 3‘ 12

£ E‘ ﬁi‘y(‘:}?y{)pi)

by drift benamps

Q%
_ (AT /{2&)\[& Erlng) 2= 2l (29)
H
Withoh ond Y as in the preceding section this becomes
P e e .
T L7108,2(0,9668,% + 1.,0388, 2~ 2)=+ (2292)

in years when By is in cms The formula is walid for By 2 om,
and the {illing is supposed to proceed exponentially with
time .

For craters completely imbedced in overlay, there is
a0 shortzge of .supply Lo feed the flow downhill, riw and
creterbed consisting equally of tre dust and rubble of grhﬁt
Gepth. Fr Gm.Tﬂmle FAIX the size 1imit for this condition
(Hp-<13 weters) to be fulfilled ie By £180 meters Lfor
primeries snd Bo<36 w For the "rsy' secondaries. In this vase
the flow sucks sway the rim, Lhe crater diameter increases
encroachiog on the surreunding terrain, while the interior
is filliny. Shallow craters without eliveted rims (s seen
on thae Su'veyor aad'ﬁﬂncey pictures } are thus produced.

fiovw.”
Fguations (228) or (229a3) give uneonditionally theA?I;eaimeg

’ng for vhese overlay crater

29/



Ihen svpoly is insu”ficient? and when, os for larger coraters,
there is bpadrock vnderiying ths orater pquileg the fiux

.

defined by {223) adjustg itseld to supply hﬂaumh & Tinite
velue of lhe overlay Riﬁ%tic_%ﬁickness'}i; & thin layer of
overlsy atbeins then eqoilibriuvwm with supply and downhill
fiou, esgé@ially in the ouber portions of the craber viner:s
hare ungrobected rock will be exposed and subject o erosion
by sputtering; at 2 rate of
e/ ae =5, . exp(-A) (237)

(cw/year) where SK; is glven by (223).

Suroly to thé outey regions of tﬁe 5@ iarge% craters san

be assuced Lo cousist of three medin componeats:

(1) low v@i001ty granuler ejecla from the bL?PO ding s,
however mostly nen-sticking \cf; eguati (alzq}% ;5 Ticochel-

*

ing iumerds, snd not apt to provide nuch of supply near tae
crater yim; the rate of crster filling is wessured by /1.

{Teble XLITI) but only one~half ¢f this should apply to the

(2} qi g veloeliy sputtered material, of deposition
rate :Kﬁ (223) corvesponding to a time scale (on the cornical

—
—

LmlJ

¢
oTile node ;SE

‘/fﬁf {no correction factor of 1 ~ ﬁg

o]
P
u‘% -

shall be applied bacsuse the spultering spplies egually 1o
granuylar and ‘mngramula? impacts); bthe fine-grainsd waterial
{perily stomized) sticks to the soot withoub rigochedbing «nd

thus equally feeds the rim and Lhe central wesicns

[= i



ot

o

Y

(3) Low-velocity mostly ccazse ejecta (J,) of the

gt !

aocumyls ti Y overlay, vith 2 1iwe sesle © eﬁkgxffJe andl
Jem~,¢%? % 1077 cw/year .as in the preceding section; these

sre even more woblile than the flosr sjects {rom the surround~
ing, and onz-third of the rate csr be sss umciZEQm@what acbit~
?arilyafﬁr the rlm region, The condition of sufficient supply,
and thus ol the validity of (229} is then evidently

VL, =125+ 1;’%":54“ % S W VA WS (2310
in which nase the overlsay thickness incresses evevrywnere while
the erater profile is gradually levelled oulb. ﬁhqn this is not
£ulfilledy partly or enbirely unprotected rock?g&poseﬁ ha~

ginning from the rim inwerds, snd .drift is sdjusied te

supply through the proper value of W igd equation (223):

7 ~ )
1o~ exp(-"H} ::%%;%Qﬁm:zm‘; {232}

The grinding of the incompletely protected rim proceeds

then at a robe of
/da*'ﬂt ’é emwﬁzms 2 x 10 5 (ew/year) . & {233

The maxizim rim erosion from this :¥fect in 4.5 x 10° years
amounts thus te 234 cmy i.e. sbout 2F mstars.

Cretors lessg then 300 m, which arve eroded in lesz thar

noy”

4.0 X 10 years., woulid st present 2ppesr,An verious stoge
of' evrosion, according to age. With an initlsl depth to diaweter
vatio of n'/B, ebout 0.12 (c¥ Fig 4), in en aﬁérage half
~eroded cyater XT= (.06 B, can bDe .ssumed. With this the supply

paremeter according to egusation (2331) becowmes


http:cm/year.as

19

“ . -6 _
l/ﬁjmﬂllﬁ?ﬁffﬁ—g;e x 1077 /B, (2313)
o P
The calculated Arift lifetlmes, Ly (22%a) with the

corresponding supply Llifetimes, Wim , ave given in Teble XLIV.
Frou the table we can see that condition (2313, or

Qjm<:Q:' . is nolt fulfilled within the rangs of b, from aboul

F
6 cm to 28 meteprs,; waere it is ix rmeVdnL pacause these small
:cratev& are completely built into overlay. Therefore, within
the valildlty of our asswpbions (in which respsct undouble
conéidef&ble-uncert“inty'exi"ts) the values of ”CF (220a) ,
the &rift rates'zlrtfauaiLop (223} Ulbh'?*”oé] seen Lo be
valld unconditionslily.

This réfers to the avernge 11&L crater rims. Hteep
{moderately steep) vims of levger craters wilh bedrock expused
will retsin their anJ“ODenued rovﬁy surfaces, while the in-
pouring sjecta are rolling or ricocketing toward the interior.

Alphousus ds sn exsmple (FPigs. 7. 8, 2}, a)chouﬁn on a much

E.'J

lerger gceale and representing o 1ove primitive stage. Ano her
example is the boulaer rim or stone wall of the Surveyor I

cerater on the horizon (Figs.5 ani 6).

G, Filling by Ricocheting Overlay Injection

The lsst; ond most iwportan: facior of erosion for tie
lunsy sxrfnce features (craters) Lo be considered is the
fiiling of depressions by incoming overlays The ricocheting
grains of overlisy, ag they are losing kinetic energy in

successive senl-elastic impects: will heve & preferential

gk

S



s of Cratvers

~ e e N -
; 4 =% -, oy vhen craber diameter

B,<32 waters (prodiuced by "ray gecondarles") or By < W0 m

The econditions of walidit
- - - Ty e Py o4 L
2 [sa11) d - l“'j:. ‘3 Y 2 .J.L"’—- 8.,._’:...0 "'-1‘2’30 2 Y :‘."‘: + '{.:L % .JS A

10834 . 146  Led7 L.49 1,50

L

dlog L., dlogn, 0.65 1.3
1

. : o 't A2 ¥ e i S

Tys veers 25300 8.480 1.917  2,19% 4.42% 2.057 2.4c”

* For larger valued,
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2

tendency Lo collect In “hateﬁ’ from which they ore unsble

e eseepe. Tyerefere Lhe holes will receive more acereiiocp
than thelr survoundings =nd will be graduslly filled ot the

#

latber's expense. Fhis differemtisl levelling action of

scerebion is superimposcd on g aontiﬁueuﬂzv‘rlﬂlrg gonarsl

level of overlay . “mth thia, es well B8 w&t& the twe other
types of evosion discusscd earl*pr (Seclions X. A,y B)y the

Jevelling of the Gepresgion takes place preferventially ot
the expanse of its nearsst surroundings: thay are. s0-3C
-spesk, vucked in by the crater vortor and a secondavy, wiler
bul ghall Qwarg devrassion is forw:d arocund the Final criater;
thusy the depression never Glgsappiare cowpletely encept wam
gyased Iy & bﬂb»equam* lerger lwpset; 1t only is made inervasinge
1w éhaliewe% wntil hesoming aﬁcbaﬁrvaﬁi?q

The tﬁﬁory of these processes; though more or less giraight-

Forward uhen the initisl conditions (ccefficlent of elasticliy,
A s ém} ere defined, leads to complicated stetisticel integra-
tions, amouniing Lo an unjastifi{ﬁ,sve?“isﬁnssiona in the
Tollowing,; 2 éimﬁli cled artificial mechanical model is inbio-

~Gueeds amply sufficlient Yo estimale the trapping efficlency

of a dcprnSs1en,w thout pretending to deseribs the scbual
shaﬁls'lcnl complexity of trapping.

