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ABSTRAGT

The first chapters (I, II, III) review the problem
of lunar history. Chapter II gives a chronologlc¢al review
of lunar science up to 1959. Chapter III reviews the
present "state of the art" in a framework of nine relevant
topics.

In lunar science, unlike most branches of modern
science, there lsg éontroversy over even the most basic
factg and assumptionst Yet the writer attémpts to show
that there exist valid observational tests of al least
gome hypotheses. Chapter IV reviews the analysis of crater |
counts, which are a useful tool here. —

The well-preserved post-mare craters are first
gtudied (V). A new'réview of meteoritic mass distribution‘
and cratering theory ls then used to show thét the ob-
gerved dlameter dilistributlion among post-mare craters would
be produced by the impacts of asteroldal-type bodies (VI).
Thls suppofts the hypothesls that the pogt-mare cra@ers
result from impacts of agterolidal fragments, pfedbminantly.

A new value of the cratering rate on earth, derived
from study of the 10° year 61& Canadian .Shield, ag well
as other published velues, 18 used to ghow that the maria

are on the order 4 x 109 yeafs old (VIII). This is in

X



xi
accord with theoretlcal calcululatlions of heatling due to
radloactive lzotopes, which suggest a maiimum surface
heating (bence lava outflow) at this time. Among the
ma jor merla, crater densiltles ére found to differ by legs
thaﬁ'a.factor three in a new analysis of published data,
but it is suggested that mare ages Vary by substantially
less than this (VII). |

New and old evidence for the impact origin of
the larger lunar cratérs is summarized in Chapter .IX.

In Chapters X and Xi, evidence l1s gilven that al-

- though ﬁhe mass distributioh of impacting objeéts did )
lnot vary markedly throughout lunar history, the flux
decreased from an early intense bombardment. The pre~
mare qraters outnumber the pogt-mare ones by & factor
sbout forty, aﬁd it_ié estimated that the early bom-
~bardment flux averaged on the order 400 times the post-
mare averagé‘value, There i1s evidence that the eérly
intense bbmbardment began after the mobn reached 1lts
present radius, and thesé results appear to support the
hypothesis that the moon sgwept up a ring of.fragﬁented
circumterrestrial particles. -

Chapter XII considers‘erosive effects ih contl-
nental énd mare feéions, and Chapter XIII cbntains an
attempt to order thé'large‘basins-by age. New evi-
dence is given (XI) that the basins formed by impachd
during the earlyhbombardment period. ‘



I. INTRODUCTION - SCOPE OF INVESTIGATION

Cosmic phenomena may be divlided according-to the
lineaxr scale Iinvolved. The pregent sbudy concerns phe=
nomeng on a8 macroscopic écale. It attempts to describe:
the events whilch resulted in the more prominent resolvable
_ features of the lunar globe - dark plains, hlighly cratered
bright areas, arcuate mountalin patterns, linear valleys.
Thege may be termed global, or macrbséopic properties of
‘the moon. Global properties generally relate to the his-
tory of the moon as a planet and to the history of the
moon'sg envirbnment.9 the solar system.

At the time of this writing, much attention is be~
ing devoted to other lunar propertles in preparation for
the flrst manned flights tb the moon, expected wlthin a
decade. These are the properties which affect the safety
of lunar astronauts and their equipment. They bear ass much
relevance to lunar evolullon ag goil mechanics or fluvial
geomorphology doesg to the evelutlon of the eérth: they
concern "skin effects". They may be termed local proper-
tles or small-gcale properties. Contemporary conclusions
about local properties, though they are necessar& engineer-
ing requirements, may require revisions once observations

can be made on the lunar surface conveniently, and rock

1



gsamples returned. Therefore, much of the theory of small-
gcale lunar properties mist awalit the future. This
dissertatlion accordingly puts very little stress on the
history of small-scale 1unér properties.

While the present methods for studying local pro-
“pertles will be largely obsolete after the first lunar
landings; the same is not true of‘m@thods now applied to
the study of global propertles. Almost by definitlion, thesge
must be 6bserved from a distance, and the present earth-
basged photographs thus form a library of great value in thle
fileld. For example, sﬁatistics of large craters, important
tools in the present paper, can be besht compiled from the
earth. Of course, petrologlcal, geochemical, geotectonic,
and other informetion directly from the lunar surface ls ree-
quired before luner history fully can be sketched, but it is
worthwhile 0 explolit our present potential to the utmost.

Ag wlll be shown, we can Iin fact lay down certain boundery
conditlions for the interpretation of forthcomlng swrface data,
a8 well as educate ourselves in some rudiments of lﬁnar_and
golar system history. | |

Flnally, 1t should be noted that a proper planeto-
loglcal description of the moon's history requires a synthesis
draving on many flelds - theoretical astrophysics, meteoritics,

structural geology, geoohemiatryg‘and‘geophyaics for example.
It may be years before even a first order theory satisfles all

workers..



II. CHRONOLOGICAL REVIEW OF LUNAR THEORY

Thig review of the llterature will conaidér only
work concerned with the genesls, evolutlon, and global
propertles of the moon.

Liﬁtle significance need be attached to most
pre~telescoplc utterances about lunar evolution. Some of .
the earliest legends handed down over generatlons may be
1ittle more than campfire talés, knovn by the originator
to be mere story, but believed by later tellers. But 1t
may be significant thaﬁ those storles became set, and that
as long as four thousand yéars’ago the priests of the most
powerful nation on earth presented to the ciﬁizens e unlfied
plcture of the genesis of the moon and other celestial ob-
Jects. These pronouncements were as widely known and respect=-
ed by the Egyptlan peoble of that day as current sclentific
popularizations are today.(Hamlyn, 1965).

By 500 B.C. Greek agtronomers under Pythagoras held
that the moon Wo.8 spherlcal, and we may date the concept of
the moon ag a separate planetary world of form analogous to
the earth from.thié period. Democritus (ca. 400 B.C.) even
held that the lunar markings were caused by great mountalns
and valleys (Baldwin, 1949, p.2). By 200 B.C. the approx-
imete magnitude of the moon's diameter and distance had been

3



measured ihrough the work of Aristarchus, Eratosthenes,
and other Greek natural philosophers. By 500 A.D. these:
figures were accurately known by many widely separated
groups and had beeh measured in Indie within 6%. The
decline of this knowledge in Durope in the lMiddle Ages,,
when the moon wag held, for example, to be a great mirror
reflecting features of the earth, ended by about 1600 in
the controversy over Copernican and‘Keplerian agtronony
(Abell, 1964).

In 1610, soon after the invention of the telescope,

Gallleo announced in his Slderius Nunclug the discovery

of mountains, valleys, craters, and (erroneously) seas

on the moon (Abell, 1964, p.44). Moore (1953) suggests
that Galileo eventually became aware that there was no
water in the lunar seas (maria), but the idea persisted
to a much later day. Galileo further derilved a height of
about four times the height of terrestrial mountains for
lunar peaks he obgerved illuminated beyohd the terminator,
and discussed the possibility of an atmosphere. He noled
that the moon shines by reflected suﬁlight, concluded
that the earth must do the same, and used this as a proof
against those who argued that the eafth was not to be
included emong the planets (Abetti, l952). This work
greatly strengthened the conception that the moon is an
earth-like, planetary body . |



During the next three centuries the moon's surface
o 1argély bypassed by outstanding scientlistsy due partly
to a grouing bellef that 1t was essentially dead. What
Voore (1953, p.53%) and Baldwin (1949, p.G) call the first
reasonably accurate lunar map was produced by a clty
counselor of Danzig, Heveliué, in 1647. Hevelius aiso
measured the heights of peaks in the lunar Apennines and
Caucasus mountains to be 17,000 feet, nearly the correct
value (Baldwin, 1949, p.6). Riccloli, in 1651, initiated
the preseht custom of neming craters after scientists and
phllosophers. Toblas Mayer, in Gottingen, gave a complete
geometric explanation‘of the lunar librations (Abetti, 1952,
P.149) and in 1775 published (posthumously) & mep which was
not excelled untlil the mid~-1800's.

In 1764 Lagrange proved dynamicelly that the moon
must have an elllpsoidal figure. Ilaplace calculated the
theoretical earthward bulge at 475 feet (Baldwih, 1949, p.T).
The observed bulge wag later found to be much larger than
the theoretical, and this came 4o be a widely discussed
problem of modern research.

What has been-called modern selenography was initlate
ed in the late 1700's by Johamn Schrdter at Lilienthal with
a long and systematlc get of observations to map lunar stfuc-
tures in detall and measure mountain heights. Schroter's
observatory was destroyed in war in 1813 (Moore, 1953, pp.

55£f), but this sort of work spread among other observers.



Studies of lumar history, which require a good
observational base, could scarcely be expected to have
been productive at this time. Yet, meny of the concépts
which are accepted or debated now can be foundg albeit iﬁ
a very rudimentary form, in writings of well over 100
years ago. The brothers Marshail von Bieberstein (1802)
attempted to phow that all planets, including the moon,
formed through accretion of meteoritic particles. Von
Modl (unpublished, 1810 to 1820) wrote that the moon has
always been a geparate plénét, younger than the earth,
and formed by condensation of small particles; The hy-
pothesis that lunar craters are resultsrof meteoritic im-
pacts 1s usually attributed to Franz Grulthulsen (1844),
vwho apparently developed the l1dea in the 1830's. These
papers are reviewed by Both (1962).

These theorlists were severely hampered by the poor
qualitylof obgervations. Von Moll thought the maria 1o
be an older, darker gurface geen through & more recent,
brighter crust (the continental areag). Grulthuisen (and
others) thought the moon inhabited, and claimed observa-
tions 6f citlies, snow, changes, and new formatlions.

Selénography, the pursult of accurate positions.and
dimenslons, and the search for changes occuplied obsgervers.

Many were careful and talented. Examples are Lohrmann,



(1824), and Beer and Madler (1837) in Germany, and in
italy,‘Father'Secchi, who uged photography and careful
mapping‘to look for changes in the crater Copernicus
in the 1850's (Abetti, 1952, p.191).

Thie‘éelenograpby, however, was liﬁited in scope.
The primary object was description. Selenology (planet;
ology applied to the moon) had not been practiced yet with
any success. For example, Beer and Midler (1837, p.250)
merely described a "southeastenorthwest direction of moun-
tain ridgés" south of Mare Serenitatis, and 1t was not un-
t11 more than half a century later that Gllbert (1893)
made the simple discovery that all these linear ridges are
part of a great globaltsystem converglng in the center of
Mare Imbrium. ~Apparently, the quest for ihcreased regolu-~
tion and finer and finer detail blinded observers to Wacro-
gcople, global patterns, a key tool in pldnétary studies.

Perhaps sélenographié studies reached their most
exciting days in the lagt half of the 1800's with the an=
- nouncement tﬁat‘the small crater Linné hed disappeared or
drastically chahged appearance (Moore, 1953). A contro-
vergsy over this raged for many years. With the possibility
that the moon might not be dead, a great many amateurs were
attracted to making drawings, measgurements, and maps of
lunar features, and the British Astronomical Association's

lunar'section'became the—world center for this work. The



repubted changes in Linné have been attributed by most
modern students to too literal interpretation of old
maps, but careful selenographlic work has established di-
menslong, slobes, and posltions which are baslc to many
modern morphologlcal studies.

The high point in 19th century thought about the
moon, and perhaps the first truly modern approach was an
address glven on Dec. 10, 1892 Dby the retiring president
of the Philosophical Soclety -of Washington, and Chief
Geologlst of the United States Geological HBurvey, G. K.
Gilbert (1893). This work not only summerizes the thoughts
of a prominent geblogist of the time, bu@ also provides a
mine of ideas which are reflected in much modern work. It
is remarkable in bringing geology, physics, and astronomy
8ll to bear on lunar history = i.e. in being problem=-
oriented, not method-oriented. It is such a classic that
it wlll be treated here in some detall.

Gilbert first reviews some theories of the lunar
surface. Of course, the main problem in the eyes of the
19th century scilentlst was the origin of the craters. In

favor of the volcanic theory, Gllbert cites his own esti-

mate of one thousand volcanlic craters in the states and
territorlies of Utah, Nevada, Arizona, and New Mexico,
glving an areal density approximately one tenth that of

lunar craters. With the observation that on earth, "every



district has been at one time or another a field of vol-
canic ectivity", concludes that the areal denslty of ter-
regtrilal craters, integrated over history is not discor-
dent with that of lumar craters. But Gilbert rejects the
volcanic theory on morphological grounds:k the terrestrial
craters are émaller and of different form from lﬁnar |
craters. He notes that all lave-producing craters are
of‘markedly different shape, and that maars (steam explo=-
sion craters), though of roughly lunar shape, could ex=

plain only the smallest lunar craters.