It olso must ba pointed out that the prefential ﬁ?aﬁpiﬁg

i
hon ]
(o
&
f]
i
o
Ui
e

prestions applies only (o the non-sticking, ricocheting
pert of atcretlion. Micrometeorite mteriel (Jy) retained by

the moon is nel oulv quantitetivel r insigaifﬁc@nt a8 eouperad

294
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Koo
Ath the overlay ejecta (Jg), but it is {ine-grained or even

atiles,

e

partly sbomized end mast stick ab the spot wnere it

:

equally cver a hole cr an elevalbicn; it covers the terraln
with a uriform layer without a Jlevelling asction on its roughe

negs profile. Similerl;y, the fine-grained component of ovelw

lay, s2y below »=5 x 1077 om whieh, according to (212a), would
> 3 . > - > ! b - L = ‘ ., b =
stick at sn impact velocily a5 bizh 4s 5 w/sece, must be exzluded

a8 noN-sLtive; sccpral le xXXvV. D, this component

EL
frar
ue3
o
&
5
@
oy

aceounts for 18 per cent of the i:coming mass. On the ofhes

20T
]

laage projectiles arve not filling but destroying a daw

] - =
DNENG

o

~¥

2

pression vhrough overlsp. Por a given crater size By ; ong may
ngt prmjeotila gize as that
producing o crater twice the given si”e,-i €. one of dismeer
2%, (the 1imit is rough; mzade o nolncide ;1bﬂ The lower L-ﬁqt
assumed Loy overlapping; pla_convuntiomal vsgﬁeaess of it s
of 1ittls practicsel conseauence becsuse of vhe siow variast .on

¢l the cumilative msss of Jq with projectile radiuvs). Thus,

A

"\J

for Bgw 21 eny Table XOW. D indie

w

tes r=4.3 cm at 28,42 cm,

and a evrvlative mass fraction y=

[

«828; subtracting C.15 ag
for the sticking fine-grained frection, the sctively Tilidng

JErzetion of coverlay {or this size o

L2

F

graﬁer bagomes yf::oaﬁZS
—0.150=0.478 (of the total statec to be 3.47 x 1077 grem Ter
'céganﬁ year) .

nst3ad of the statisvical cimplexity of pariicle size

and velocity distributions (Table rXXY. 1), we choose = tygdical

bt
29
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Kza
sversge 3ige which Dest vevresents the enbirve parbticle spectruu.
o g given crata:—diahétery the median parlicle sise 1s that
correspoiing to heli-msss or gyf as defined asbhove. In Table

LY some sy ;1 impact parsueters for this medisn sige sie

“"m,:}.

S

It #1311 he Tound tast, as compared with the oiner tvie

erasion Drocesses, T1lling.ds iwmporbtant only for the lerger

craterg. With this in view, we zssume the tY@lCai rejectile
P L e SR
paramele ’s &8 To= v=0.5 ammy cosp, =0.928, 5in ¥ =4, 373,
- " g fw;f |~:’- .Tw
é( g ggem; "-’Igw 3..::03‘3‘:) X ..E.Q* see! 3"@'&.._;9 W 15;}3" C‘p-‘"“ Ou Qr..‘ "‘I‘g

/
conventinnally, C.5 st this sﬁa@ {Teble XV, DY, which mesns
alternsting Ysoft! and "hgrd® r1cschets with A=0.3 and C.5;

eppectively as represented in Teble AUWIL (1) & (2). ks

4]
::;
%

additicnal schewstizstlon, we sssume ot lwpact the soecular

lew of vetliecticn for the angles, while th

i3
<
D
s
o
f)
e
ot
fudo
by
i
il
4
L47]

reduced by a faotor of A after esach iwpact.

net Gg Genotle the “gein factor" or the rabio of accrebion
: .

trapped i?je depressions Lo that acersted by o level surfsze

of equal ares. Obylchsiy his 1 3 fumcvion of the § th aad

profile of the deoression. Provisionally a Olﬂglh depression

=
o3

situated on an infiniite lovel aves is conside

“

ady compfetision
T’

from other depressicns heing thus disvegarded.

Let in Fig. 19 54 be the point of first imvsct of the

projectile upon level surface 585, and 32§33,5 B4y By the

ricochetblag lwmpscis which fivslly come to rest ab Sq 9 @ll



the peints belng conventiorally assumed vo line up oun a
straight Line {zidg-zoy paths will not sessentially slbsr the

ggin Tackor; rectilineer peth ané speculer reflection angle

3

are convenient g¢implificalions which should have 1iittle evfect

on the rowmericrl mesvita). A level circulsr oaveny C

O

Oz

1
£

of diameter ¥ in wuich the ricocheting patn is assurned Lo

pass Larough the widdle, will conblain the ooint 2ot thus acorebe
the particle wheg the center of the s>ea is &l splaced over a

Tenge of digtencs Cvu£~3 along the path 58, its feateh leagthf
being frus B. A circular depress:on of equal dismeter moy trap
the paviicle when impacting st Sy (botton pavt of fizurs,
Az 3 ezrbicle dwpinges atb Sqr 18 veflected imvards end tfapped
al 55,1 theugh unsble Do trap iv gt 82 when the digtanee
SeBs > By its esteh lengih is thun obyizu y‘ﬁ~m2 B Al
vhere NT =8a5, is the total tailpiece ot the vicoche- ting
palh wiieh can be trapped. Ye heve thus a?viouslyy.fram
simple probability consiﬁaratﬁens?

Go™ Aqh /fclcg:: L+DL/B (234)
o 1n the particulsy cese censidered.
1.5 e QLE ﬁhe trapping lengths Tor impacts

335 :l (vhich may ot o zero 1n the geneval case); eazch 7 the

F

recedirg lapacts adds to ithe pProbability. In such & case

by

&I.Eﬁ&}.&{}"‘”ﬂ:\ J}:&:’i*_,li,l*‘zb#v-——- Z}i,,&' © (235}

An overall thumb Tules 2lveady cpplied in Seotion X. A,

.

would sct the extra trepping lenith equal to four viwes the

&y
4

iy



5&.2 5
-J—g e

= . nx 2 - o . el als ne
gversge JA0DLH WRICA, J..('}I’f conieal cross secilall, equ_l,» one

~hadd ths wmaxwimaa depths x'. Eence

Gp = 1+ex'/B (238}
X /

Foy an actually woriked out rumerical case(mentsl ex:-
perimert,see below) of X'/B=0.28; Go=1.529 has been fowm.d
while (236) yields L.5 ,; = surpfisimglg'geéd conifirmation
of the taweb Tuls.

For & non-central path 845, through a conzeal deprescion
the reflechions canuol be kept ir the sawe olane Eutﬁ dig~
regording? this finesse (in line with other simplifieations) .,
the rstiv of depth to chord in & eross section remains zoual
to w/B anQ.(Eﬁﬁ)? as well pe its more sovhisticsted originsl

X

(234}, shouvld remain velld for ths euntive depression awea,

)

nd not only for its cenbral section.

Of vourse; these expraessions presume g depth to diameter
retio corsiderably smeliler than uaity; as is slways the case
with sctval impact crasters. In tha case of & very dQsep or
infinite hole, every particle entoring it is trapped. The main
factor tren is evidently
Goo= 14 {558,/ B+ ¥ . i)

vhere ¥ is the nurber of touchdowns preceding Sy (when 5,8.5B)

{Here Sg stvonds Tor ftne more Fonew l Sn s bhe n-th Louchdovis

With an aver:ge fox the two types of ricocheling as represented


http:00:00.21
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TABLAE NIV

vedisn Perbicle Medineg (o ), Tansel Velocity (wo) ang

~

impoet Aogke (cos’f ) of Uverlay Accretion, Filling Crsber
of Diemeter 5,
. H 3
Bos em v, om Bofary  Was em/sec oos)
2655 2.4 >145 £:8400 + 390

A 0,
20 3. 37 216 11000 0+230
21 Dol 210 12700 0,851
3.26 - 0.017 181 25000 0.962
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‘rapolrng Gailn Pactor Tor Infinitely Deep Circular fole

. . ; - 4 - S 3
By om 2 10 30 200 1000 5000 10% 210 axio® axic® i.exio®
Gg;} ‘?erﬁ'i} LG8 o83 5683 £.23 ekl 3321 2:83 2.08 L. 582 L. 57

TABLE XLVIT

Cumulative Deficit or Negative Gain Faotor, G 3 {nornalixed

o unity) arounc a veprssion with x'/B ek, _‘%mi}&,«’.& is tiwe

S At

relative distance Trom the edge, 80 that the corrsesponding

sistance from the cenmter of the depression is B(HF+ ¥ )
%‘9 0 0.121 0.188 0.2431 0.202 {(.2330 0.47 0.5& 0.8
&b 0 0.257 0.346 0.474 0.558 C.608 0.762 0,834 0.391

’%5 0.70 .21 1.01L 1.74 2.08 2.75 4.68 5,285 11.1
€I, 0.932 0.954 0,959 0.979 0.885 0,982 0.597 0,398 1.000
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fartaty
by eases (1) and (2} of Table XXXVIL, the gain factor is then
as shovn in Tehle XEVIL. Tnlike depragsions of finita depith. the
gain factor is &ilfersnt for a chorli and s diameter. The cassz,
however, is only of acsdewic interest az the moon is conae?u3@5
although i3 probably helps in understending the signifliceace
of the notion of gain Tactor.
. 320 explains iun detall the conditions set vp in the
ssaple caleulation of the gain fTactor for z trisngulsr{coniesl}
trep {crossg gection ﬁcﬁ?of a depth one-quarter its dismeter,
C)C/aﬁ—»«“‘/}““«‘-° AT) represents tha ground level. The portion »f

* >

the graph owove thils line picturss —he trensition from trapping

Lo escape velocity{escape from the liole)y for lunar zccelersiion
of gravity (182 cw/s P s in the form of lozsiy 3#3} where v

the Cirst rebound velocity aflter any impact at first entry

dust suiiicisnt Lo make the vim ¢¥ the depression .-
U

(thusy 47 118, = w; 18 the velociny ather Louchdown SNy and

B=AB ds the diameter of the trap.