The tidal theory, popular in Gilbert's day, stated
that from vents along filissures opened by tidal stresses,
repeated upwellings of lava, driven by tldes, produced
circular craters. Gllbert rejects this for lack of vis-

ible fissures. The ice theory, modifications of which

gtill appear, held that an icy mantle or crust on the moon
was locally melted by volcanlc heating, producing craters.
Gilbert rejects this Ffor not explaining smell rim craters

superposed on larger ones or cenbtral peaks.

The meteoric (or meteoritic) theory in its most
common form attributes lunar craters to impacts of inter-
planetary meteorites. Gilbert traces the idea ag far back
as Proctor's The Moon, published in 1873. Gilbéert rejects
this form of the theory on geveral grounds, primarily:

(1) "...it 1s incredible that even the largest meteors of
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which we have direct knowledge should produce scars compar-
able in magnitude with even the smallest of the vliglble
lunar craters." Gillbert recognizes but does not favor the
possibllity that the bombardment by large meteorites oce
agured so long ago that terrestrial acars>haye been obllter=
ated by orogeny and erosion. (2) Gllbert states th@t
projectiles striking at large angles from the vertical
would produce elliptical craters, and presents an account
of experiments and calculations to show that the observed
near-circular shapes are incompatlble with the collision
parameters of interp&gnetéry bodies, according to this
agsunmpltion.

Gilbert invented his own moonlet theory to avoid the

difficulties he cites for the meteoritic theory. In the
moonlet theory, the impacting bodies are not interplanetary,
but local: a ring of small earth satellites. Gilbert states

It 1s my hypothesls that before our moon came

Into existence the earth was surrounded by & ring
gsimilar to the Baturnian ring; that the small
bodies constitubting thie ring afterwvard gradually
coalesced, gathering first around a large number
of nuclel, and finally all unlting in a single
sphere, the moon. Under this hypothesis the lunar
craters are the scars produced by the collislon of
those minor aggregations or moonlets, which last
surrendered thelir individuality.

This ldea avoids the first difficulty of the meteoritic
theory in that the moonlets are hypothésized to be large,
and the seéond in that the collisional approach veloclities

are not interplanetary but practically Zero, so that wvertlcal
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impacts‘are common. The mooﬁ is hypothesized to have been |
perturbed by approaching moonlets so that its "equator may
have occupled successlvely all parts of its surface, with-
out ever departing wlidely from the plane of the moon's
orbit" (p.275). Thesge stateménts touch on problems raised
in most medern theoriess: ‘here did the moon itself form?
Where did the collliding bodies come from? What variatioﬁs
have occured in the moon's orientation and orbit?

The rest of Gilbert's paper ls devobted to the
mechanics of impact and the orlgin of various observed
structures. The firs@ has béen lmproved upon, though Gile
bert properly raises questions of plastic deformatién,
fusion of meteoritic and lunar material at impact, central
peak formation by rebound, and other guestions which have
yet to be answered in detail. Gilbert's discussion of in-
dividual structures includes the calculation that the col-
liding body which formed the Imbrium bésin had a diameter
of 80 to 100 miles; the discovery of .radial "sculpture"
and "furrow" sjstems around Mare Imbrium, attributed to
gouging by flying fragméents from the impact explosion; the
statement that maria are lava flows resulting from fuslon
on impact (the idea that they are 1éva he traces asg far back
as Meydénbauer in 1882); and the hypothesis, attributed to
William Wirdemann in Weshington, that "white streaks" (rays)

originated when "a meteorite striking the moon with great



12
force, spattered some whitish matter in various directlons',
the great distances being a result of low gravity and lack
of alr drag. In conclusilon, Gilbert givés a lower limit
to the moon's age on geologlcal grounds: the moon may have

been "

...already a finished planet in Paleozoit time" (age
> 5 x 109 years). ‘

The next decades showed that Gilbert was ahead of
his times. Astronomers saw little profit in turining their
attentlon to this dead world. More amazingly, geologists
suffered from a similar lack of interest, although they
probably had little access or acquaintance wlth the nec-
boessary agtronomical fhotographs and other data. Many of
the published papers of the next years were by industrious
amateurs, who observed visually with theli own telescopes
and reported theif drawings, measuresg, and speculatlons.
Most of these will not be reviewed here. Neither the
meteoriticihypothesis nor the moonlet theory of Gilbert
wag universally accepled.

In 1895 Bduard Suess relterated the volcanic hypo-
thesls, pointing out that both the earth and the moon must
have been involved In extensive melting and fracturing,
and attributing many lunar structureé, such as the Alpine
v&iley;'to;great volcanic fissuping of the lunar crust.
~ Shoemaker (1962a, p.287) has stated that "At the close of

the 19th century the consensus among both geologists and



.13

agtronomers was still firmly in favor of volcanic orilgln
of the craters.”

| 'C. H. Darwin (1898), in his study of the tildes,
extrapolated the tidal evolution of the moon's orbit back-
ward to show ihat the moon must have once been very near .
the earth, and then suggested that the moon was broken off
the earth when‘solar tides, in resonance with the. earth's
free vibration period, disrupted the nearly unstable and

rapldly rotating planet.

The astronomer W. H. Pickering (1906) made an ex~
tensive‘comparison between Hawalian and lunar volcanic
structures, and endeavored to Show that they were lndeed
morphologiéally similar. His photographs, however, com-
~pared objects which were greatly different in scale.

Shaler (1907), in a me. jor review, presented one of
the first dualistic hypotheses, concluding that the craters"
were volcanic but that cataclysmic impacts melted material
to foim the lave of the maria.

| In 1910 the suggestion that the mareée material mlght
be dust was published, probably for the first time (Baldwin,
1963, p.295), by T. J. J. See.

Thé inadequacy of communications in lunar sclence
at this time is illustréted by W. H. Steavenson's (1919)
independent amnouncement of the great system of parallel

"furrows" south of Mare Serenitatls - the same system
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which Gllbert had shown 26 years before to be radial to
Mare Imbrium. Steavenson also proposed elther volcanic
Iactivity or grazing impacts as the causal mechanism. He
favored impacts for the furrows, but leaned toward vol-
canlem for most craters.

A great number of papers weré published'during
the following three decades, describing lunar features
and debating, often in only qualitative and subjecﬁive
terms, the ﬁerits of various hypotheses.‘ Dominant was
the controversy between meteoritic and voleanic genesis
Tor variouS'structureg. It would requirse tqo much space
here to degcribe these papers further.

In 1925, a "Committee on Study of the Surface
Features of the Moon"9 whogse members represgsented asﬁronomy,
geology, volcanology, and physics va s fofmed at The Philo=-
sophical Soclety of vashington with the objJective of gain-
ing new meagurements of sufface properties and structures,
and avoidihg "suggestions of possible modes of formation".
One part of the requiréd data listed was "statistical in-
formation omn the frequency of lumar craters" (Wright,
Wright, and Weight, 1963%). This approach did not produce
much work on the history of the moon, but 1t did result
in a great wealth of observational data obtained over the
next few decades. | | |

In 1935, The Tnternational Astronomical Union
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adopted the map and catalogue of Named Lunar Formations,

published by Blagg end Muller (1935), in an effort to
standardize lunar nomenclature and cartography.

A statistical study of craters by Young (1940)
showed the linearlity of a log~log plot of diameter fre~
guenclies. Young took ag real certain disqontinuities and
departures from his curve snd concluded that they stemmed
from populations of craters of intrinsically different
type. | |

chamberlin (1945) applied new geophysical knowledge
in a paper oﬁ "The Mopn's lack of Folded Ranges". He noted
abundant faulting but no folding and a complete lack of
orogény in post-mare time as opposed to the earth. It was
hls idea to consider planetologioél differences ln searching
for an explanation. A number of hypothetical causes of
orogeny on earth were noted to be less effective on the
moon: (1) no erosion implies no filling of geosynclines,
(2) small size of the moon implles quicker cooling, (3)
lower density implies less differentiation (4) no trans-
port of eroded material implies no shifting of mass and no
.congequent shift of rotation axis (which was noted to be
less effective in brcducing stress anyway because of the
lesser rotation velocity).

In the same year the first part of a lengthy, three
- volume study fas published by the geologigu J. H. Bpurr
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(1945a., 1945b,;1948). Spurr proposed igneous origins for |
virtually all lunar structures, and because of this, his
work came to be 1llttle lknown & few years later when the
craters were widely interpreted as meteoritic. Spurr is
more frequently referred to now, and perhaps hls greatest
contribution is the recognition of global "grids", a term
he coined for .vast systems of lineaments showing global
symmetry. Spurr also recognized that the mare surfaces
possesd more nearly uniform ages than the older baslns
which they occupy. He discussed at length "uplift and
subsidence" origins for mere basing, hypothesized vast
crustal disturbances, and found more evidence for igneous
activity than 1s usually accepted today.

R. B. Baldwin's book, "The Face of the Moon" (1949)
convinced most students that the lunar craters were meteo-
ritlc impact scars. In & synthesis of some of his earlier
work (1942, ;943) and nev data, Baldwin extrapolated the
morpﬁological properties of terrestrial explosion craters
to show a fit with the properties of the larger lunar
craters and described a time sgequence of events that fits
with the observed lunar structures. Even the huge basins
he attributed to impacts, making them extreme cagesg in the
cratering process. The earthward axis of the moon is long-
er thén predicted:by hydrostatic theory, and Baldwin inter=~
preted this as evidence for a fossil tidal bulge, formed

dong ago before the moon had been forced to its present
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dlstance from the earth by tidal interaction. This led
to the hypothesis that the moon was af one‘time'largely
molten, and provided further evidence for Baldwin's
strong belief that the maria are lava flows. In Baldwin's
reconstruction, the magma is released by collapse of a
great buckled dome surrounding the Imbrium impact site and
formed by the impact.

Important work on the origin of the solgr aystem
in the early 1950's neld implioatidns about the history of
bthe moon. XKuilper (1951) used dynamical and physical con-
siderations to argue phat the planets formed from very
magsive proto-planets, ahd that the earth-moon system most
probably corresponds to a binary development governed by
the protoplanetary density distribution, instead of the
normal large primary with satellite system. Urey (1952)
used chemical and physical arguments to show that the
particles from which the planéts actually formed must have
been small and cold, not the incandegcent material of
learlier cohceptions. Urey also supposed the lunar mere
materlal to be lava created by thevmelting-of Iunar rock
by lmpacts, and that the impact period of lunar history
was of a dupation comparable to the cooling time of the
lava geas. Kulper (1953) explained density difference
among planets by variations in loss of silicaﬁes during

molten phages of thelr histories.
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In 1954, Kuiper published a lengthy discussion of

the moon's history. A key point was the proposal that the
moon at least partially melted as & result of heating by
radioactive material:

Depending on the precise value adopted for the

conductivity of loosely packed, accreted material,

one finds that all spheres larger than about 100

¥m. in diameter wlll have melted at least closge

to the center; substantially larger spheres will

have melted almost entirely, leaving only an

outer shell of few kllometers of nearly unaltered

accreted material.
It is this melting which, in Kulper's view, accounts for
the lava. The craters are impacts of fragments from-a
sediment ring left over after the moon's formation and
swept up by the moon as it receded from the earth under
tidal influence. This ring had a mass of about 1022 grams
estimated from craber sizes. The Imbrium planeteslmal
struck during the melting period, and was the largest of
the impacting bodies at 150 km. diameter and 6 x 1021
grams mass (p. 1110). These conclusions initiated some
controversy, and Urey (1955s) criticized such points as
the failure to explain the distributlion of the lunar
mariz (held by Urey 48 concentrated near the center of
face), the absence of an explicit explanation of the fact
that sediment rings are not known around other planets
without moons, and especlally the hypothesis that the

moon could have melted without losing its ancient crust

and mountainous relief. Kuiper (1955) listed in reply
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empirical evidence that the maria were indeed flows of
lunar lava from the moon's interior, not rock melted by
impacts as Urey suggested. i

Géld (1955) suggeated that the maria were not lava
of any sort, but rather vagt deposglts of dust eroded from
the surface and trangported by mligration of particles to
low~lying areasg. |

Alfvén (1955) reviewed calculaﬁions of the moon's
pa.gt dyna@ical history publlished in the same year by
Geretenlkorn, who found the moon near the earth 2.7 x 109
years ago. Alfvén afflrms that iﬁ any calculation the
moon must have once been near the Roche 1limlt, and that
1f Gerstenkorn's time scale is accepted, one must agsume
the moon to have been captured by the earth. *Alterngtively,
Alfvén wrote, the moon's material may have been driginally
thrown off from the earth during extensive mass loss ac-
companied by growth of & high-density core resulting from
phase transition in mantle materiel.

Measurements of radloactivity ln meteorites were
used to calculate the thermal history of plenets. Urey
' took chondrites as the closest compositionsl metch to the
material of the early solar nebuls and found in a 1956
calculatlion that a moon formed at low temperatures may
never have melted. However, a difficulty in these calcu-

lations has always been the uncertainty in the initial



20
abundénces ofﬁﬁadioactive isotopes.

Von Bﬁiow, in & 1957 review of the lunar surface,
reiterated the position that tectonlc processes formed
most of the lunar featuresg, including craters. He saw in
the maria and grid patterns a global fault and graben
system, whilch he'interpreted as scars of great crustal
upheaval.due to oubtgassing &s the moon went. through the
finel stages of its evolutlon. He viewed the earth and
moon as analogous except that the emaller moon evolved
faster, and he aaﬁ anélogs in mare and ocean basinsg.: He
concluded that "a conception of éeneral plenetary tecton-
ics is not unxounded";

| apik (1958), wholhad published several earlier
studies of asteroldal and meteoritic impacts, pointed out
that among the larger bodles colliding with the planets,
comets may outnumber the asberoidal meteorites.

Kuiper (1959) after a program of visual observation
with large telescopes,réasserts that the moon was "largely
molteh 4.5 billion years ago". He finds examples of horsts;
graben,'extrusion dikes, and other tectonic aotivity. The
Apennine surface was "deposited in viscous condition" and
has flowed and faulted after deposit. Gome£ impacts,
secondary ejecta or "scar”-craters, and volcanoes are
described. The maria are again attributed to lava flows.

Urey, Elsasser, and Rowchesber (1959) explain the

non-equilibrium figure of the moon as & result of inhomo-



21
geneous composgition, wilith the outer parts cold and more |
rigid than the earth since formation. Complete heating
is ruleéd..out since the non»equilibrium figure could not
have been maintalned. The stabtistical implications of the
model indicate that 104 to lOS objects formed the moon, if
the largest high-density objects were part of the same

population.ag the others. ‘
| | On . September 12, 1959, the first man-made object
to reach the moon crashed just outside the crater Auto-
lycus, after a launching in ﬁhe U.8.8.R. two days before
and a flight during which a lack of a lunar magnetic
field was recorded (Markov, 1962, pP.373). On October 7,
1959, the far side of the moon was photographed for the
first time by an automatic interplanetary station launched
in the U.5.S5.R. three days before. AAprimary discovery
was the scarcity of maria in the newly photographed zone
(Lipskii, 1962).

Following these events, there was a deiuge of 1lit-
erature'about the moon. Much of it»has peen reqguired or
ingpired ultimately by the United States program to send
men %o thelmoonfs surface. In spite of the fact that ﬁuch
of the work deais with.smallnscale properties necessary
for spaceshlp design but outside the scope of this paper,
the remaining, relevant papers are too numerous to review

here in detail. Instead,; Part III of the present paper
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has been designed to givé & relevant summary of problems,
unrestricted by the requirements of a chronological re-
viev. A majorlity of the most fundamental ideas about
Junar history are al least represented in the literature
alréady reviewed, and a number of more recent papers are

referred to ih Part III.



JITXI. BRIEF REVIEW OF MODERN WORKING HYPOTHESES: ASSUMPTIONS

In this sectlon some ideas about various aspects
of lundf history are reviewed.‘ Appropriate references
are glven, but the discusgsion is problem-ofiented and
not limited by requirements of a complete literature

gurvey or chronologlcal order.

A. Origin of the Moon

The least understood question about the moon 1is
perhaps the most basic: how and where did it form? The
questlion leads back to the dark era of planet formation. A
great deal of theorizing and speculating has heen done to
i1lluminate events in this era. Most wrlters assume that
the moon's magsg was added primarily by gravitational accre-
tion of ﬁarticles° The source and mass distribution of
these particles 1s uncertain, and locale of formation,
relative tq'the earth, is perhaps the mbst widely contest-
ed point of all. |

Hypotheses may be ordered by increasing complexity.
Because the earth~moon mass ratio i1s unique among planets,
a problem arises analogoug to that in the case of theories
of the solar system's 6rigin: how complex, how improbable

a get of circumstanées actually resulted in the phenemenon?

23
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If one is convinced of the uniqueness. of & phenomenon,
is he not forced to an intrinsically "improbable" series
of events to account for it?
| The followling list illustrates. the variation in
proposed accounﬁs of the moon's origin:

1) The earth-moon system is the planetary analog
of a binarj star; +the mass distribution within the proto-
planeﬁ led to productlion of two primary nuélei instead of
fragmentation into a primary and satellite system'(Kuipef,
1951, p.406). After the earth and moon formed, and the
protoplanet mass of some 1039 grams was dissipated, a
sediment ring repregenting an unconsolidated éatellit99
of mass about loee'grams? wa.g swept up as the mooﬁ re=-
ceded from the earth under tidal influence (Kuiper, 1954,
p. 1110). |

é) The moon wasg accreted from particles captufed
near the earth in;the three-body systen of.su'ﬁy earbhg
particle. The particles were mostly of diameters in the
‘range 10 to 100 km. (Ruskol, 1961). The density of part-
lcles increaged toward the earth, and the moon formed.
from. e condensation in the swarm at a distance of about
5 to 10 earth radil (Ruskol, 1963).

13) The moon broke away from the body of the earth
due-to disturbances of a rapidly rotating earth by solar

tides (Darwin, 1898) or formation of a dense core in the



25
earth (Ringwood, 1960, p.253%; Wise, 1963). The material
re-consgolidated to form the moon outsidé the Roche 1limit.

4) The moon was formed as a separate body in the
solar systém (in a geparate protoéplanet) and captured
by the early earth (Kuiper, 1951, p.406; Urey, 1952, -
1960a; Alfvén, 1954). Alfvén places the moon's original
orblit Just inside that of Mars.

5) The moon was one of the earliest, first-gensr-
ation bodies formed in the solar system. Mogt of the
othér firgt-generation bodies were disrupﬁed and later
formed into other bodies. The moon's low density is
characteristlic of the early solar nebula, and later
bodles incorporated fewer volatliles and had higher dene
slties. In subsequent time, as the preSent planets were
forming, the moon was captured by the earth (Urey, 1962).

6) The moon was formed apart from the earth and
captured in a three bbdy process when it and é second
body approached the earth. The second body fell inio
the earth some 10% to 107 years later and spattered de-
brisrwhich}were swept up by the moon, forming créters.
(Urey, 1965).

‘ In this paper:-no single hypothesis of the moon's

origin is accepted or assumed.
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B. Date of Origin of the Moon

Data oblalned from isotoplc age analysis of mete-
orites and terrestrial rocks (Anders, 1962) apparently
confines the perliod of planet.formation to a relatively
short interval of some 10° years approkimately 4,6 x
109 years égo. There appears to be no substantial
reason to questibn the agsertion that the moon formed
in this period, and the figure is accepted here.

It has been suggested that the hypothesized,
’subsequént cabture of the moon could have ocqurred as
little as 2 or 3 x 10° years ago (Alfven, 1955). This
figure haslbeen derived in attempts to compute the pasf
orblital dynamics of the earth-moon system. Geologlcal
consequencés of the event might be v:i;aible9 but pre-
cambrian geology is probably not well eﬁough documented
to confirm or disprove it. It 1s likely that the calcu-
lations make erroneous assumptions, especially about %the
body tides in the earth, and that the moon was orbiting

the earth at least 4 x 10° years ago.

Sb. Interplanetary Environment during the Moon's Formation

In order for planets to have grown at all, the
density'of the interplanetary medium must have been sub-
stantially higher than it is now. The earyh today sweeps
up material at a rate probably no£ exceeding 1013 grams/yr.
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(cf. Mason, 1962, p.l). To accrete an earth of over 1027
- grams would take more than ten thousand times the age of
the solar system. As discussed by Kuiper (1951), .the
agsumption that the presgent elemental abundanceé of the
planeté result from dissipation of a massive solar nebula
of cogmic composition impliegs that the original nebula
had a masg of the order one hundred times the present
planetary masges, and a correspondingly higher density
than the present interplanetary medium.. Kuiper (1951,
P.376) gives an initlal average solar nebula density of
10~9 gm/cm3 and derives 10~ gm/cm3 as the Roche density
wvhich initlates self-gravitational contraction of a
protoplanet at the earth's distance from the sun. The
-material was cold, and snoﬁflake—like pérticles of ices
were probably present (Urey, 1952). Fowler, Greenstein,
and Hoyle (1962) conclude that by the time the sun was
becoming luminous, i1.e. in & stage probably analogous to
T Taurl stars, light element synthésis wag occurring. in
ﬁlénetesimals which had already grown to dimenslonsg 1 to
50 meters and were compoged of silicateSAand oxides in
an icy matfixo Ringwood (1960) considers accretion of
plenetesimals "up to perhaps.loo km. diameter". In the
present pdper ho assumptions are made about the mass

distribution of the materisl accreted t6 form planets.
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Three possibllitles can be proposed for the
environment of the moon's initial growth. None of
theée is required by the present study. °

1) The moon formed in a nebular medium, the out -
growth of the original solar nebula, in an orbitb apoundr
the sun (Urey, 1962). -

25 The moon formed in the protoplaneﬁary cloud of -
another planet, in an orbit around that planet, presum-
‘ably the earth (Kulper, 1951).

3) The moon formed in'a debris cloud broken off>

of and near to the earth (Ringwood, 19603 Wise, 1963).

- D. Origin of Craters and Basins

The huge depressions occupied by maria have been
hypotheéized to be great tectonic basins (von Bﬁlow, 1957
Fielder, 1963). Altefnative1j9 the circular mare basins
(but not the irregular ones) have been ascribed to im-
pacts (Baldwin, 1949, 1963; Urey, 1952; Kuiper; 1954).
Hartmahn and Kuiper (1962) use the term "basin' to distin-
guish the 1arge, ciﬁcular, flooded depressions, usually
surrounded‘by concentric and radial tectoni¢ patterns,
from ﬁhe smaller and simpler braters and the irregular
depressions. Thé presént paper presehts further evidence
favoring the impact hypothesis.

'it may be agsumed that the great m&joritj of‘t
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"f1e1d" craters visible from the earth (diameter » 2 km.)
formed as a result of impactsg of bodies from outside ther
moon. Numerous craters of a few kilémeters diameter are
held to be volcanlic, and these can genérally be readily
ldentified morphologically and by the tendency to occur
in chalins. Ample Justification for these remarks ig
found in the work of Baldwin (1949, 1963), Kuiper-(1959),
and others; and additional evidenﬁe is pfesented here. |
The only other (unlikely) alternative which could be
reasonably~considered is that some collapse or exploslon
pfocess, lnternally generated and unknown.on earth, cre-
ated clrcular craters.
large numbers of craters a few kilometers in dia-

meter and smaller, frequently occurring in clusters near
large crateré, have been studled by Shoemaker (1962a,
1965) and are attributed by him to "secondary" impacts |
of ffagments blown out of larger "primafy" craters

caused by lmpacts of extra-lunar objects.

Among cratefs gemaller than about 500 meters in dia-

meter, there appear in great numbers shallow, "soft" cra-
ters whose origlin is still subject.td debatea Firsgt pho-
tographed by Ranger VII in 1964, these range in slze dovwn
to lessvthan a meter. Other hitherto unrecognized crater
types have been found at these smali diémeters: shallow,

cone-shaped plts with relatively pointed bottbms;‘various
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depresslions of irregular shape, and elongated troughs.
There is evidence that 1mpacts, collapses, and drain-
ége pits may all be represented among these smaller
objects (Kuiper, 1965, p.49ff.; Shoemaker, 1965, p.1l5
££.). These small structures are not considered in

great detail here.

E. Origlin of Impacting Bodies

Once it was sufflcient merely to contrast an im-
pac£ origin with an internal origln for craters. With
our increased knowledge of both the moon and the early
solar system, 1% 1s now of interest to inquire into the .
nature of the bodies which struck the moon. Three broad
alternatives exist: |

1) The impacting bodies were the last fragments
of the planet-forming material, either in the solar neb-
ule;, in a protoplanetary clbud, or in a swarm resulting
from-partial disrupﬁion of the early earth. Planet for-
mation was thus one continual process, ending with the
cratering of which we now see the scars. This has been
implicitly assumed in many theories (see also Gilbert;
1893; Ruskol, 1961). |

2) The impaéting bodles were a fundamentally dif-
ferent group of objects from those out of which the moon

formed, and these bodies were unique to the early soler
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éystem, Parameters which could distinquish these bodies
might he, for exampleg locatlon, composition, or mass dig-
tribution. Kulper (1954) proposed that the moon swept up
a "gediment fing? of bodies which had ﬁot been able to
form a second satellite of the earth beyond the moon's
initial orblt. Alternatively, the objects might be a
group of planetegimals perturbed out of thelr original or-
bits in the solar system after they and the planets had
formed from smaller bodies.

3) The impacting bodies were members of the same
asteroidél.and cometgry populations which still strike the
earth 1:-0(.1&3@° The sbace density of these would be hypothe-
. gized to bave been higher in early times to account for
the large number of craters. In any case, it is clear that

some fraction of the lunar craters come from these objects.

-In this paper, evidence ig pregented in conflict

- with hypothesis 1) and favoring either 2) or 3).