The siLccession of Ysoft! and "rard! dwmpsess was assuwmed
exactly a8 in Table XXKVIL, verient (1) {("soft! Start) end
variant {(2) {"hordt start) beﬁag aensidered sepsraltsly and nn
sverage of the two results then taken. The clement s sy kinemgtl
cgl probler conmsigte in the conditicn for a projectile shot wp
from o point 8, (Fig. 19, lem 8455 £8 an example) under zeniih

angle zq with dnitlel velecity vy +¢ reach pelint M at diptance

L=5 % snd sgltitude h=18\. The equation of the parabolic trejectory
i
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o 2 ,.0r
h=Lcob ‘?1.9 f:{{ f{?"‘?i Sli}gzl} s {233}
o be represented also as a condition for welociiy,

{ L . ) )
1 o ("i'}t;eaﬂ_l-}/bﬂ * 1’3333)

<§

.i: )

i
r—‘..‘»-'-u,\

[

sl

}

M

£l 1M
{w
[

phen a’niied to the single or double reflaghed trajectorl e

(CA, M4, R?‘: PR, Hy 1 0B, Flg. 20) inside the depression,

solves the problem of the velocity of escape frow the Lrsd.

10 the QWﬂgin‘Eiv exted {(double) collisions the degradati jon
of velosity was sssumed 1o proce:d wit5 strietly slbernating
elasticity fooeters }gf‘o 3 and ;i = (.5 3in conbinuation

of the sequence of Table XOWIL. IFf the point M Pig. 19)
was on bthe rim (B or &5 Fig. 20) of ithe depression and ih
veloolty Vi was e mininun s8¢ compared to other combingticns,
this wes then the escape velaclny (ve) required for s siugle
impact. In Fig. 20, impacts on the back slope, CH, ars indeed
reflectad in such a menner thabt wost efficisul escape is

schicved by the fivst VGLZGC%lOﬁ i Fu reflected into M4 with

veloalt g’?‘(?ﬂ}' TC reflected into CA with valecibty L' (0%} ; =

*

ete. {(tne curvature of the incoring trajectories is neglectead).
The escape velocity for these irpacte is ?épfeaented by the
curve DIFIRY (Fig. 20, upper graph), hased on three cslcrlated
points:

for entry at D, ot veloeity (D'}, v 2/B= 131.0; for
entwy ar Fy velveity‘{F‘} ve2f8=*15306; for ambry at B,

valocity (BF), m?% = 3Sa&¢ The cuprve DIF'BY sghows the

logaritms of thess gusrtitiesd

304
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For impacts on the {rent slepe {somerhere el aleong {0,
Tig. 20), the first reflection (perallel 1o CK) runs oh
-~ P L . . .
zenith angle ﬁﬁf“ﬁif % . % and eith@r'meets_tbe coposito
slope (LBl o1y evon vhen not mee bingy regquireg e double touch-
dovn for escepe 2t winlmum velecdiy. IT ‘L‘("’?‘iw 18, first leg ag
is the coposite slep Cﬁ (of #ig. 20),; She lmpscling zenith
engle Z; is deterwined frmm
'1‘5‘3"‘. dn/ Gl = ¢ot 5?*’1 - F-“L/(vl E-i-fli'::l} 3 {239
the dirmpset velocoity frow &
(v‘}gm‘x‘rl&bm 2gh {2407
end the reflected zenith angle (Fig. 18) from

7o 1800 2¢h - fiey {241
shers ok is the inclination of the slope eh or 03 (2898 in
the precent case).

The letTi~hsnd side of the welocity disgram in Fig. 20

(shove &D) represents the escepe velociti

bmpacle on the front slope AC. Tyvo diffs reat cages oecur

corrasponding vo two ﬂogwnble vaines
a8t secord impectgzb*

nr
g 1
—~

Thus, a projectile entexring at

leave the deyression

pﬂint ':2 s
the froni slope AC is

20 by eurve AVHUIDITY Parn

3

w03 21d h

y euTve

2,00
o8 {;og{ /Bl dov

»

of the elasticity e

3‘1‘%"

LE
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For & given bouchdevm £4 (8.5 559 S5 «vvs Wig.19) the

=

%
o

eabeh length is then equal Lo the absclesa intervel in the

upper sovtion of Iig. 20 over whish the setusl rebound velo-

- ; 2. ~ 2 he
eliyy vy o Talls pelow vg » Thus, for v~ £ =100y logv, /E =

-

2,00, his conditiong is

-l

ulfilled over the entire lengih

AT, or the catch length JL=B. For * W, (3;’ = 200, logv P;’E‘fn:?.ch

the cond.tion is fulfilled only orer {he left-hand poriion,
Ay or for iuwpacts on slope AC wh le those imnneting on wldzgé
i a1l & escapz; &L =0,408R obtuins in this £0R88.
Calculetions of the gain faevor at x'/B=% along thess
prineiples for the ssme choden gsew. of dlamebers e in Tabls
XLV yilelded G from 1.40 to 1.6Y, non-systematically
fluctuating over the entire range of B from 2 o 8 x Jh{)‘.i Cly

i.e. the range for wiich B <L 58y (Mig.18) ¢ (the fivet viva-

ki

chet lenpth, Teble XOVIL)s and ar expeched gystematic de-
’:rv’,.-*
erezse only for larger depressicn diszmeters. Tha flivalions

f

were (ue to s "resonance' or “interference” effect hetween
the Gismater and the set of ricochet intervels. g‘the wise
tue absolrte value of B wes irvelevant, and the individusl
values of G»fa‘i‘ouaéi for e¢ach B were <onsidered ag fair v
samples ol the gein fachor. An averzge of

a f:“ 8291 0.029
vas ohtained. OF this the ur}iﬁ nar; is aseccounted foxr by the

181'2..5'5'1 i% .1:: plff, b= :gl: {ét'i\"}n T !:)583'11 ‘is} Y}?{:} mryerase gf -{vhe
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R32
; Ao % wigher order touchdown {(culofly S, Fife
{s conbribitea by hipher order touchdewn Lot ¥ Bgo Fifd.
19). By anglos sy with the thumb-rule 2quotion (2363, we may
get {when =!/B 0.8}

T2, 148 /G (243}

K

g

e

the eosflolent baing hesed on the outeoms of ouy "muwerdcal
zrpevrinentt. This gein faclor le noi dependent on sbesolute
Gimension when B “S800 meters and, thus; praciically applies
to oratess of all sizes which can be eroded dn 4.8 % 107
vears or lesg and which are the object of our inverest.

Gain in ecersibion inside a corater must be compenssied
by 2 1oss 1m 3us neighbovhosd. The btrapped tallpiece of the
rigochet, AL 558, (Fig.18), would have passed on level
ground to a distance 2B renging from ¢ te AL bevond the
rim of the eraber and is thus subirseted From a ring avound
the ¢reter; bounded by The radli 4B snd 42+ AL, the dis-
tribution function being uvniform over this ranse (of the
linear displavement of the source ?’1 Fig, 18). In a first
approxlmition, 3L Ve - 1 and; hevefore, when Gp do-
creasses ; the renge N L decressss also anﬂ the withdrawsl
ig effected chiefly by narrovwing vhe ring of witndrawal,
vhile little chonging its deptb.

Prom 'i:hf seme mumerical experiment of Filling o dspth
with xt/3= ’.ijv L&y[%"or a progression of the dismeters as
in Pable IVI)y the distribdution ¢f the deficits LW b

drevsls) in the surrcundings was chtained as rEpresanted
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in Table XLVIL.(each parvicle tresped in the depression
corresponding te one missing frowm its prospecbive lendiog
noint cubside the deprosglon). <»~—»;3§;/‘3 denoting iﬁ‘zﬂ yelative
radisl ortension of the ceteh arens each individual (u.m'a‘;:;r)l
event conlribuiing ..‘E‘C-}f te the gain faostor luside the de~
pression (B) is comwentienally to be spread uniformly cver

AL znd conbribubes over this lenpth Lo a uniform delielt

'z::>

\(Fe E . The cumulabive sum of '*:.“c?;e‘;se deficibs, O,
normalized to unity, is given in wle teble Tor each wve?i__m
without s::moothz‘.ng; i.0. 28 it divaogbly 'thze;i cul in the
caleniation for sin;’gle dhesen 3:%-\?:3111&}3

The defiolt integrated over “he interval of &=0 Lo
f_é» {redius O, wrj o oo dn B«mni.s) must equal the gain
G~ L oover an ares of #9 (in 'B® wnits). From this conditior,
aoeration ,\{ /3\,{} {i? mites of aversge acorsblon, D(t;.} Brou 18

the @%{nmészi.on {grater) is gi{rem I5'2
f/ . e i ¥ ey e
X A=t -3 (G- i)e(d&?e/a ey Tar2g),

?x/ =1 - %, - L)M&)/d%;/t‘»°§ : (243)

Here 1+ & 3 is the relative radiug s or the relative Qismstop
of the z0ne. The gradient 4 / ; was determined grapnical-
1y from the smoothed dsta of Table XLVII. and the resulting
relabive g.eere*‘gi{m funetion {(slipttly f‘mmnhea} is given in

Tatle XLVITT, for the oviginel cpee. of x!/3= * snd for a

.

number of cther depression (crater) profiles based on equa-

tious {242), (243) end a howology celation Collowing from
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Therw vhen Eruﬁi I
- s f £ . ., ~ - . o
C AN Xy =are % S are Ly, (240
- 0 8 / G a’ - =X ¥
vhere

%y / &= /B), /.}«/m (2£42)

]

fipure 21 represents the distribution of acereticn rates

)

inside and around & crsler, sceording to the table.

The gGate of Table XLVITL can be used to caleulate the
evelutichary changes in Lhe crater profiles as it is filling,
1t Gecreasing while a conlesl cross section is assumed to be
maintained. 1f ﬁﬁtzj{gét is the iﬁeyemes‘ of total acoretiosn,

the locsd increwent is dh==$£ét and that at the crater edg.
(initially level outwerds. without ralsed rim) dhy= 0.636R=
Goﬁgj{ ét{a}* Filling of the crater depth by an ameunt -ax?
relative To the e&ge\smnu taneous Ly raised by ﬁ§G>requires

the addition of an eversge aceretad layer over the oreter

]

e i

srea equil ta-jéx’+-dh0 s whenge
¢ f et
%o ? = &g +- iy

or, eliminabing the time, do, 2% 'vell a°:x,g from expresaion
{a}s we ¢btain

~ .O f Ty ed¥S on i ; .

C.89GT/ ax! = G.Q{:?'-)ﬁéea-;:f(u - 0.69) (245)

&
lecy for eny point alb distence 5 from the crater edge,
- v 5 - . f’ + - . 03

with its proper sceretion rate S\J the relalive inerement of

acerehion booomas

¢l « by )/ax*m-‘- 3\/5& © 0.89)/{Gp =« 0.89) . {(2:53)
Sterting with x‘/h::Oeﬁﬁ o The first wase of Tobls XIVIIIx

the evelulion of {he ersier profile as caleiilated by appro>i-

&

Ved

2N
ey
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TABLE RLVAIIL

L .1 5 ni o 5 o= .
Telsalive hoeredion, f}\/.}m . Cuiheide g Crateyr at

)

A

L ::‘E}‘B‘g3 from the Rim; Inslide,the Aversze Volue is Qe

%: 0.0 G058

Y, 0.850 .730
£
"}{;”XG 0.69C 7535

3{‘;/15:}: 0. 890 744
j'n/

Iy
3{}3\00“5% 509

*/E s the daoth to

Ty

ismeter yatio of {the circuler

G 10

4

capression

A b b VAW S AR

D35 0.20 0.3 Dok, (.8 0.6 Oa? 0.3 3670

X /B2 0.255 Ge= 1,329

«8DS 838 882 912 .¢38 .983 .983 .985 L0

18 L8800 .888 93L 884 .889 U986 303
¥ /B0, 153 f::—i,«_:lo‘;%l?

#B38 871 .832 L0969 .87 .988
xR =0.105 Se=1.212

872 .911 .9%4 (097
o xY/B =0, 083 Z}f = 1. 108

. 981 997

3

3,1"{{":!
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mabe numesricel intepration of (248a) and (245) is revresentsd
in Tanle XL )

'the consecutive rtagaaof evelution by Ti1lling are vre-
present2d in Fig.22; accopding te the deta of Table XLIX.
The gradusl Cegrolstion of the cryeter ot the expenze of ite
negrest susrovudings lesds Lo the formesbion of a devression
sround the crater bordsr, gently sloping toward it without
shorp outlines, reminding of sowme A washed-out” crabor
structures on Ranger photogrephs (shallow depressions and
foimple ! cxravers, Fig. 23). Al ttage V, the crater =2nd its
surroundings have melled inito ore sweh shsllow structure of

incress:d diameter and indefinite oculline. This is ss fo1 as

Q‘I

the inbaigration of (2452) lis self-consistent snd cezn be
trusted. As to Stage VIyit is the vesult of o linear extension
of (2482) and is dut of gualitsetive or symbolic significence.

Albthovgh derived for the process of Tilling by incowing

i)

overlsy, the sequenes of evolutiocn of a crater profile as
shown i1 Flg. 22 would also apply to the two other processes
of ﬁegridaticn (£filling by spraoy, =ud downhill migrastion)
because they, toos are working at the expense of the nesrest

surrcunlings of o crater; only the sporopriate time

(]
o
Q
Y
i
o]
n

of the processes will he different. The presence indtially

o

T a2 raged ¥sopyh rimg.cnnsiﬁting of the same overlay rubble,
will now alter es ssentially the i seales of degradasion,

olthougn geemetrically there will be some differcnee while

.L

3/
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1200
the rim is eroded siwmultanceusly oith the filling of the erater.

e to 2 hard rocky riwms such ss presently could be e~

’t:-;

pect g fov craters larrwer thaun 150 oy a two~staged process
of their degradation will be considered separvatelys

By the nature of the £illing process; the absoluts rate
of filling is voughly vroporhional to tne velative depth
¥1/B8s indlying the rete of degradstion Lo he an approximately
exponentlal function of M, the fotal aceretion (3vd column
of Table XLIX). HIultiplying these values by a factor of
2/T1=0.637 as for sn average chord of a clvreuler crater. to.
ohtain the accreticn in units of Ry

e
n' /By (x1 / ) exmwﬂ/Lc) g {(248)

where X1‘ as before denotes the iniiial depuh; the average
linear meassure of deradation, Eq. correspondi ng to Lhe
differerd. intervals oFf the table; is Ffound as follows-:

Interval, x}/ﬂ 0.25--0+05  $.20~-0,084 Ce15=-0.05 0. 10--0.05

hel B, 0. 0437 0,040 0. 0375 0.0223
Tne varistion of this rarameler partly reflects tho
- -4 \ o

avproximetive charscter of Bavaticn{245a)in which chenges in
the surrcundings are not teken into account, und only partiy
seews L0 be due te o resl sceelerstion of the process g%
ghallover profiles. This detail is only of scademic interest,
2nd we cal assume salely en overall velue of He ' By = Q0837

exvonential
”hc{:cqu'fion time for filling is then

o~ .
lig o= ", /:).0

313
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or, with the non-ctiecking. influx of coverlay heling given by
o s L . L2 v
pF 3.0 ¥ 107 (yo - 0.18) (g/ca”. year), (247)

n

where ¥, 18 the cumvlative mess fraction in the 2nd line

o 2

of Toable AXXV. D for -dounle cratzsr siz

{’i}

Ty= Lot x 2053,/ (v ~ - L5) (243)

in years for By in cm. These walues are calevlsiz=d znd used

Jointiy with the two obher proceuses of erosicn in the vext
followirg secbion.

L. Lrosion Lifetinme of Sofv-Rimmed Craters

As cistincet from . or the exponentisl tine

? svogion and Filling, tae erosion lifetime as usad
in {204) and vwbich is to be set sgainst eliminstion by orer-
lepping of largev craters, is‘ths_time intervel duy Jng which
lhe crater profile becones so shallow ag 10 beéeme practizal-
1y unrecognizable in the crater 2ounts. For thie we nad ale

reaqy 8¢t o gonventionsl limit aof a?grmuctionr b= /uww Ga0:2e

fience the erosion 11£et1me of o :rater starting with a PG~

file rstio of xX'/B_. czn he set equal 1o

©
'F’é; .:(LFLﬁi({‘/ho Y/0. 02; . (240 -
where
/Ty =1/ v/ Cp+ 1/ T (2424)
and Ty is the totel:crater Gegradstion tiwe scale.

In Seetion VII. C, when discuesing the asccretion of

)

overlay, s Lend in the freaaeno; of lunar crabers at By =285 m

+

suggested ¢ lifetime of 4.5 ¥ 107 yeers at this size and ¢,
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’—‘Ab.ﬁal-;\. L L

Filling Time Scele ( T

Totol Degradation Vime Seale

((C’/}E Y, and Degreadstion Lifetime (t,) Ffor Craters in Overlay
‘;Ti‘bhqu‘t Herd Rim
{a) Componsnt Je with R.cochets

Boy o 96 7.00 -12.1 21.0 44.6 80,0 143 339 655 480
Kl‘fﬁoa
aver. 0.286 0,323 0.313 0.213 0.278 0,232 0.179 0.108 0.068 0,038
Yo - 0.15 0.32 0.38 0.42 0.48 0.55 00.61 0.67 0.77 0.84 0 25
terveare  1.44% 2.60% 4.06% 6.17% 1.147 1857 3.017 6.217 1.108 2,488
Tpy yoovs 2.70% 1.415 2.015 2.025 2,775 1.70% 5.73% 1.267 3.207 1. 082
Ty Yeors 2.66% 8.25% 2.34% 6.57° 2.84° 9.17° 2.027 1.66% 6.20% 3,08°
Tps vears 2.01% 5.10% 1.08° 1.06° 5.78° 1.33% 2.00% 0.86% 2,427 7,157

os Years 5.35% 1.43% 2,895 5.30% 1.83% 3.28% 6.55% 1.677 2.957 4,227

(b}, Component Jdy (Hetecrites—Ap0llic); ¥o = 0.Lii=0.85
By, om 1530 2270 3840 7140 13800
%yt /Bg 0.027 0,089 0.056 0.080 0.(&0
ALH

Tet years
Ty years
g p1 years

2.543 3,775 8.54
1.13° 1.97% 4.