~

F. Thermal History of the Moon

The subject of planetary thermal historlies, espe-
clally that of the moon, lis presently.in a state of flux
and some controversy. It is widely held that lava is pre-
gent in great quantities on the surface (see I, below)
and that this is evidence for considerable melting of the

moon at some time. Current hypotheses include:



1) The moon was never melted or hiéhly heated.
The lava comes from impaét»induced melting only, and
the non~equilibrium figure implies rigidity since the
moon's origin (Urey, 1952, 1955, p.424); Urey, Elsassér,
and Rochester, 1959). |

2) The moon is one survivor of several pre-
planetary objects, whose"aurfapes only vere partially
melted by adlabatic compression of gasses in the solar
nebulsa (Urey, 1962, PP« 146-147). |

| »3) The moon was at least parfially melted by ra= -

dioa¢$ife ﬁranium and potassiumiisotopes (Kulper, 1954,
p.1101). | |

4) The moon was at least partiaslly meited by
éh@rtwliﬁedAradmxmtive isotopes, especially A126 ( Brovin,
1947; Urey, 1955b; Fish, Goles, and Anders, 1960). Such
ma.terial may have béen produced by nucleosynthesis in the
early‘éolar system (Fowler, Greenstein, and Hoyle; 1962).
U and K isotopes wefe less effective than the short-lived
isotopés° |

5) The moon was heated primarily by tidal friction.
Kopal (1963b) calculated that Lif the effective viscosity
- of the moon were higher than about 1048 gm/om sec, heating
by 1000°K 6ould resulﬁlfrom periodic tidal dilation assoc;
iated with an eccentric orbit. .Viscositj'much less than

1017 gm/cm sec would result in negligible heating. The
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visdosity'of the earth's outer mantle is estimated at
1022 gm/cm sec (Gutenberg, 1951, pe.413).

6) The moon wap heated primarily by gravitational
and accretive heatlng dufing its early formation. Ring-
wood (1960) rules this out for small bodies such as the
moor, but belleves it may dominate In larger bodies such
as the earth and Venus.

Case 3) or 4) will be favored by the evidence pre-
sented here, and case 1) will be excluded.

Levin (1962) and'Képal (1962) havé pointed out that
1f the interior of thg moon meited,.convéctive coollng
could be efficlent, and Kopal suggests convective cooling

in a period of the order 107 years after heating ceasges.

G. Internal Structure of the Moon

This subject is closely related to that of the
moonfs thermal history, but no explicit deductions about
the moon's interior are made in this paper. Several pos-
slble siﬁuations have been proposed:

1) The moon never melﬁedy 1s homogeneous, and is
- compoged of intrinsically less dense material than the
earth. The moon has always been rigid ehough to support
the non—équilibrium figure.

 2) The moon has a heterogeneous but non-layered

structuré° Inhomogeneities result from incorporation of
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bodies of varylng density during accretion and are reF
sponglble for the non-equilibrium figure. The méon has.
always been colder and more rigid than the éartha(Urey,
Elsasser, and Rochester, 1959). |

3) The moon has at least partially melted and _
differenﬁiétied, but has 1ess‘iron then the earth and .
hence low density and little dr no iron core. Radioac-
tlve material may be conqentfated in the surface layera-
if the differentiatlon was complete enough. The non-
equillbrium figure may be supported by surface layers
which became sufficiently cool to support the stress soon
after the melting stage (Kulper, 1954). Calculations for
varying compositions suggest the liklihood that the moon
has at least approached melting near its center (M#cDonald,
1961; Kopal, 1962; Le%in, 19623 Runcorn, 1963). Some of
theae suggest that the moon's center isvstill molten and
“that convection cells create the honueQuilibrium fTigure

(Kopal, 1962; Runcorn, 1963).

H. Composition of the Moon

The mean density of the moon, mass f,35 x 10°5
grams and radius 1.738 x 108 cm, is 3.33 gm/cm3.(Wildt,
1961, P.161l). The uncompressed density i1s estimated to
be 3.38 bo 3.41 gm/em? (Urey, 1962, p.135). Clearly,
the density distribution and probably the composibion

4
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differs significantly from that of the earth, whose |
. mean density is 5.52 gm/cm® (Wildt, 1961, p.161). Three
possible explanations are: | |

1) The moon formed earlier than the earth and ac-
_creted a;higher percentage of volatiles from the early
solar nebula. Its composition is more nearly solar than
most of the planets (Urey, 1952, 1962).

2) The moon formed in an environment, perhaps re-=
moved from the earth, which was more depleted in heavy
elements or less depleted in volatiles than the probo-
earth as a result of some differenbiatlon process in the
solar nebule or protoplanets (e.g. see Fowler, Greenstein;
and Hoyle9 1962). | .

3) The moon's low density results from different
dlfferentia%ion processes inslde the earth and moon. Low
density volatiles were more effectively lost from the
earth (Kuiper, 1953; Ringwood, 1959 ) «

The iron content of the moon has been considered
by sevefal authofs° Urey (1960b) estimates 10 to 11% by
mass; Kopal (1962), 11 to 14%; Levin (1962) about 14%.
This cemparee with 22% and 287 for two groups of chondrite
meteorites and about 28% for the earth (Kopal, 1962 Urey, .
1962). A model by Levin (1962) propoges an iron core of
radius 39 Rgs and-Runcorn proposes .06 to .37 Rg; both

models; of course, presuppose melting and differentiation.
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I. Nature of the Moon's Burface layers .

‘The maria afe held by most students to be lava
deposits. This pogsition has also been taken by the au-
thor (Hartmenn and Kuiper, 1962) and will be defended
here. An alternstive hypothesis is that of Géld (1955)
that the maria are deposits of efodéd dust.

The continental surfaces, between promlnent cra-
ters, were hypothesized by Kuiper (1954) to represent an
original, accreted crustg never melted or differentiated.

Such a crust would be "a few kilometers" .thick, according
.to Kuiper (1954, p.1l101), of "nearly unaltered accreted
material’. Among larger craters, "there are régions
which have never been disturbed by large impacts" (p.
1104). sShoemaker (1962b, p.ll6) questions this, saying
that "all parts of the terrae lying outside of craters
may be covered with the rim material or with more distant
ejecta from very large craters. The search for an origi-
nal surface on the moon may prove illusory ag ‘1t has on
| the éarth"o Bhoemaker's statement has meaning only if
| the createring process is regardgd'as distinct from the
accretion ?rocesso' vathey are held'the same, & cratered,
rubbly eurféce will be the original, accreted surface by
définition; Kuiper held the crateripg period to be a
distinct phase of lunar history. —
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If thelsurface 1ayers were apprecliably heated or
melted,‘the continental surface méy be quite distinct ffom
an accreted surface, chemlically and structurally, evein
apart from & layer of more recemnt ejecta rubble of dush
overlyling 1t. An extreme example of such & model is
Runcorn's (1963), with a 9.6 km thick gfanitie crust and
e highly differentiated interior. Repent atudies im~
Plying é lunar origin of tektites have lent support to
a more siliclic crust than might otherwise be expected
(0 'Keefe and.Cameron, 1962; O'Keefe, 1963). Early con=
clusions that tektit?s derive from sedimenﬁgry rocks
have been reviséd by.recent studies (Chao, 1963%; Lowman,
1963%) indicating at least éompatibility with an origin
from sllicic igneous rocks. Igﬁeoqs rocks, esgpecially
after darkening by simulated solar irradliation have al-
wvays given the best fit to the colorimetry of the lunar
surface (Sytinskaya, 1957; Hapke, 1964; Binder, Cruilk-
ghank, and Hartmann, 1965). |



IV. ANALYSIS OF LUNAR CRATER DIAMETER DISTRIBUTIONS

A. Crater Counting ag a Tool

The lunar craters ofrfer exéeptional opportunities
for studies in Junar history. Hiéxmical inferences can
be drawn from the following cfater studies: (1) strati-
graphlc relationships among obvious rim structufes and
less obvious ejecta sheets, (2) morphological evidence
of distortion of older cratefs in certain areas, and (3)
statistical studlies which show differences in distribu-~
| tion In different areas. None of these has been ade-
quately exploited in the past. In 1955, Kuiper (p:823)
desgcribed as feépecially~promising the setting-up of lo~
cal time sequences (based on damage'inflicted by object
A on object B, etc.) and connecting these time sequences".
. Information from these three types of work must be ul-
'ﬁimately qwmhesized,.and.this is attempted in the present
paper. ,Only since 1960 has work in thege fields been
publisghed at more than sporadic intervals, and there now
exist several systematic programs to glean'informétion
from planetary crater distributions. Among earlier pa-
pers in this field, Shoemaker and Hackman's (1962) on
stratigrap@y, Fielder and Jordan's (1962) on crater dis-
tortion, and Dodd, Sdlisbury, and Glaser's (1963) on

38
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dlameter distributions are outstanding examples.

B. A Note on the Mode of Crater Formation

Fortunately for our purposes, success in lnter-
preting crater counts is not oompletély dependent on the
mode of origin of craters. By most accounts, ﬁhe dup-
ation of é single craterjforming process ls very much
1essvthan the,duratidn of lunar history, as evldenced by
overlapping and the paucity of postmmare craters. This
'1s accepted here as fact. Therefore, craters are con-
gidered to be good tim§~markérs. More fortunately, the
larger craters are almost certainly impact scars, formed
suddenly. Most competent students of the moon have felt
no need to question this statement since Baldwin's (1949)
clagslc work, which established a morphological similar-
ity between terrestrial exploslon craters and lunar cfau
ters. Other evidences for impact origin abound, and
the 1ist of ancient meteorite craters on the earth is now
rapidly growing. The craters on Mars, photographed Jﬁly
149,1965 by Mariner Iv, ére ih accord with an enhanced
meteoritiic flux there. Bhoemaker (1965), Kuiper (1965),
and lLePoole (1965, personal communication)‘have summarizQ
: ed-e%idencé that most craters smaller than one.or two
kilometers in dlameter are of secondary impact and ¢ol=

lapse origin, and this complicates the analysis of small

{
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crater distributions. The present paper will derive
more evidence bearing on the formation of craters, but
the subsequent discussion will be és general ag poss-
ible, and,wherever Teaslble, not couched solely in

terms of one pre-tonceived hypoﬁhesisa

€. Bources of Data -

The. complete compilation of lunar crater diame~
ters (D) for all craters of D > 3.5km by Arthur and his
associates (1963, 1964, 1965) provides basic data for
many studieé of lunar history. Arthur}é catalogués‘are
more complete, especially at small diameters, than the
cgtalogués of Young (1953) and others.. The'staﬁistics
studied by Young (1940) aﬁd used by others such as Fleld-
ér~(19613) and Baldwin (1963), ag well as the crater
counts in limited regions, e.8. by'ﬁpik (1960), Baldwin,
(1963), and Dodd,.Salisburyg and Glaser (1963) can now
be greatly extended. Arthur and his co-workers have
kindly made avéilable the original meagureé, often in ad-
vance of publicationg for use in the present paper.

' ‘Another invaluéble source of data is the library of -
Ranger photographs taken near the moon by Ranger VII (July
3%, 1964, U.T.), Ranger VIII (Feb; 20, 1965, U.T.) and
Ranger IX (Méréh 24, l»9\65>,'U;Tq)° These show craters as

small as D=1 mete55 énd aliOW the scale pf‘diameters to
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be extended tp 81X orders of magnitude. Howévér, s de-=
" geribed above, many of the craters smaller than D = 1 knm
are now thought to be of non-meteoritic (i.e. non-primary)
origin. Until the many proposed types of émaller craters
can be certainly distingulshed, they are of limited value
for historical interpretation. The Ranger photdgraphs, in
the form of hegative and positive 35mm films made froﬁ ,
originals at the Jet Propulsion Labofatory,-l?asadena9 are

extensively used here.

D. Techniques of Analysis

Ag pointed out by Young as eaily_aslIQQOg the dis-"
tribution of lunar craﬁér diameters is closely logarithmic,
i.e. dlogN/dlogD is akconst.ant9 where N is a cumulative
count of craters larger than diameter D.

This ralses tge question of how besgt to compile and
present'the data. >This has frequently bBeen done by cumula-
tive counts of N, as defined é,bove° LogN vg. logD 1s a
lihear plot. The use of N has several dlsadvantages.
First, 1t is in principle a smoothing procesé because the
value at D is depeﬁdeﬁt on values at all.larger D's. Se«-
cond, if 6ne observes a small area, such as one kilometer
square in the Ranger photographs or the interior 6f a cer-
tain crater, one cannot empirically measure the number of

say, 10 km craters in that area; thus, small areas do not

!
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give a direct méésure of the plotted‘variableq Finally,
for many applications, such as spaceship design 6r lunar
erosion studies, one wants to know the number of craters
in a glven size iénge, This is‘presented directly by anr
incremental plot, but a differential of N(D) mist be taken
40 learn the same information. Other methods of pfesentins
counts purposeiy introduce an artificiai smoothing for the
sake of clarifyq For example, one can plot the nearly
hyperbolic distribﬁtioh curve on a llinear scale and draw
e subjectivecfit, then plotting on a log-log plot the fit-
ted line rathel’ than the scattered points. This has the
disadvantagelof removing the presented results several
generationg from the original data.

In this paper, incremental plots are ugsed. Equal
log increments in D are chosenAfirst; ahd then meésures
divide the craters into these classes, and finally couﬁis
determine the number in each class. This has the great
advantagé that aﬁy photograph'of any area, from a few
meters sguare to the whole visible disk, if it resolves
_mbre than, say, ten craters in a given logD increment,
gives a direct, useful statistic. Also, the resulting log-
log plots of the statistics éhow the reader at once the
originai data, and since the curves are nearly linear,

least squares fitting is easy.
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It must be remembered that the incremental plot is

in essence a histogram, while the cumulative plot is a

contkinuous curve. This is reqﬁired if the former 1s to

show the actual counts of crateré in the chosen D interalso

Yet one may define F, an incremental equivalent 6f N,Em

the number / hnit:ldg intervélf' Incremental plots may -

easlly be converted to cﬁmulativé‘plotso It can be shown

that the sioﬁe of the stiraight 1iﬁé in the two kinds of

- plots 1is in principle, and usually An pract1099 the Ba.me .

The demonstration follows,

]

Let D = diameter . (1)

N = cumilative no. craters of diameter > D/area

F = incremental no. craters of diameter in AlogD/area
‘Then given.AlogD, logF = logAN .
or _ _ F = AN
But . 3 AlogN/Alqu'ﬁ consﬂ. = B empirically
' AN/N = B AlogD
AN = N AlogD B

Then ' iogF = logAN =-1og(N‘AlogD B)
or AlogF = A(N AlogD B)/(N AlogD B).

= AN/N

= B AlogD
80 that Bincremental = Boumlative (2)

If one cheoses enough increments in D, thus forcing aD to
a smalllincrement; the relation holds. 1In practice, if

!
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. the line slopes steeply on the log-log plot, the values

.of N and F change very rapidly with h, and in fact N may
closely approximate F. Experience shows that published
log-log plots of N(D) and F(D) have slopes nearly the

same within the precision of the data, but in a .question-
able cage, one should compare similar plots.

Finallyg the choice of logD increments must be
made. if the unit increment 1s too large, real variations
in B are masked and the approximation in Equation (2) is
des%royed, If it is too small, statistical variations
become noticéable. The writer worked fof sdmé time with
increments of a factor 2, and was finally convinced that
‘smaller increments would be more ugeful. Discgssiona with
R. LePoole have been helpful on this point. The present
work is therefore treated in increments of a factor /2.

| Least squares analysis can be applied ﬁo blotS'of
F(D). The function is linear as noted aﬁdvey and is ex-
préssediin Equation (1). This can be rewritten
| »:‘LogF = A 4 B logD : (3)
Let Ff'be defined as an observed statistic. To simpliiy

hotaéion9'define:

y = logF x = 1ogD '
LT (4)
. - y' = logF'
Then we have théfleast équares solutions:
A=y -ER 5= Bz %K

S(x - x)°
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These solutions give estimates of A (the y intercept), |
snd B, (the slope of the log-log function F(D) (cf. Hoel,
1954, chapt. T). The agssumption is .made here thet the
 data points are of'equal weight. This is not strictly
~valid, but in ﬁearly all caseg the requirement-was made
that at least 10 crateré be counted-in‘the logD incre-
ment, and most,points represent 3 to 50 times that num-
her of crateré. Therefore, most of the data  points aré
held to be of fairly high sccuracy. An esbimated stan-
dard deviation, .8, can be obtained for each of these two
constants as follows. For the estimated standardldeviau

tion of A we have from the definition of s (Hoel, 1954,

84 a\/ y (y'-y)2. (6)

‘n

chapb. 4):

where n is the number of data points. To assign a stan-
dard deviation to the slope'B, we may_use the method of
finding confidence limits for hypothetical values of B
(Hoe19 1954. Do 231) It is known that & Student's t dis-
tribution ls followed by the variable

t = SB/(n - 2) Z(x" x)2 | , (7)
| A ,'Z‘a(y-y')2 “

If we find in a table the half-wldth of the t interval

(ﬁt) corresponding to a probability .68, for the given.
(n = 2), then this % value substituted into Equation (7)
gives sB)
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E. Example of a Diameter Distribution Reduction -

All Craters

Let us make the rather naive assumption that there
are no basic differences among craters - no sub-families
which might affect statistics. 1In this case one would
count all visible créters on the moon and determing the
digtribution law. In the present cass, howévér, onlj the
first three quadranﬁs were available‘in catalogues at the
time of writing.

_ Foreshortening at the 1limb of the moon causes a se-
leetion"effect favoring large craters. 8Small craters may
easily go undetected. This was tested empirically: a
camparison of diétributions between the whole first quadrant
and the centrél area defined beiow confirmed that inclusion
of limb regions introduced a measurable deficliency of small
craters. Therefore limb regilons outside a certain boundary
in xi-ete coordinates were excluded in all parts of this
- paper. This restriction is illustrated in Flgure l. The
included'regi6ns'total about 58% of the first three quéd~
rants' surface area. The fourth quadrant, which includes
mostly continental regions, will not be available for a-
bout six months from the time of writing.

The reduction procesgs will now be describedo The

freQuenéy F is here defined as follows:

F o incremental number of craters in unit Alog fiD



Figure 1. Area used in crater counting.

Limb regions beyond the illustrated xi-eta boundary
in each quadrant were excluded to avoid bias in favor of
larger craters.
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The craters, each recorded on an IBM card, were scfted
éccording to D in one-kilometer intervals, and then
sorted into eéual log increments to the basge pr The
sequence in D (km) is thus 1, 1.4, 2, 2.4,... The total
"area- gbtudled was found By counting equal-area blocks in
the Orthographic Atlas of the Moon (Arthur and Whitakerg
1960). Each block was two degrees in longitude and 0,01
lunar radius in eta, with an area approximately 1054km2.
The total number of craters iﬁ a glven log D increment,
divided by the total area studied, is a measure of F.
The.total area in this case, i.e. of the non=1imb portions
of the first three quadrants, is 8.19 x 10%m2. The same
method was used to estimate area in the case of counts of
- craters with a'particulaf background; for example, in de-
termining F for post-mare craters, the mapelarea'wés count-
ed block by block. |

A plot of.F(D) is.shown‘in Figure 2 fér ali craters.
The calculation of}curvewfitting constants A and B iéAgi=
. ven in Table I as an example. The total.numbér”of craters
represented 1n Figure 2 is 608491 o |

Some discussion of Figure 2 follows. Ma.cDonald
(1931) published an early study of the crater distribution
using 2154 craters measured by Fauth. Fauth had published
his . statistice with the craters divided into 15 diameter
intervals of differeht widths. In the analysis, MacDonald

§
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D (km)

Figure 2. F(D) for all craters; quadrants I, II, TIITI.



Table I.- Solution for all craters; Quadrants I, II, III.

D logd Togh ~ F  y'=logF (x-%) (x-R)y' (x-%)% Bx Y (y'-y) (y'-p)°
L X s : - ' L AR
Zg ifggg 1.580 2.48(-5) -4.605 -0.451 -2.08 0.203 =4.12 -4.49 -0.11 0.0121
$7 1°8922 1.731 1.34 O 4.872  .300 +1.46 ~.090 4.51 4.88 + .01 .0001
1 06 1.881 5.50(-6) 5.259  .150 +0.79 <022 4,90 5.27 + .01 .OOOL
29 22929 2.031 3.k2. . 5.465 .000 0.00 000 5.29 5.66 + .20 .0400
125 2-197 2,182 7.34(-7)  &.134 + .151 -0.92 .023 5.70 6.07 - .06 .0036
181 <~§58 2.333 3.67 . 6.435 .302 -1.94 .091 6.08 6.45 + .0l .0001
256 2.305 5 383 7,22 6.913 .h452 -3,12 .204 6.48 6.85 - .06 .0036
362 20558 ' .
15,557 | - -39.883 1.5 655 T.0596
= -1,65/.633 = ~2.61 o sg = 1.109 /L188 = .A47h
=§ - Bx = -5.669.+ 5.301 = -0.368 sy = /059677 = .092
logF = =.368 - éoél logD
A: = =0n368 i 0092- )

B
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ol
N
-
)
=
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divided the number of craters in each interval by the

width of the interval, thus defining a parameter

- aN
ax ()

the number of craters per kilometer interval in D, using
the definitions in Equation (1), p-43. DNow let
AN = number of craters in logD

logarithmic interval of D = cD

and AD
© where ¢ = arbitrary constant . {10)

Then the slope in this sort of analysis will be

L AN \ oy
dlogn . dloggy © . d(logdN - loge = logD)

dlogD .~
o8 ~d1ogD dlogD
- dloghN _ ; - .
s B-1. C(a1)

| Thus, thelé;opeAfound by. the method of MacDonald 1s more
hegative (steeper) by one than B, used here and defined
originally in Equations (1) and (2). The method used
by MacDonald is'stiil in-useg notably in a2 new study being
conducted at Smithsonian Astrophysical Observatory (Cs R
Chapmans private communication, 1965)

MacDonald discovered the power law distributiong,l‘
noted a "falling off" of craters at diameters larger than '
about 50km, and suggested that a “"significant excess" of
craters between 35 and 45km marked a break which appears
in "almost all relations so far established for lunar ob-

Jecto s He also:raised the possibility that tho excess,
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" or break, marked a division between "craters and walled
plains”. ' |

Young (1940) used MacDonald's techniques and Equa-
tion (9) to analyse hils own measures of 1166 craters. In
his diaéram including all craters, he recognized MacDon-
ald's excess as a'diséontinuiﬁy or maximum curvéture,Land'
placed it at about 50km. Young (p.316) repeated‘the sug=
gestion that this discontinuity!ﬁisht divide two different
classes, the "walled-plain and ringed-plain types of cra-
ters". Fieldér_(l9619 P-219), using the same data, con-
,firméd tﬁe discoﬁtinuity and'also implied a'?ossiblé.anomw
aly'iﬁ the original population of craters. Figqretz shows
ﬁhewdiscdntinuiiy at about %2km. However, as'pointed out
in an earlier‘report én thisg work (I»Iz:t,zc"‘c.mza.mlg',196‘4&!,9 poéoz)
.the mixing of all ecraters in a diagram of this‘sort compli=
cates analysis. The initlal assumption of no.statistically
' im@ortant4mﬂyfamiiies is wrong: +there are post-mare craw . ..,
'ters, older épntinental craters, etc. The discontinuity
in Figure 2 will be linked later to the presence of the
0ld, continental cratefs in the sample.

For the slope, B, MacDonald gave a vélue correspond-
ing to -0.9 averaged over all craters of D » Sknm, and
Young, -1.5 for all craters of D >16km; As mentioned above,
these values, which average over the entire available range
in D, neglect the discontinuity and are of little intezprew

tive value. It is the straight segment of the curve at
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viarge D, whoge glope 1s most likely to be significant.
For this gsegment, Youngfs value corresponded to B =
-2 (D > 50km); the preéent study gives ~2.6 * 0.5 (D »
52km), as found in Table I. Modern determinations are
probébly more acduféte than the early studles;: the early
catalogues of craters were incomplete. Certainly more - -
| meaningful figures can now be obtained than Young's =1.5,
which has been recently quoted and applied (Jaschek, 1960).
The preceeding four paragraphs update and correct sev-
eral points in the earlier report (Hartmann, 1964, p.2).
The other fittlng constant; A, has little meaning
in this case because sparsely cratefed maria are mixed
| with highly cratered. continental areas. Howevelr; A is

derived in Table 1 as an example.

F. Summary

' Iunar craters of different types:are useful in
defining periods of lunar history. It is important to
distingulsh carefully thé type of crater being céuﬁtedn
‘Becauge wirtually all large craters (ﬁ > 2km) mark pri-
zmsry impacts, and because the smaller craters aré of |
mixed and often uncertain-origin, the largest craters
are especially useful for historical interpretation. An
interesting property of the log-log diameter distribution
is its linearitjg alloving éaaj least squareé fitting.
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“hen all craters (excludiné limb'regiong) are counted; a
linear branch with D > 32km and slope B = -2.6 % 0.5 is
found. The computéation bf.tﬁese figures is presented ih '
detail in Table 1, which serves as an example of the

method .