0
1.19% 2,299
1.109 2.52°

5
3.32% 7.43% 2,230 7,36%0 27510

Tgs years
-t*ﬁ s YeArs

t+1e years

o
7.3530 1.28% 2.62

2,297 8,597 2.70%
038 1

128 3.50% 6.2

35"&1‘_

&G

a

0

1,287
"1.41°

5,67
(24
.189 2,139

vy}

FE



Rq,
lineer dopendsncse of the Lifetinme on arater dismeter for smeller
tr e 1.88 x 10980 (25C)

in years when ¥Bg is in awm. The Torhula was meant ©o 29ply orly

$o larger eraters, 285 > B, >20 wetern. This provisionsl life~

!‘)

time (withouvh allewsnce neing vel nmade Yor removal by over-
lapping) is quoted in the last line of Table L. AL the largest
size (138 m), where the Linear effect of fillin { To1 preveils,
the two figures ave close enough for this sort of date, vhile
for smaller sizes the a priopi calculated valugs of Lp beeote
rapidly shorter Yhan the rouzh lineay approximstion, t', on

A,

gecount of the non-linear effects of flow (T Cpl end spray

f\; Y5 ES o
(Tede The by values garry, of course, = grester weight than
e & rough spproximation.

He Brosion Lifetime of Havrd- Bimaned Craters

A reised rocky rim can at presenl only be an attribuate
et modersiely large craters, measwiing hundreds of melers o
more. Susller craters will he cowplebely bullt in overls Yy
with the projectiles not reaching down to the bedrock {(ss {ose
of Table YXEV)., A reckyiw all will lsolate The orster from iva
el
surroundings as spra%;ilsw are concernsd, while the mechanion
ol" Tilling by ricochetlng ovessay will be less impeded. ve
assume Thet, while the wall lasts, the erater howl is £illed

by all the incoming overlay (2.68 i 1077 cw/vear) without e

cluding aiy part of it (the "sticking" fraclion 1s taken cae



TaE
of by the flow and spray mechenism inside the cxsterd walle)
vlus otraiphtforwnrd micromsteorite 2ceretion (8 x A0 &mfy%ar)

which mokes an aversge accretlon of

fﬂﬁtszﬁ?@ %1077 xm/yeari i

. 0y

while oulsnide the orvsiesr: in view of the ocubtward siope (Fig.ll),

the gceveblon will incresse oubwerds, being negligibre on the

o
wall Gop. ¥his wounld lead to a levelling out of ihe oubtwar

terrein and bvrying of the rocky well, acaeleﬁated.by direct

sputtering 2o considered in Section X.i. VWith some protective
Layer belug presenbs wﬁ zosume one-halfl of the maximum spulter-
ing rate of 5.4 x 1078 cw/vear. This #iveg the rate =2t which

the well is Duried into a level terrain a8

:ﬁ = X» T 2.8 x lﬁ““’» 3 O x 107 { e/ year) {zZ5.1)

A racky rim of height N ebowe the terrain will thus

be huvied in s Time. ivkervsl of

™ Do /«Xe (2527

which represents the durstion of vhe first stege of erosion

According to ecuation (1)s with x'+ hy slanding Tor
the aversie Septlh of » tywlcal craser veckongd, {rom the nwiz

ﬁ«\'; 3 e o3 - - I N x
vCp 18 Qo3 (x' Byl During the firset stage , this decreases
0y \.:’(

1 %p » whence the depth ab the end of the Tirst stade

bacomeg .
» ' & ;i':_,/b Y !
*uo= g g /00463 (283)
N . ~de
The socone, rim less stage bemine oL this point and is to bz
treated according to the -rules of Seetion N.B. The yolaxsbion
tiaes,§f$ are assumed 10 depend solely on crater dizmeter ai

37
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is ¢elculeted for a degredation of the prefile.

to 0.02 equat101 (.@%)} The resulis sre collected in Talle
£

Li. The 7obel lifetime eguels bhen lhe sum of the two Lime

?

The provisicnally estimeied linear lifetime. ‘E eguation

{250}33 alffer by chence very little from the values of T

i

Cx Ty 0F Gase 1 of the table. Cowbrary te what was found Ior
)

e small vimless cgraters, the erasion lifetiy imes of the craters

with a hrrd rim sre found here 1o be longer than the t'-values:
by E20--30 per cent in Case A {prinsries ) and by a factor of
aout 2.5 in Case B (ray secondar ies). The turning ooint i1

the fregiency of eraters would Lhan be expected Ho tzke place

<

a% Bo= 2%

N
51

cters: vhen the primar; craters {Case &) Dbegin w0
- ~ ES N e A - e H

be ¢ompletely eroded in 4.5 x 107 yesre, and 2 second turning

point is predicted at sbout Be®™ 112 meters when the deeper

ol

Tiles of {the secondaries {Case B of the toble) are evasnd
during this dinterval éf time. OFf course, Lhe transition in the
:fr&queﬂey fuﬁctiuﬁ ¢f crater areal. Gensities is expected Lo
take plags gradually; on aceount «F the spread in the physocal
and geometrical varasmetsrs of ¢ratering. The empirically
suggested start of complete erosicn at‘B}ﬁLZSS méte*? is thus
no% in contradiction but in gatd tactory agreement with the

prediction which, besides, cannot prebend to suggest any-

an

Thing mor» then a close order of negnitude.



Fros ion and Tilling Vegradailion Lifetimes {(tr ) of Cratervs
b L :

B, em 4.0uxio? 3.66x10T 2.6M00% 2 ax10% 1.640.0% Loooxio? 1.oox10%

Frosion velexzetion times imdependent of profile

Te: .08 ¥ ZLOb By for filling by cverlay; ‘“f,F—:. 1790 BOL“S

AV

- - ca i . .
for Gowahill transporb) e #1440 B,“ Ffor spray over the i

. P >R ENP—
(oo lorg to be considered); all in yesus; T (/% e"r?/‘i(,“,) 1

the totel relsxation vime.

> e . 0 (o] 3 G
Ty 7,67 e.0r?  av0®  aoss¥  2.73Y 20147 L.667
~ =) e} %
@, 170l el asa® se1®  8.76° 2.82°  z.62”
Ty 5,409 4.10°  3.03° 188 1.8 1132 1.os®

Ao pr‘ col Primery Craters (Astercidal)

%' 20,200 Boy he=00020 Bej by= €87 x whn o3 ¥q'=0.08L Bgjbgatd
b 756 5.7a?  ae® 3,06 z.:®  n.e9®  ns1°
oy 3,089 2,44 Loes® 1489 1.00°  0.3”  0.68Y
by, 10,602 8.18°  6.18°2 2.482 3330 2.55% 20107
N, Wypical Secondary Craters (Ray Crater Djects)
= 0.35B, 5 hyp=0.05 Eogt%f:1°67 x 10%Bg; xlhsr°201?05t932535ﬁ3g
T 12,77 0,632 7.12% 5139 .72  2.78% 2.54°
g .77 6.11°  4.73%  a.ss® 2.73% 2,157 1.67°

,_
o

11..85% 2,719  6.45° 4,939  4.21°

ot
o
Do
oo~
.\\')
lmJ
o
3
iy
o
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Tnteresting is ibe cese of t?f> 4.5 x 107 years which
defines the survival of an original stone~walled figg'siaee
the “begimming'. In Case A {asteroidal)y the lower 1limit of
anconditional survivel of a hard wim is By2> 700 meters, while
in Case B{ secondarises) the deeper profile would allow the
rocky rim to survive when By > 270 meters.

A ogtriking exsmplies almopi. o test case, is presented by
the stone-walled erater on the horizon of Surveyor I pletuwes
(¥ig. 6). The boulder wall is apparently the crest ol a buri ed
roeky »im of a c¢rater which has cfme nesr the end of the first
ét@ge of erosion. Although there is much freedom in the inbir-
rebetion; some limitstions cen be discerned. With By= 450
meters, 11s sge wust De less then vy which is 7.5 x 0% years

adr
when 2 secondery (Cese B) end 3.0 3 10Y years when 2 primery

)

grater (ﬁCas@ AY. If° o secondsrys its actusl age esnnei exveed
4o % 309 years,y Guring which time ite oubtward rim hoight,
eniefly. hvrded and psrily crodedy rwst heve decreased by
o X %5 X 109 om (251) or 13.5 miters. An original heighi of
= 008E= 82,5 m would leave thus 2.0 melers of a stony rim

towering zbove the surrounding plain, and more iFf the age iv

shorter; the sctual heipght of the stone wall at its CONSPIcous

part is 1.7 m; and the all-round aversge is less, parnsps LeQ i

Cese B is Gifficult to weconcile vith the data and sppears
Lo e iuprohable.