V. A FUNDAMENTAL DIAMETER DISTRIBUTION - POST-~MARE CRATERS

It has Just been suggested (in the dimcussion of

Flgure 2) that one cannot easglly interpret crater counts
if they are made without regard to regional background,

crater density, or crater structuré; One regionsl backm
ground stands out aé the crater counting surface par

" excellence: the maria. They are smooth, uniform, and |

relatively featureless. Visual inspection shows that
:ﬁostamare craters cover only a‘small fraction of the to-
tal ares, so there is no distortion of the distribution
functlon by overlaﬁping; Yet enough area and enough cra-
. ters are present to glive good gtatistics. The ératers are
well-preserved, and appear for the most part to be of
.Qimilar;stfuctural type. o

Significantly, there is not & wide spread among

crater densities on diffeﬁent maria. Post-mare crater
digtribution is relatively uniform at avmuch loWer‘densi-
ty than the continental craﬁer distribution9 ag can be
'confirmed by visual inspection of photographsa ‘This sug=
gests that the mare surfaces all date from a restricfed
period in lunar history, a hypotheels which will be exam-
“ined in greater detail in Chapter VII. |

| ‘Most of the mare surfaces occur in the first three
quadrants of:the-ﬁioon9 and as bomplete crater catalogues

55
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of these were available (c¢f. Chapter IVC, p.40), the pre-
sent study of the distribubion of large post-mare craters

'is virtually complete (pending photographs of limb and -
far side regions by lunar probes). |

'F(D), defined in Equation (8), is found to have
the following form for post-mare éréters of D> ka
counted on earth-based photographs of mare surfaces in
the first three quadrants (excluding-limb»regions; ef. p.
46): _ . v

logFPM = =3.15
A= -3.15 2 0.10

1.77logD (12)

B=~1.77 % 0.09 | _

The Ranger'photograpns extend the available diame-
ter range more than three orders of magnitude. 'Ranger
VII landed in Mare Cognitum, and Ranger VIII, in Mare

‘Ti'anquillitatis° The combined measures, from both earth-
based and Raﬁgef photographé, for all postmmafe craters
ere shown in Figure 3. »

Figuré 3.inclgdes a fath@r comprehensive set of
mea.sures of Mare Cognltum créters, most of which were made
in the six months following the Ranger VII flight. 4 few
mea.sures of Mare Tranqﬁillitatis craters werevadded after
the Ranger VIII flight. In.these"measufeé9 allbcfaterm
like depressiéhs werq’oouﬁfede "It soon became abparent

that the "moft", shallow depressions, consbtituting the
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Figure 3. F (D) for post-mare craters.

Dashed line includes "sharp" craters only
points include all visible depressions.

Other
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majority of the structures betweenvl6 meters and 1 kilo-
meter diameter weré of uncertain origin. It has since
appeared likely that the "soft" craters are different,
génetically ag well as morphologically, from the'"éharp"
oraters, which are agpumed to mark primaxry impaétse Thére
has been not only uncertainty but also some controversy
over the origin of craters of D < lkm, and various mechas
nisms have been'proposed, inolﬁding primary impacts, sece
ondary impacts; collapse, and draiﬁagee -Probably all of
these types are-present; evidence is accﬁmulating that
many”"soft"'craters:a?eioollapses typical of certain
terreétriél lava flows (Kuiper, private communication,
1965). Several crater tjpes are illustrated in Figure 4.

' Che soft craters are & universal feature of surn‘
faces which have a smooth, mare~like appearance as seen
lfrom the earth. They appear both on the true, dark mare
surfaces and on the light but level fegions found in the
uplands; e.g. the floor of Ptolemasus and nearby depressed
zones, but they are not found on light and hilly true con-
'ktinental surfaces. The light, smobth areasg, intermediate
in several waﬁs between mare and continentai surfaces,
remain a puziling feature of the moon.

| Untll the origin of all craters of dlameter less
than a kilometerfis C1eérly understood and agreed ﬁpon,
they remain of limited use for historical inﬂ;erpretation°
Accordingly, they are not congidered in much further de-



( Mare Tranquillitatis; Ranger VIII).

Figure 4. Crater types
This illustrates sharp (bottom), dimple (upper left center),

and numerous soft (scattered) craters. Some unugual rubble
appears on the inner wall of a large crater (center right).
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tail here. However, it is of at least qualitative in-

terest that the !sharp" craters can be counted separate-

ly. They can be selected by subjective, yet repeatable

. critefia_(R. Lqublég private comminication, 1965).

Recent unﬁublished*measures by'LePoole have been con-

fertéd by the author to the unite uéed here, and the

result, included in Figure 3 as & dashed line, serves

as an estimate of‘thé fréquency of primaryiimpact craﬁersﬁ
The firét photographs in each Ranger seQuence show

large enough areasg that statistics may be obtained on

craters of diaméter‘ope kiiometerland larger, i.e. pri-

maxry impact craters.. Thérefore9 leaaﬁmaquare solutions

may be obtained for mere regions smaller than described

in Equation (12). For Mare Cognitum, applying the re-

striction D > 1.4km, we find from Renger VII and eerth-

based photas,

-2.62

2,17kogD  (13)

106FfM Cognitum
o A= =2.62 £ 0,09
B= -2.17 % 0.23
of Equatiohs (12)'anf1.(13)9 the first should be taken as
the more sisnificant for general usage because of the
greater area 60vered, B = 2;0.mayvbé taken as an average
value of the slope for all post-mare craters of Dl>'1l§m9

with an estimated 5.D. of 0.2.



VI. METEORITIC MASS DISTRIBUTIONS - PREDICTION OF
' 'SLOPE B OF CRATER DIAMETER DISTRIBUTION LAW

A. Meteoritic Data

The following definitions will be used:

1

M.= mass of any impacting body ' | (14)

£{M) incremental frequency parameter for lnterplan-

‘ zgarz-bogiesaéunits deginediin 0537325 Xé&l
_ yru% va%alo%%user‘;on%‘(xl‘)a} oe T Apaehs
When it is-neceésgry ﬁo speclfy certain types of inter-
planetéry bddies; subsgcripts will be ﬁéeda We may define
dlogf/dlogli = B | (15)
In the discussion of this chapter, b is the most importanﬁ |
@arameter of the iﬁterﬁlanetary materiai;land thé units
of £ can rémain arbitrary. Observations suggest that for
various types of interplanetary material, and for various
mase ranges accessible to observation, b has various con-
stant values. Therefore if all tjpes'of interplanetary
masgges striking some planetary surface ere congidered to-
gether, the log-log plot of f£(M) should show linear seg-
"ments. Some of the relevant.observations end determina-
tions. of b are described below. | |
}' In the last chapterghpfaters of D > 1lkm were dis-
cussed. As will befshown"iﬁ.Chaptéf VIII this corresponds
"to a mags ragge.éf M'> 1.5 x'lollgmb approiimételye‘ This .
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lower limit for the mass fange studied here is of the same:
order as the mass of the Tunguska comet fall of 1908, and .
more than a thousand_times greater than the 1arges£ observ-
ed meterorite fall, Sikhote—Alin, 1947 (Kriﬁovg 1963). A
lunar crater df D = 128km, the upper limit for .post-mare
craters in the last chapterD requires a mass of about 1018
gramg. Therefore we mugt -find b—characteristic of small
- asteroids and cometary nuclei in the massg range 1011 to
1018 grams. ‘

Opik (1958, 1960)tabulated fluxes diameter distribuw
tions of bodies 1n thls ma.8s range near the earth° Accord=~k
ing to his estimates the cometary flux exceedg the aster-
oidal flux-&t‘M 3 x 10153m, and~the;valuer§fab is,‘approx-.‘
imately,-0.53 for small asteroids, -0.83 for asteroids of M
> 102igm9-{k9"(uncertain)‘for Apollo asteroids, anﬁséO;T'for
comet nuclel. Brown (1960) concluded that boﬁh stone and
iron meéteorite falls (M = 4 x 106gm),gre pharacﬁerized by
b ¥ ~-0.76, and in ah analysis of asteroid'nbserﬁatioﬁs by
‘Kﬁiper'and co-workers, Broﬁn againAfound b = -0076° Hawking
(1963) analyzed‘stone and. iron falls énd.cbncluded that b
for stones is about =1l.0, but for lirons; about =0. 7 Acs.

. cording to Hawkins, comets outnumber stones for M ¥ 1014gm9
but irons outnumber both at all masses § 10%0gm. Xiang
(19627.rgviewéd‘published astefoid counts, extended thése
with new'couﬁﬁs,}and found’the slope in'a_lugN ='magﬁitude

i
}
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disgram to be 0.375 o%er a range of ten magnitudes from
the sixth brightest asteroid on down. Multiplication by
~5/3 converts this slope to a b value, namely b = =0.63
for asterolids of M ¥ 1013gm.l Marcus (1965) attempted to
- show mathematically that accreted planetesimals would
have b between -0a33 and -1.0, and that during collisions
the value of b approaches -0.67. Finally, we note.that
the linearity of the post-mare crater distribﬁtion 1n'

- Figure 3 testifies‘to theAconstancy of b over the entire
masgs range 1011'to lolsgm; and té the probability that
one type of object is responsible for most craters of

D > lkm. Table II summarizeé the avallable information
about b.

Neither the nature of the impacting masses nor
the value of b is cértainﬁ Whether the masses are com-
etary or asteroidal, thé value.of b is probably between
=0.55 and -0,80. If the particles are asteroidal, or
have the mass distribution characteristic. of astefqidsg
the value of b is probébly cloge to -0.63, although we
have no guarantee that the Apollo asterdids9 which have.
been ejected from thé MarSuasteroid'region by perturba-
tions and pass near the earth, have exactlylﬁhezsame b

value as the astercids in the surveys used by Kiang.
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Table II: Mass Distribution of Interplanetary Objects

The table gives values of b, defined in Equation

(15) for various masg ranges. The mass range for post-

mare craters of D > lkm is roughly 1011 to 1018gm.

Approx. Mass

Type‘of Reference | Estimated
Object ' Range (gm) b
A1l Opik (1960) <5 x 106 1.1
Meteorites
Stone Brown (1960) < 106 ~0.77
Meteorites '
| Hawkins (1963) , " -1
Iron Brovn (1960) <5 x 106 ~0.76
Meteorites :
Hawkine (1963) " -0.7
Apolio Opik (1960) ~10%5 ~0.97?
‘Asteroilds .
Hawkinsg (1963) " =077
"Marg" Opik (1960) 1016 . 1021 -0.53
Asteroids 14 o1
Brown (1960) 104% - 10 «0.75
Kiang (1962) 1013 - 1021 ~0.63
Comet 3 @pm (1960) »10%7 -0.7"

“Nuclel .
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B. Cratering Theory ‘

-

In addition to the definitions of Equations (1)
(p. 43), (14)9 and (15) (p. 61), let

18

energy available to form crater . (16)

velocity of impacting body at impacto

It has béén found that inllarge terrestrial explosion
craters 4 o :

D = const EX , - - | (7).
This equation will be discussed in more detail in Chapter
- VIII, part D. As shown there, k for post—mare.lunar
craters of D > 1lkm prdbably lies between 1/3.1 and 1/3.5,

c. Prediqtibn of Lunar Crater Diameter Distribution

Assume that the full kinetic energy of impact is
applied to crater formation. Then '
D = const. (gMVQ)k~ IR - (18)

Assume some const.ant9 modal impact velocity can be uged

i

to describe all impa.cts° Then

D = const. MX ' - o [(39)
But £(M) = const. P | a (20)
Thus-  F(D) = const. Db/k = const. DB , (21)

Equation (21) predicts the slope B of the log -
log plot of F(D) for lunar craters (i.e. Figure 3), for
diameters ¥ lkm.
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With b renging from =0.55 to =0.80 and 1/k renging from
3.1 to 3.5, we would predict

B = ~2.2 £ 0.3 (estimated S5.D.) (22)
1f the nature of the Linpaeting wasses is unknown. If
the impacting masses have an.asterbidal mass dAistribution,
then b is -0.63, and we predict ; ‘

B = -2.1 ¢ 0.1 (estimated 8.D.) (23)
From Chabter Vy, we may take the observed value as A

Bobgvd. = -2.0 £ 0.2 D (24)

It is conCiuded that the'p09t~mare lunar craters resulted
from the impacts ofvobjects having & mass distribution
very close to that presently observed among the asteroids.
(beyond Mars). The objécts are indeed hypothesized to be
_predOminanhl& Apollq—typa agteroids, perturbéd from thé "

region of Mars.

‘Do Comparison with Other Results

Jaschek (1960) made an énalysis similar to that
above and reached virtually the same conclusion; namely
that the asteroidal mass distribution predicts the. lumar
cratexr diameﬁer distribution; However, his paper may now
be criticized on several grounds: For B he applied Young's
value of -1.5, which has been shown (Chapter IV, p.53) to
be rather @eaningless. " For 1/k he appiiéd 2.5, which is
‘mach loﬁer’than acceptable modern values. Iﬁcidenxallyg‘

Jaschek concluded that for smaller (metéoritic),maeses,
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"the Poynting-Robertson effect would make b more negative |
and attributed an observed value of -1 to this. Actually9
the Poyntingwﬁobertson effect would make the slope more
gentle for small masSes, b would be more positiven The
‘probable steepening in slope from about ~0.6 for large
'masses to about -0.9 for meteoritic masses indicates that
the Poynting-Robertson effect is not~noticeab1e in mass‘
distributions for observed objecte of‘M > lOggm,(lower
limit of Browa's statietlcs) '

ShoemakerD Hackmen, and Eggleton (1962) improved
Jaschek's calculation59 and predicted a slope B.= -2.7.
Their crater counts did not confirm this and they'there=
fore conoludedrﬁhet the maesfdietribution'of the crater
forming ob:;eets vas significantly different from thatb
presently observed among small soiar eystem objects. The

improved data ueed here render this conclusion doubtful.
Opik (1960), independently concluded that the cra-

ters were of primarily asteroidal origin. Hie ‘method wasg
to list diameter distributions of interplanetary obj_ecte9
noting that B in the crater diameter oistribution equals
the exponent in the asterold diameter distribution. To

argue that . this implies aniaeteroidal'origin for craters
is to agsume that k in the" energy scaling law (Equetion

17) is l/}s eomewhat higher then the value accepted here.



VII. NATURE AND RELATIVE AGES OF MARIA

&0 Evidence for  lLava Flows

The following list summarizes evidence in favor of
the hypothesisg accépted here; that thé maria are lava
flows produced for the most paft dufing a high temperature
pefiod of lunar history., The crater distribution observa-
tions are readily explained in this paper by thié hypothe-
_sis. Conclusivé evidence can come only through peﬁfologic .
. enalylsls of mare rock samples. . - |

1) -Color and albedo differences across the lunar

surface proﬁe that a variety of surface material is pre-
sent. The moon is blanketed neither by a uniform layer-
of cosmic material nor by a uniform layer of luner material.

'2) The colorimetry and photometry of the lumar
maria.is'coﬁsistent with that of terrestrial lavas (Sytin-
skayag 1957) which ha#e_been discolored by irradiation
(Binder, Cruikéhankg énd Hartmann, 1965). Most other ter-
restrial rocks, especially non-igneous rocks, do not show.
lunar characteristics at all. |

3) Individual unite in the maria, mapped by slight
color diffefences'brought out in special photographic tech-~
niques (E. A. Whitaker, unpublished), -are bounded by scarps

of veryalow relief, on the order of 10 meters« These units
. N ( . . - . .
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are interpreted as individual flows of the thickness in-
_dicated by the relief.(Kuiper, 1965). L

4) lare material 1s found inlseveral_cases at the
foot of tectonic fault scarps - a natural location for
lava extrusion (Hartmann, 1964b9‘C)°' Instances are ar- _
cuate maria at the foot of & concentric scarp around Mare
Orientale and a patch of mare material at thé foot of a
scarp radial to the Humboldtianum basin.

5) Remnant flow structure appears to be visible
in high resolution Ranger photographs (Kuiper, 1965).
Kuiper refers to this as a "tree bark" pattern.

‘ . 6) "Soft", shallow:craters‘and'éonical shallow
craters of the type shown in Ranger photographs have been
found in terrestrial lava flows (Kuiﬁerp 1965 and in press).

T7) That the.ratio of digplaced lunar mass to im-
pacting mass in a typical impact event ié,&argeg possibly
6f the order 107, explains the fact that the moon is not
blanketed by & uniform cosmic iayer° Yot the mare materiai
canﬁot Bimply be eroded matter collected‘in depressionsp'as'
propoged by Gold»(1955)9,because many 1ow-areas‘show no
trace of i1t. Structural and color features in the maria
algso arguse against this hypothesis. |

8) The lava did not result from impact. melting9 as’
proposed by Urey.(l9529 1962). Variations in Archimedian
{post-basin, pre«mare) crater density in varioﬁs basgins

are much greater than variations in post-mare density; this
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shows that the basins pre-date the mare surfaces by widely ‘
varying amounts. | |

9) Present understandihg of planetary evolution -
predicts 2 high or maximum temperature period for the
subsurface layers, resulting from radioactive heating.
This provides a natural explanaﬁion for & mare epoch, &
-period of widespread lava flooding.

ld) Morphological studies of certaih flooded and
partially flooded craters, and of lineament systems, sug-
gests that pfior to flooding by mare material9 great re-
gions of the crust brpke9 sometimes along pre-existing
fractures (Spurr, 19452, b, 1948; Hartmann, 1964b, c).
This is consistent with observation of terrestrial lavas
and wlth theoretical expectations of lunar expansion due
; to heating (Ha.rt,mann9 1964b9 c; of. Urey; 19558.)°

11) 'Certaiﬁ Ciatérs (e.g. Kirch, Aristillus) a?m
pear to be post-mare and yet are pai"bly.flopded° They'
are not post-basin, pre-mare craters. (Wére this so, they
- would not be so well pfeééfved;:'For eéch large'Aréhimea
dianAéraﬁerg‘e;gb Plato, Archimedes9 mahy'Smaller ones
migt have Eeen formed as shown'by EQuétion (12). The
.smalier'oneé have been deétrpyed b&*the flooding, and
isolated examples:in aﬁ eiceliént state of preservation
would-not be'expected ) Therefore;'the parti&l’flooding
suggests that the maria lavas were laid down in successive

flowss in acsor@ With l)g 3)9 and 5) above° '

R
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B. Relative Ages of Mare Surfaces

Thé éensity of impact craters on mare surfaces ls
a meapure of the surface's age. Therefore maria may be -
ordered by increasing agé if post=mareicrater densitles
are found to vary significantly. This is indeed the case.

Absolute ages cannot be found, nor can it be said |
that Mare A is X times older than Mare B, until veriations
in meteoritic flux with time, if anyg ere known. Fielder
(1963), for example, has attempted to derive the ages of .
maria by crater densities and concludes that "it is unlikea'
ly that any mare-is dider than 7 x 108 years", and that |
differences in age of a factor seven exlist over large re=:
4gions= ‘These'COnclusions resﬁ oﬁ the éssumptibn that the
inﬁerplanetapy fluxiwas coﬁétant~from'the beginning of
 thé moon's surface's formation and are almost certainly
wrongg as indicated by this paper (cf. Chapters X and XI).

Several studies of crater density variations have
been published and data extracted from these is used here.
Fielder (1963) used Xoung g data for craters of D ® 10km.
Baldwin (1963) uéed Shoemaker and Hackman's date for cra-
~ters of D > 1, 6km, but he published raw data which allow
comparisons of crater densities.for several lower limits
of D. Dodd, Salisbury, and Smalley (1963) made complete
studies for several selected mare areas. Equation (13) of

this paper provides data for Mare Cognitum.

1]
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The studiés to date are neither definitive nor
consistent. If too large craters only are counted, not
enough are available for good statistics; Filelder's data
suffers from this fault. If too small craters are includ-
ed, obsgrvational errors become significant; Baldwin's
listing of maria may be criticized for this. Ordering the
maria by relative crater density using Fielder's and Bald-
win's tables ylelds only roughly similar resultén Mare
Serenitatis, the youngest in Fielder's table is slightly
older than average in Baldwin's. Dodd,'Salisbury; and
Glaser give plots of ?(D) which axre more thorough than the
tables of Flelder and Baldwin, but only a few areas were
studied; ' ‘

For these reasons & new 1isting-is presented in
Table III. The data given in the reférences déscribed 8-
- bove has been reanalyzed as follows. The total number of
craters / km2 with.D > 4km and several other lower limits
was computed from the availabie datéeiiThe average crater
- density for all maria was computed by dividing the total
number of craters counted bj'the total_afeae Observed
counts are expreésed in Tablé IIi as fracﬁions of the av-
‘erege. In the reduction of the counts by Dodd, Salisbury,.
and Smélley and by Hartmann, the average cratérAdensity
over &all maria was detérmihed fromAthis papefo I£ appeats
that the best determination iéigiven Eith a léwer limit of

'aboﬁt-4kﬁ,flérg@lencugh_tb be readily resolved but small

L S P R T PO PO ot
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Table III. Crater Densities on Different Mare Surfaces

Reference: RBB RB3 WKH DSS RBB GE RBB Value
assum-
Lower limit D: 1.6 3.2 4 4 6.4 10 12.8 &d here
(km. )

M. Serenitatis 1.03 =76 .61 .34x .28* [24% .7
P. Epidemiarum .77 .76 .71 o71% .8
M. Humorum H i 1 53« T .8
M. Nubium oo L 54« "* 8
M. Crlsium .92 .70 L74% 91 94% .8
0. Procellarum .73 9
M. Imbrium 1.01 .95 1.06 .74 .78 .I2* 9
K. Nectaris 1.11 .9% .38* .86* 40* 1.0
M. Frigoris 1.10%1.26 1.57 1.52 1.13 1.69* 1.4
M. Foecundlt. .99%1.14 1.52 1.62* .97%* 1.5
L. Somniorum 1.10 1.26 1.52 2.10 1.69% 1.6
M. Tranquill. 1.20 1.37 1.73 2.16*1.73%* .7
M. Cognltum 1.96 1.8
Appendix
M. Seren., outer dark zone .54 .6
M. Seren., central portion .69 .7
Notes:

Values in this table are crater density observed
average crater density, all maria

* Values given less weight because of paucity of craters,
foreshortening, etc.



notes on Table III. (cont'd.)

RBB: Baldwin, 1963, p. 296

WKH: This paper

DSS: Dodd, Salisbury, and Smalley, 1963.
GF: Fielder, 1963a

Baldwin grouped FPalus Epidémiarum, Mare Humorum, and
Mare Nubium in a singlg count. The same applies

to Mare Frigoris and lacus Somniorum.

Meria are listed in estimated order of increasing age.
However, relative crater density is not expected

to be directly proportional to age.

T4



15
enough that many craters can be counted, thus maximizingl
accuracy . | .

The youngest surfaces are at the top of Table III,
and the‘bldest, et the bottom. To repeat, the age is not
direétly proportionalhto thé relative érater density be-
cause the meteoritic flux was probébly not copstantvdurins"
~the mare-forming period. From Tabie III, 1% 1is coﬂéluded
that the ma jor maria differ-in crater density by not more
~ than a factor three Eat least whén integrating &ver-large
areas). Because the high crater densities probably resultﬁ
from early intense bombardment (Ghapter XI), not great
age, it is concluded that the ages of major maria vary by
not more than a ratio 1.2 to 0.7, ;@ealless than a factor
LT+

It is interesting to note that the irregular marisa

stopped thelr flooding first, by considerable margins. Of;:
the cirCular basing (whose ages are discussed in Chapter
XIII)9 the younger have mare surfaces of average age, while
some of the older apparently have the youngest mare Bur-' '
faces. In this contextg a result of Dodd, Balisbury, and
Smalley should be pointed outi the lighter surface in cen-
tral Mare Serenitaties is younger than the dark border (gee
Figure 5).

, It happens that one of the oldest and one of the
youngest ‘mare surfaces are juxtaposed° Figure's shows .

%hege tvo - Mare wranquillitatis and Mare Serenitatis,

Y 1 -



Figure 5* 0ld ad. young mare surfaces.

Mare Tranquillltatis (center) has higher crater
density and presumably greater age than Mare

Serenitatis (upper left).
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A
VIII. DETERMINATION OF CRATERING RATE FOR 1ARGE CRATERS -
. CALCULATION OF ABSOLUTE MARE AGE . |

| A. The Canadian Shield as & Meteorite Counter

The flux of meteoritic material onto pianetary
surfaces during the history of the solar system must be
‘known in order to éstablish.ény theofy of planetary evo-
lutiong.and as discussed by Shoem&kerp Haokﬁan; and Eg-
'gleton (1962), it may provide a dating method of impor—

: tance comparable to isotopic dating
‘ Determirnation of the present rate of infall &f
large pbjecta by direct observgtion‘is neérly impossible
because of-the scarciﬁj‘of large falls° No ‘visible cra%
ter has been definitely seen to form on the moon, and -
records of large crater formation on the earth are’ also
none;cisten.t,° Neither of the two ;argest recorded falls
| in recent histbry resulted iﬁ a major dbservable crater.
. The Tunguska fall of 1908 was probably cometary, .and
although itS'maés Wa.s exceptionally large fof'a fall, the.
interaction between the atmospheré ahd-this loosely boﬁnd
Aobject greatly reduced the potential for crater formation
(Krinovp 1963). The Sikhote-Alin fall of 1947 was much
legs QnergeticD and involved a nickel-iron meteorite of
some 7 x 107 grams mass with en initial fall velocity of
14,5 km/séc (Kbin§V§ 1963)9"Th13 c@uld suffice'to.fcrm.a
| T
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crater of 100 metef diameter, neglecting_energy losses to
the atmosphere (see part D, below). However, in fact, the
object began to break up in £ligh£ and the largest of mény
oxpters was 26,5 mehors ih dlameter (Krinov, 1963). Thue, -
observations of pregently falling objects are of 1ittle .use
because (1) not ehough big objects fall, and (2) even the
biggest objects observed 1ose.a great deal of energy in
ﬁassing through the atmosphere;, so that resulting crater
diameters are not representative. An altérnate method is
the usé of old exposed surfaces of known age as counters.
This techniqﬁe hﬁs the advantage that one integrateg over.
time back to the origin of our-cbunting aurface, and thus
can get average valueS‘applicable to,appreciable fractions.
1of éolar system history. |

The'shield areas of the earth, being excepﬁionally
ancient stable areas where mountain formation‘ﬁas ceaged,
are ideal counting surfaces. The Canadisn shield 1is the.
best studied of these. Three major provinces are-distin-
‘guished by the clustering of isotopic agé determinations
aféund three values in threé different regions (stockwell,
1962). Each clustefing indicates a period of orogeﬁy
accompanied by folding and metamorphism of existing rocks9
and intrusion of new material. In the Kenoran province
this ocourred 2.5 x 109 years ago; in the Hudsonian, 1.7 x=

109'yearss in the Grenville, 0995_x 109 years. Because the
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uncertvainty in dating'is egtimated by Stockwell at *0.15
x 109 years, it is immediately appaerent that our deter-
minations of flux can scarcely have more than one signifi-
cant figur@,' | '

Since the time of the last orogeny in each province,
listed above, each has been stable in spite of subsequent
orogenies in neighboring provinces. Feneplanation must be
nearly compleﬁed in each province befdré that province be-
comeg & good counting surface, and therefore the eXposure
age is less than the time since 6rogeny; As typipalkpsnea
planation times.can run well over 108 yearég this-cora
rectlon is worth investigating. Table IV shows the esti=
mate@ eiposure age in each province.. The eorrectiohe'
appllied in the oldest provinces are the largest to com-

pensate for longer erosion times after peneplanétion.-

B.. Crater Survival

Craters of diameter less than a certain limit are
useless in this work because they could not have survived
erogion throughout the exposure age of the counting sur-
face. This‘lower’limit on the diametgr is.estiméted in
the foliowing way. o o .