It remsins to sssume that the eraher is a primary One,



Ran

.

ey

- PN . s & o
of an sge less them oboul three billion yesys. There is, of

couree, an uncertointy in the initial profile rotio; bubl ascum-
inzg the typlesl Case & of Table LTI, the initisl rimboight wmey

g

have been hftzooaaﬁg oY U.0 maeters of which, however, the tcp

o

o

may have consistod of overlayo The Tiner 1““Téd3¢ﬁc ot oveiw
ig2y ere repidly romoved bi@ieram@taorlte impacts, leaving the
coarser fraction, shout 60 per cent. of ite mass (Table KRNV
Ay 1 - @%g-o 80 average); Lo be spubltsred asyhard rock. The

I

effective height of the rocky rim is Thus 40 be dearessed by

&

Q.4 of the overlay layer. If % is the age of the creter as o

k-]
= {\ - Fny
frscticn of 4,5 x 107 years, toe overlay n%%Caﬁ g8 ot time of

+

irpect can be seh ab lé{l ~ L) meters, the effective initial

altitude ¢f the bard erster wall ot Ze0 ~ 0ot x 14(1 ~ 1) THCETS 5

which i8 to be buried and ervded at. a rate oFf 3.00 ® L0 ?“%.oyiﬁ§

cm or 13.8 meters ped chosen unit of Siwa Lthe initial rate

of everiay formation, 14 m befoce the cretering event is Pt~

posedly talken lavger them its later or present rate,

g T A &= . Q B 2 CA.. y
2.86 x 10 " 4.0 X 10Y cm or 12 meter:s per unit tiwe {aeﬂﬁ}

[mrem——

¥ the wall height has been decreassd by burisl and evosion to

an everage altitude of 1.0 m, this leads to an rquaﬁman for

the determination of age @

it

950 g 5;6(1 had ,u:.) .. l-u{)m13¢5 t
whiech yields.
=0.30= (L3582 0.5)¢10"Y years,

s

Teughly 1.4 billion yesrs for the ge of the stone~walled

crater of Uurveyor I,
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ng7

w, Gv v Ageretiocn ¢ Second sporoximabion

In Table XXX the gverlsy woliume was calculated 3rom ebm

served craler voluwe statistics wilth provisional sllo @yce belng

r

_Q

wade for the disappearance of smaller ergtars through erosion,

a vrobective layer : A, fopr zero

L]

end for twe limiting cases o

overlay thlckness; and b, for 12 wmeters as its present thick-

o]

ness.The linesr eguetion {250) for the liTetime was usad. Wow
wWe sTe in possession of ercesion ilfetsneéﬁ calovlated o priovd
by move sophisticated metheds whiech cen he applied o a rTe-
vision of the expected sccumuleted velume of cverlasy. Unly
those craser& whoge lifetime is showter than 4.5 x 10% yesrs
are Pf’? 2@ oy the lifetire condition. Part B of Table XIIX
has heen recalenlaled sccordingly. with the new lifetiuve drla
g8 of Tebles L znd LI, SE@&T&%éy for primesries and sscondsries.
Overleppiag 18 & ndnor effect for these lorge craters, sffect-
ing thelr nunbers but by e fraction of a pevcent and is here
disyegerd:d. The crater sreal dznsities sre then simply prow

porbicnal to tne lifeltime, ty. Table LII contelns the resulis

of the rerision.
Tae result does not Aiffer essentially from the {irst ones
ana Tivmliy indlcates sn overlay lsyer of aboul 14 meters ot

oresent. The tolsal sun in the lsst line of the txbie, 1535 cn
repleeing the former result of 1307 cm, is increased chiefl:

the expense of smell secondaries waleh were actively affecting
the bedrock only a very short time after the fokuation of %pe

maviz. Yhis deteil is highly conjestursl, and ze mey leave the

[T LY

subject al that, being satisficd tiabt the new refined trestuent

of erater lifetimes has little affected ocur originel estimste of
ovevrlay thiickness.
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TABLE LIT

Regmiculetion of Overlay Accrebiony Coge U of Table NAIK,

Ty assuming the Pregent fHiverlsy Thlcimess e be 12 woebers and

(3

s uniform raie of agereitilon {dals which sre not queoted are fa-
1dentical with those of Table XHIXY (ths uraber nurbses are for

i . 5,0
aft area 0F 2.22 n 107 ™)

o i Siu o s o . -
By s meters £214 184 .13 100 Yo 02 49 a7 24 20

n, (true nuuber,
A
SR ¢ e - N .
o 5K107yrs, oale ... 10497 3,977 2.14° .25° 2.19° m.g5
eul&tﬁd;prima?ie£§
& vived mard pe * S o = g by
belprimaries, eIl «ov 4 an® 3,399 0,46% 7,158 5.10% 3675 voau® 1858 5,007
“sofLA ) vesrs '

W e J—C n -~ - - v » -
hf\ LAMETLes d8~ ... 2868 3,41 477 .48 5.8 1i2.3 18.8 34.4 80.8

i in
o By 1.09° 1.71% 1.98% 2.48% 3,135 5.50
gervable nuwbey of
prima;ieé}
L » o
1, (Eotel obeerved)e. . 1.477 2,02

i . . . .
P L IS PP o X - s 4 -
3.82° 0707 2,007 1.41% 2.5® 5408 9,408

3 R A = — - .
o e gn s ~ ' = o v-ia g '--.’:3 'h 5 - & - M P -
bservable TAmMDEr. .. §.1% 1,237 1.91° 5,737 6.82° 1.10° 2,418 4 725 2.ns0

{
of secondaries’ B ) '
.%e seoondsries
(5,7 78m; hardg-rim-
med) Boy x:—;«;;:;soft
b

wrimmmed, L.93 bimos
the waluz for } Y T 3. a 2 Q 21
Srinerias) oo 5Y 54,5 2¥ 5.32% 9.85° 7.00% 4.62® 2 59% 1.02°

.07 L3858 4.85 8.34 .75 17.4 41.6

By ssecondaries I i

i, ( brue nuwber (P " . " : -

= ] -’f’ 4 + > £ 2 ~R r—r - [ E

‘}.1 f‘je{gﬁzﬁﬂg}_ﬁsﬁ vas Gal” 22 2,040 1027 2.86° 6.97° w86l g.oof 3. 70°
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Meonre Qantions

1. Vertiend semi-crors-scefion, to scale; of an impaot crater {the

prototyps is ths nuclear explosion "Teapol" crater in Nevada; Shoaraker,

1963 ). Whe linear scale unit is By, the riuweto.rim diaestor of ihc

2. Whrowoub integral 1 - Fp (ordinates, logarithmic secale) as funchion

of log b for four discrebe vaiues of u (0.20, 0.39, 0.70, 0.91). Pig. 28,

some am a {unction of log {ah), when 2 .» 0.  ¥he parameicrs:

~

a = 83.;},;2‘\311;0"0/130; b=gf B (L j‘.i«'{’»é‘.;sinr‘lﬂ}; 55073 ¢ = DoBa
b Crater profiles for Baldwin's 1ut:» classes (pre-mare age). ALl on
contine: tes.  Loparithmie zoule. Abscissae, crater ﬁi;‘r.a‘zze{;sr {Ba,kn);
ordinute s, depth to _ﬁ_‘i.ame’t;er rutde, {xf H}fi’»m Foasured points:
cenberec cireles, Glags 2; orosses, Jlasses 5 and k;  dots, Claas 3.
The Four caleulated curves ave those of Table XIV ., with the pavapeters
indicatad in the Pigare.
Jy» Oraser profiles for Beldwin's Clsss 1 {post-ware age), Coordinates
Arfi
as in Mg 3. Heasured points: .ocelieredtoired=i; on mirda; orosses,
on continentes: HAoswlile centered circles, ray oraters. Tne two lowexr
caleulated curves (P and 9) are those of Table XV, and the w0 uppir ones
(¢ and #) arc from Table XIV. The ussumed parsweters are indicated with
the cuwrves.
5. Swveyor I photograph 6G«H-834, Fune 2, 1966. A% center left, a
crater of % meiers Qiameler, probably of secondary origin, iis rooy
projec ile having ricocheted oube. In the foreground, = rock abous 7O om,

L9
wrsd L
1T 3774

i
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a gecondary ejectum having come Lo yest on the surlace alber ricochebing. On
the horizon, & stone-walloed crater 450 meters in dianmeter, with the stone wall
seen best preserved in the upper right corner; probably interplanetary primacy
1500 ¥ 500 willion vears olde - (ourtesy of N384 and Jet Provulsion Laboratory

Fige 6. Buwrveyor I photograpgh 66-E-807, June ;;5"”;»' 966, Stone-wall debail of the

crater {same as in Fige 5) on the horizon (4504); average blocke in its wall
measure 70 o Gourteny ol HASA.

Pig. 7o Orater Alphonsus (left) and Mere Bubium (xight)e Ranger IX 2 min 50 =eo
before impact on March 24, 1965, Trom asltifude of 258 miles. Dimensiont of
frome 121 X 109 niles. Courtesy of the HACA Goddard Spacs Flight Center,
Greeabelt, Macyland.

Pige 8. eak of Alphonsus (middle top)s Rerper IX %3 scconds before impack, Trom
altitude of 53 milese Dimensiony of frame 28 x 26 miles. -~ Courtesy of RASA
Goddard Space Flight Center, Greenbelt, Marylend.

Fig. 9. The Fasi {astronsuiiesl} or West (asironomical)} ( J.ef* 5} wall of Alplonsus.
Renger IX 4 min 17 sec before impact, from albituds of 115 milesm. Colrtssy
of ¥ASA Goddard Space Flight Center, CGreentelt, Haryiand.

Fig. 10« Distribition of overlay thickpess in lumar maria. Abscissae, percentoge
Y @fe Ordinkes, thickness in wmebers. For full line, scale te the left; for
dashed Iine, scale to the right.

Fige 11o PTistribution of overlay thickness in lumay highlands {cantinentes)e Cf.
Pige 10.

Fig. 12. Supveyor I, Foolpad 2 on lumsr swrface. Diameber of fcotpad top, 30.5 cme
Courtesy of N-@Si.

Fige 13 Surveyo: III, Footpad 2, third touchdewm, with surface sampler and a

depression maie by it {bottom Lleft)s - Courlesy of NASA.
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Pige 1h. Burveyor I, Poobpad 2, entumeced cortrasi. - {lourtegy of NiSA.

Fig. 15 Orbiter IT vhotegraph (Egvembcr 19, 1966) of an area 360 x 450 m:tswe
in ifsve Trornmuillibtatis, showing strevm fields of hlooks ronging up to 7 mebers
in diameter. - Courdesy of HASL.

Fig. 16, Survevor I photograph §6-2-589, Jure 2, 1966.  Crater Ho. & {3 diametor)
and rock, the same ag in Pig. 5, - Couriésy of NABA,

Fige 17« Surveyor I photograph 66-H-0k, Jwe 15, 1966. Craier Ho. 5 and block
{ nee Figs. § end 16) at low sun illwminaticn. - Courtesy of HiSA.

Fige 8. Downkill wigration of dust. A mizrometecrite HD sirikes o slans
surface S5. Ch, OB are trajectories of periicles ejected symmtrically with
respect Yo the normal ON which makesn an argle v with the vertical 9%, Mige 18z
Cross secticn of conical erater E 041, with impact oraterlot at (. Tryjootorios
shorter than 0 0y lead to unrestricted dovnhill drift, those Longer than O Qs
end vphill cr cutside the crater.

Pig. 19 Tropping of incoming ricocheting overlay particlcs by o depressiom with
a circulsy horizontal contoure

Pige 20. Trapping wechanism throwph semi-elestic riccoheting in a depression

of triangular {conical) vertical cross sectiom. The impacting project lss

. . Bl x
enter along @, DO, W, at an sngle z = 1 = 229,2 {com the vartical.

Fige 2. Relative scurstion rateg of ovexiay ,,ﬁﬁi ,f_,‘a;c, {ordinates), inside md
outside a riwless erater. §' {abscissa) is the distance reckoned outwa s
Trom the creter edge, in units of crater diameter. Profile rabios: cestered
civeles, x/B = 0.25; dobs, x! /B = 0.20; crosses, :a,; /B = 0.15; ceniersd
squares, x! 7B = 0.10; centered iriangles, %) /B = 0405.

Pige 22. BEvolition of rimless corater profile and its surroundings by trapiing and

filling. Tnitisl profile ratio %, VB s (25, Jualitatively walid ulso for

/ .~
X YA
erosione B [,f

¢ £



Pig. 23,

Ry

Ranper X phobogivaph, Harch 24, 1965, showing shellow eroded ciatiers in

ALPhonsus. Froge 1.5 3x 1.4 miles. Smeilest cralers nre § wmeters in diamebor,

[

Courtesy of NABSA.



e Sgmeny
(1) TImpect crratering and erosion are the prevalling fnctors which have been
shaping the Jumnar suxface for the past Tours billion years.
(2) Iapact mslting has produced the lava Flowa of the maria, at an cuxly stape,

he8 Lillion ;rears ago. The maria were alzo ihe seat of primeval volcarlism as

P

¢ified hy some less conspicuous surface details such as the dowmes and dykes.

S
(3} Mo tracen of contempovary crogeny or volcenizm on she moon are indicatede

aa
Les

The Alphonsus event of 1958 was not a geseus eruption but a case of flucrescence
ol the 501lid crater peakes

(L) Cwrabering formulae ave proposed as derived from Tirst principles, with little
empicical aduptation. The main arguments are momentum of the projectils and
streugti ol she target; not energy as has oscen often used in limited inferpciations
of experimen.al remults. The range of apmlication of the formulae ig slmost
unlimited, for veloclities frow tens of censimetersz to tens of kilometsrs por
28000, ishoub using ewmpirical coeffici mis of proportionaliily; the {ormalsae
represeant the eratering dizensions - pemtration and volume - better thar within
i:EO per Gani. Hpeaisl formlae are derived and empirically teated for low-
veloeily impnot of rigld projectiles into gramiar targets, with direet applicatior
to the lwar surface layer. The crateriny formulae, including throwout and fall-
back cquaticitg; are used %o derive the cohisive strength of lunar rocks, in its
bearing on the origin and history of the 1 mar surface.

(5) Formulac for the encounter probsbiliti:as, lifetimes and statisticol

acceleration; of pavidicles iun planciary cnounters are given, with emph: sis on

small relatie velocitien as for near-gireiiar negarly oco-planar orbits. he ¢/
A

it

-
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Samping effect of an orbiting ring of particles upon its individusl membeors, and
its besying on accretion of Jorger bodies is considered.

{(6) “he provlems of the origin of ths moon arg sanlysed with the halp of the
theories of cratering and planeiary sneounterse The mathematical $hecry Gi’k
tidal evoludion can describe the past history of the carih-moon system with soue
confidence ouly as fey hack ag to a Fzero how® corrssponding to the moon's
distarvee near Roche's limit, somevhab less then 3 eapth radil, vhenee th: moon
started veceding. From geologic evidence, the dste of 183 phase could not have
been Latey than %.5 billion yesys sge, the age of the oldeost dated tervesirial
rocks; wmost probably, it coincided with the age of the earth, 4.5 billion yeavs,
because all she initisl svenitz conncoted with the origin of the moon muss have
svolved on a shost time meale of 0% - 107 years, Tidsl frictica at the time
of e¢losest aprosch,; working on a time sezle of 107 years or loss {feo shord for
sigaificanl sooling by radiation), must heve melted the oubor mantle of ihe eath,
erasing all orevicus geologic records.

{7}  9he wistircy of the eavth~moon system yricr to this sero hour is oper to

conjecture, sscause nelfher the ifentity «f the interaciing bodies of ich most

ol .

hav;z digeppeared, nor fhelr mossss and indtisl orbits can be aseertsinei. If,
however, the theories are to conform with the weagre observational evidence,
requiring {a) that the cratexs on the coninentes were formed on the receding
moon by projsetiles orbiting the cavth at shout 5 carth radil (as testiiied by
iheiy ellipticities, and by the lack of an excess of crater nurbers on the
preceding he risphere of the woon), and {b' that the surface of the moon ab thab
time, thougt #olisd but soft, was hot but mly insignificantly or modexnisely melied

- Y -
by the impacts, - two wedels appear more Orobable than the others: (1) todel 5

of Table X, imolying an orisin from debris orbiting inside Rochd’a limit, either

ey
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analogous to the rings of Saturn, or thrown off through ingtability of the rotating
earth; with sulficient mass Toad in the rings, cohegive ciumping of the debyls
enables thaw slowly towrk their woy oub %idally, beyond Roche's lindit to collect
first into some alx-odd intermediasie moanleté, and ultimntely intc one lunuy Dody
at about 5§ eartn vadii; (II) Alf'wen's adaptation of Gerstenkorn's model o¥ tidal
capiure, in which the incoming moon, originaly captured into o retrograde orbit
and put into synchronous rotation, passes sli.ghtly outside Roche's 1imit af closest
approach where it cheds off its outer and 1i shter manltle, vebaining a densoy cove.
Thie, while receding, sgain collects most of ihe lost materisl. The Tormition

of the maria or. the earbhward side of the mosn, through 2 belated fupact of a
moonlet (broker. up tidaily before impact on the moon), praviously formed Ffrom the
material ejected inwards, ig also plausibly accounted for by Alfvén's model. Am to
the %ime of the event, it never could have hsappened as recently az 700 « 1200 miliion
vears ago, fov ressons stated under point (&)

(8) %he formation of a mare is explained by imoact melting of a hot crust inm a
vraterizng ooll .sion, on a linear scale sufficiently large for “the melt 4o Call back
into the erater; on a smaller soale, the Iiquid is sprayed cver the crater walls
in all directisms mnd cannot form one coherent fluid body of lava.

(9} Crater profiles, orographic differences in level, and the secondary creters
produced by thz ejecia of ray vraters can be consigtently interpreted on rssuming
(a) that the postemare craters were produced in a relatively cool rocky torged
of the strengla of pranite or basalt, by inverplanetary projectiles {asteroidal
bodies and coret nucleil) at velocitics of 20 - 40 k' sev, ppd (b) that the pro-mare
eraters were yrofuced by slow projectiles, Woub 3 kr/sce, impacting on a hobt ang

- - X &
relatively soft surface, aboub one-tenth 4f the streneth of mranite, and ¢} that i

2507
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orographic differences of level on the moon were formed dwing the sape pwriod
of primeéval tombordmest whon the orust was hot and softe

(10} The statictios of ccaters (larger than 1 - 2 ke) in lumsr secle ave consistont

vith estronordcsal observabtion, oratering treory and thzory ol pusmetsry smeounters
vhen tsargel rock lg astumed to be of the sbtyensth of granifte or hasdb. Fhore is
no bazls whatever for inbterpreting the origin of the overwhelming msjoriiy of the
crasers as not being cavsed by lmpanis.

(11) Details in the frequency funcbion of the dlamsters »f swaller orabers suggsst
a winimum survival Limdt of about 300 meiérs diaweter agsaluvst erosion during
he’ % 107 yorrs. This roughly agrees wilh theoretical ealeculaiions of fhs rate
of erosion o the mooR.

{12) Statisties of swall craters im Alvhonsus are consisient with iheir lmpact
origin from 1 mixed population of pre-maze projecviler, among which slow
gecondary ejta prevailed; the scavcity of craterlets on the peak and well of
Alvhonsus is explained by the herdnoss of these tacgets (bare rook or rook under
o thin proteltive cover), while the flsor of Alphonsus carvyying 15-20 tlseswore

craterlets osr wmit ares 1s sounsistent sriith a loose ftarget about the stiength

terrestriil desert alluviume The collapse or caving-in hypothesis ¢f the

o

of
sratorlets iz unweceptable, both because £ their prevailing clrcuiar shape, and
bacausa of L1 relative wilormity of thelir distyibution, the crater dersity dovn
to the same Jlameter being similer in disvant regioas of the maria as woll as in
Alphongus. The flcor of Alpvhonsus, Tormed probably withoul cohsrent melting, w2y
have spread out into a level surface in a kind of “ash flow".  Itg peal {as well
as the pesks of wony other craters) can b interpreted ag a gurviving vusnand

(compacted zt impact) of Gthe ccar portion or the projectile that produced ths

crateres

>



wl
2

3} The top layer of lunar 20il consisis of a heterogencous mixbtucre of ymriicles
of & broad distributicn of sises. FifTestive values of Jdifferent physieal
quantiftien may depend on particles of different size.  Thus the thorm ]
conduetivity of the upper 10 om, consisting of throe compongnbs ~ the Lulk
condugtivity through 2 grain, the radiative conductivity E@tween graims, aund
the contact conductivity (depencang on contact area, inereasing with poessure
and depth) - can be accounsed For ‘i:xy conutant effentive grain diasetsy of
0.03%3 am, shile the strong raday rellectiviity and thermal inocriis of the hot epot.
reguirves the presence of a prominent comonent of elseable boulders, isbedded in
th@ rubble &8s wall o shrewm ovey iits swurfocc. The normal vader reflizobivity,
pointing to a bulk dielectrio constant o) 2.6 « 3.0, is compabible wit) an
average density of 1¢%; or 5074 porosity Jor a basaltic composition. oherion

o n

of graing in vacuoo is gufficlent to balaice the lunar gravity of grains smxiler

than about G.13 wa; these are rvegpeonsible for the "fairy-casile” siruziure

T the top layer determining toe opiical vropevties of the moon, cspecially
the dominasce of ghase angle and the sirong backscatter a% zero phase, in the
visible portion of the spectirum, On a scale.of cenbimebors and wetexs, the iop

*

3ol is polished by micrometeorites intc a gently undulating suwface with speoulax

)

reflectivity.
4) The degendence of vadivactive conductivity on temperature leads to a daysnight

asymmetry and & positive thermul gradicrt in the top soll even at zepc flux. IF

-

this is tsken in%to scocownt, vadio obseriaticns of the therunsl gradien! in the
Tunar soil lead 4o a net flux Trouw the roonts interior of 3¢k x ot 51/ (emdeen
as uomoayed fo L3 10~T which ie the carth's value dccreased in prooriion o

the lunar redius {4hus corresponding to egquel content of radlosciive jource

if therme’ equilibrivm is easumed).
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(iﬁ} The sverage tewperabuve on the lunar eguator ig 56500 on the surface,
A4GPC 2t cne meter and -23°C at 7 mebors depth. The pressure-dependent incresse
of conductivity with depth preveails the top layer frow playing aoy significant
insulat%ng role, so that the thermnl stcie of the moon's coust is not much
alfected by it: at ecua) depth; the crist iz only about 50°C warmsr then i%
would have been without the insulating top layer.

{46} Tmpact erosion leads to levelling oul of lunsr surface feakuves wiihoub
ralevance to an "angle of repose®.

{47) The amcunt of luner surface material sputtered o space by solav wind,
abouk A5 gfcmf in 4.5 hillﬁoa yenrs, isysardy equal to the gain from the slow
wicrometecrites of modiacal dust. The meteoritic malerial is admixed Yo an
average sccumlated overlay Layer of'sbaut 13 meters or 1700 gfch {ovexr the
maria snd outside the rauge of ejecta of lavge craters). The other, fast
meteoric components lead to a Loss ofshcut 23 gfem? of luner material

{18} Iu building-up of overlay from the urderlying rock, three oenebraling com-
ponents of meteorite flux are relevant: the Apollo-umedenrilbs comnoner’ {preudo~
asteroidal); the comet nuclel; endihe asterocids deflected from Mars crossinge.
¥regquonsy formulae Tor the three {lawes as depending on parsicle radl: ars given
and the ccrresponding crater densities {numbers per unit ares) caleul:ted. The
observed excess in the densilies of sm2ll cralers 1s counsistently Interpreted
as Sue %o a fourth component, nemely %o secondary ejecta from viclent cratering
eventa (rry craters). With 1ittle dependence on this interpretatlon, the
ovexrlay %l ickness and its statistical distribution over maria and o on~inentes
ig ealeul:ted From the volume excavaied by the sctuslly obseuved craters, the

nubers of these swallsr $hsn 300 m beirg correcied for supvival Lrom eroesion.
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(19) Prom cratering theory and an ompiricsl Sependence of the strenpgih of britél
materlials on particlie size {wm power of diameter), the exponsnt of the
Aifferential froquency {per uait of volume or wegs) of particle radii in
cratering ejecta is found to be n = 3.875; in good agreemsat with pumrsicle
counts in lugar overlay from spocscraft landings.

(20} %he wechanical properties of lunar scil are similsx to those of tervestryial
sende  The besring strenzih at cqual Jdepth, and the kinetle elfficiency atb
impact are nearly one-half of those of typical terrestrial beach pravel. The
bearing strength (frontal resistence) ix about § x 10" dyne/on? at the surface,
6 x 10° ab 5 cm 2nd 2.5 x 168 at 10 cn renetration. The cohesive la.exal
resistance (ecrushing streagth) is about 4/18%h of the bearing stvength at eguel
depthe

(21) PBlecirositatic transvort is theorvetically limited to particles of submicron
sizee The absence of bIursing of Getail (less than 0.5 km for dewarketion lines

in Alphonsus) indicates that such pavkicles and "electrogtatic hopnini" do not

x

play a sigaificent role on the lunar surfzies.
(22} fThe bullistic Pluves impinging on the lumar surface conslst of five intere

planetary zomponents (Jik the micromeiceriten; J,. the dustball metaors;

Jis the Apolle-~meteorite group; J2, comst nuolel; J3, Mars asterolds deflecied
to earth crossing) and of secondavy ejecta of primary cratering events { component

Jele The guaniitative charactoristics of %no interplanetary components axe
deduced Trom obgorvalbion as corrscted Lo selectivity, while Jg 18 ast.eszed
from the ezcavated cratecing volume as ¢orrected for interplanstary irpacts and
crugion.

(23} Cratcriag parameters for the ballistis fluxes are caleulated Tor oerlaye

For componsnt Jgy; gquanbibtetively sscesssd ricocheting is viawed az amAifyl

Yo
k'
g



crater generation in overlay. Only a fraction Gg (0ol = 1.0 ag depending on

parsicle size) of the impacts are of the gramuler target type weile the rest

ave into larper sroins or boulders and zre of the hard tsrget type.
{2k) Cowponenis Jy and o, preduce too shalloir craters in overlay to be observed;
the sction o' these components ig limited o evesion, 82 per cent of which can be
pccounted forr by them. Uomponent J, accomts for 973 of the ballistic mass, but
only for 157 of the impact momentum and erosive cepscity.  Components dJp and J3
(comet noncle’ and the Mars saterpids) sre negligible for emall cratering in the

sub-kilometer to meter range whore Jo and she meteorlte groups, Ji, sre solely
of importanc:, but they - chiefly Jp = gain in importance and dowinate in laxge
cratering ev:nits (above 5 lum)e

(25) With a coaventional llnlt pf observability of 0.02 for the crater doplth to
dinmeter watio, the a priord caleulated crater generation rates, as 858 =% against
delotion through overlapping and degradation through Tilling and evosior, lead %o
theoretical orater aresl densities in the Alameter range from 3 om to 100 m and
beyond which are in satisfactory agresment with cbservation from space [robeg.

(26) nixing of overlay proceeds slower than its accumulation. The mixing thickness
ig about 8 cn, corresponding to a Gifference or "blurring” in age of the strata
of about 30 w=illion ycars; this represents the Ystratigraphic resolving pover®
of overlay. Where is practically no interchange of material between layers
separated by more thon 25 cm or 100 millice years.

(27) The ballistic asivonautical hazard on the lLanar surface is negligibl:, being
by orders of .megnitude smaller than the hizards we are willing to accops in
everyday 1iife on carth.

(28) Crater ard boulder degradotion rates fom {illing by overley, and from several
types of ercsion (sprey from nicrometeori:e impact, dormhill migration »f dusi;

aq(
Al
o Tl
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rputtering of croter wims and boulders and their burial by overlay) have been

guantitatively assessed theoretically Trom fivrsd principlesz and {rose tha
properiies of interclaneltary populations.

scaord with

(29)

5 % 4078 onf vear; wihile the average rate of burial inte ove

the observed aven

Ablation of exposed rovk on Ghe lunny surface

he rosalis sys in

is estima

TAARIY

v (however, a widely

Tiuctusting quuntity, according %o cratering events in the vicinity) ig about

2.7 = 107 wif year, so that 1% is buried before bLecoming srofed.
on the suy

ricoshets.

£
iy

-
APV

Rouks 1ying

ce are secondary ejecta which have ocome to rest afier sevexal

Geaterprin overlay left behind the ricocheting impants are relatively

Geep (Fig. 4, the 3-mclber cratex), contrary to those wasde by primary interplanetary

impesots which arve too shallow t{o be obrervablse.

{30} As the remult of Tilling and evoslon, which iak

Tilling matorial; the crater profile bescuss shellower while

dlameber increasss.

(31)

Some examples of theorciical degradatica 13

x

of veduction to & profile ratio of x'/B, = 0.02:

Crater diamcier,
Bofam)

Origin and
degeripiion

Iifedine, vears
e —
Grabfor diameloy,
Bol em)

n and
a

Oripd L
eseripion

Litstime, years
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