A catalogue of all’suspected_ihpact craters was
listed for each. Log’diémeter was plotted agéinst log
" age in an attempt té £find an age 1imit marking the longest

:
i
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Table IV. Exposure Ages in the Canadian Shield
Time since Age of oldest Estimated mean
Orogeny overlying : expgosure age
V , rocks (109%r)  (10%yr)
Kenoran "
Province 2.5 £ .15 295 to 1.7 2.0
Hudsonian ' _
Province . 107‘2 « 15 1.7 to 0.9 1.4
Grenville . o ' '
Province 0.95 = .15 < 0.9 ‘ 0.75



81
survival at any given size. It is-important to note‘thét
- 1t is not crucial tb'include only genuiné meteorite craters,
since we are interested in measuring the_survivél time of
any structure of impact crater morphology. Also, because
the age scale ranges over nine orders of magnitude,‘thg
estimated age can be off by at least one order and still be :
of use. Because the suspected impact craters in the Canam»
dian shieid were detected by aerial survey, the survival
time to be measured is defined as the time after which a
circular structure is still recognizable by surface ex§r98a
gion, given optimum sgrvival conditions such as those in
a stable shlield area.

Figure 6 shows the log diameter - log age plot for
craters known to be meteoritic and for structures of less
certain origina. Ag expected; the small craters are typi?
cally young, because they can resist erasure for only short:
periodse The line defines the upper limit of survival time
under optlmum bonditions,' Figure 6 suggegtsb at least by;ex—
‘trapolation, that é-cpatér iarger than 10 kﬁ diameter should
‘be able to sﬁr&ive throughout the history of“the‘Canadian
shield; even if such a crater formed in the}Kenoban Pro=
vince immediaﬁely after peneplanation, we should still see
it;'-Therefbreg the counts made here ﬁill bé restricted to

cratefs'of'diameter.larger than 10 km.
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AGE
(YRS) 10
0 16 31 62 125250500 I 2 4 8 16 32 64 128 256 512 1024
(M) DIAMETER (KM)
KNOWN METEORITE CRATER O PROBABLE METEORITE CRATER
O VERY PROBABLE METEORITE CRATER + POSSIBLE METEORITE CRATER

Figure 6. Crater Survival Time

Crater age vs. crater diameter is used to estimate
maximum survival time of terrestrial craters under
ideal conditions. Assumed maximum survival time is

given by the straight line.
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C. Meteorite Break-up

o

It is known that many meteorites break up during
their passage through the atmosphere (Ninlnger9 1963)
‘A cluster of close, small craters thus ?esults instead of
a éingle, large crater. An example is the Sikhote-Alin
fall discussed in gection A. Concelvably, if all craters
vere counted(indiscriminételyg the estimated flux would
be too'b.igh9 and biased toward.small craters. There are
éeveral reasons t0 belleve that the present estimate is
‘not so blased: (1) Impact craters larger than 10km mist
have been caused by bodies of mass nearly lolqgm (see
section D, be_low)° "For such large bédieé, sﬁbstantiai”
break=up’ inithe atmosgphere may be'infrequent;- (2) The
few cases of multiple craters used in this siudy were
twin craters. In each case it was assumed ‘that only o
one parent body wa.s respon51ble, and it was clear that
the parent must have been larger than the lOlAgm S

necessary to form a 10km diameter cratera

D. Relstion of Crater Diameter to Impscting Mass

| This relationship is discussed by Shoemaker,
 H‘a,ckman9 and Eggleton (1962),~and Baldwin (1963)9 among
others. The following discussion is based primarily on
their work. From experiehce witn 1&rgé eiplosibna'on .‘
the earth, we have the folléﬁing reiatibn bétﬁeén'cfgter

o
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diameter D and energy E:

D= cEk . (25)
where C and k ére}constants., The full kinetic energy of
impact is assumed to be available in formation of large
craters. On the earth the initial kinetlc -energy upon
entry intéo the.atmosphere gives only an ubper bound on D
because of energy loss in the form of drag, an effect
of'decreasing importahce toward large masses (Heide9
1964) With V as the final impact velocity and M as the
mass; ve have

D = %{f Moyl (26)
Shoemaker, Hackman, and Eggleton state that k 1lies be-
tween 1/3% and 1/3. 4, results which have been established .
empirically in large explosions, as well as theoreticallyp.‘
Baldwin discusses in detall the differences between ex-
perimental explosions and the lunar crater~forming pro-
cess, and concludes that k varies with crater size° For
craters in the diameter range we will consider, we will
' agsume that Xk iies'bgtwéen 1/3,1 and 1/3.5. This repre-
sents a correction to an earlier published version of‘
this analysis (Hartmann, 196533 1/3. 06 was used). From
Shoemaker 8 equations, &llowing for uncertainty in k and
other factors, C in cgs units 1ies in the interval 2.15.
x 10-3 and 3.97 % :Lo_“'ﬁ’e Impact velocity is now the only

parameter left in converting from crater diameter to
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impacting mass. The impact velocity varies both from' ‘
one planet to-anoiher‘and from one type of impacting
body to another because of differences in orbital
velocities, gravity flelds, and energy losses to ab-
mospheres. It Is thus convenient to list several
equations. for D(M) with different impact velocities.
These'approximéﬁe equations ére‘listed below° B |

D:* ( 9to 19) w-/3:3  gor V’$f2=5km/sec

D= (14 to 28) i/ 303 , 5 km/sec.

D = (22 to 44) M/33 10 km/éec'

‘D = (33 to 66) ﬁ;/3°3' o 20 km/séc ,

D = (51 to 102) /33 - 40 km/sec  (27)

"Thesé relations are plotted in Figure 7. The expoQ

nént k'= 1/3.3 used here represents a-beétfestimateo The
linearity of the crater diameter distribution (log=log
plot) susgegfs‘that K'is neérly constant over the entire
xrangéa ItsAvalue is likely to be found in tnexfange
1/3.1 £6'1/305 mentionediéboveg and if éither extreme
actually appiiesf the diameters estimated from Equation
(27) could be in erroé by a factor é, |

Ea Crater Counts and Calqulatibn gg;Cratering*Ratgr

Table V shows the calculation of the crapéring' th

rate in each prov;nceo While our cbﬁntg-deal only with

LI
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#Craters most likely of meteoritic origin

Table V: Calculation of Cratéring Rate iri Canadian Shield
.Ei*ovince Crater & Diam. Min. No. Max. No. Area Exposufe Cratering Rate
(km) Craters Craters S‘bud ed  Age . no.>10km no. > 4km
| D >10km D »10km - (km?) (yr) km? 109r kmZ 1093y
{ Kenoran E_Clearwatér* 16 1 8 1a3(106) 2.0.,, (109) 0. 4(10"6) 0.2(1079)
| 32 | - ‘ - to __
‘Lac Couture 16 3 (10_6) 2 (10" )
Menihelk 8 C '
Hudson Bay 440
Hudsonien|Deep Bay® 14 1 6  1.2(106) 14 (109)  0.6(1076) 0.4(1075)
to : to
Carswell 29 4 (10-%) 2 (10-5)
Sudbury 40 . | | |
Grenville| Mecatina 12 .6 5 1.2(10%) 0.75(109) 0.7(10°6) 0.4(10°2)
' - , ) ) to " to
Manicouagan 65 6 (10'6) 3 (10“5)

La"
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the number of craters larger than lOkm, it is oonvenient to
define the cratering rate nhumerically by the number of
craters larger than 4km (the limit of lunar crater cougts
from earth-based photoe and still of the same order of

slze as terrestrlal craters counted). Then

cratering rate = R = 122

,fcraters larger than 4kmf'(28)'
km2  109%ears . '

To convert from the number of craters larger thanhlokﬁ
to the number larger than 4km, we appeal to the observa-
tion that lunar craters in the range lkm to lOOkm dia-

meter are distributed acoor@ing.to Equations . (12) ‘4nd
(13)- Therefore:we wiil use:

s

Nbf= number of craters of diameter > D = const?D“2°O:f-ﬂ;
| . (29)
Ny (10 2.0 : T Ay
_?herefore NlO = %) = 6 25 (?o)e

'Tb;sufigure is entered‘as a correction faotor in tbe ne#tA
to last column of Table V.. |

| Column 3 in Table V gives the minimum number of
meteoritiolcraters in each province,.based on'a count'of
only the most probable meteorite craters, or. in effect on
the assumption that ag 1itt1e as one~third of the observed
craters are meteoritic° Column 4 gilves the maximum'nume'
ber estimated from the existing counts by assuming that-
(1) all observed oraters are meteoriticg (2) on the basis
of Figure 69,not more‘tban‘twioe this number could have

!

.~\
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been eroded awaj, and (3) equation (29) should be follbwsd’
by large enough samples (a large number of small craters
'requires the presence of a few Dbig ones)g The area of
each province, given in‘column'59 is & rough~estimate of
the well surVeyéd area; based on & total.shield afea of
4.5 x 10%km2. The exposure ages of cdlumn 6 are those’
calculated in séction A. | |

The fundamental assumption underlying this deter-
mination of cratering rate 1s that at least some of the
. structures listed hers are meteorite craters. The
structures "are thosellisted by Beals, innes, and Rot-
tenberg (1963), found during a search of the Canadian Air
Phbﬁo Liﬁrary'phbtogféphs for possible fossll craters. If
more than one-third of the'l;sted ocraters are meteoritic,
then the ratss.fpund in Table V must approximately bracket
the true rate. This statement is made on the gfounds that .
_1if there ever had bésn.mofé than about twenty meteoritic |
craters on ﬁheipresent Canadian snieldsﬁcorrespsnding‘to
the maximum rate in Table V), we wsuld see them (Figure 6),
and that for our minimum rate_wéshsvehassumed that about
one~third of the craters are meteoritic.

This discussion also 1eads to the 1nteresting con-
clusion that certein suspected very large impact craters
(Nastapoka-lslandeung D = 440km; Gulf of St. Léwrence,,D =
é88kms‘ Ungéva-Bay, D = 240km) listed by Beals, Innes, and
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Rottenberg are either (1) non-meteoritic, or (2) pre- |
Xenoran, i.e. pre-éanadian shield, in age. This follows
from the distribution of crater diameters: if there are
three meteorite craters_largér than 100km, there should
be on the order of 300 craters larger than 1lOkm, and by‘
the discussion of section By these should have survived.
They are, in fact, not found.. These three lafge; circular.
features, which approach the dimensions of.lunar mare
bagins, may therefore have formed more than'z x 109 yéarS-
ago, during the intense bombardment which is discussed
>in.Chapter XI. Smaller‘cratefs formed then'have, of éouse,
: been erased during the subsequent orogenies°

In conclusion, Tabel V indicates a cratering rate
R between 0.3 x 10~5 and 2 x 10~ craters of D > 4km/1nn2
: /109yr9 or by Equation (27) assuming a2 modal impact velo=
city of about 18km/sec, a flux between O°3 x 10=5 and 2 x
10=5 objects of M ¥ 1 x 1013gm/im?/10%r. Accc;rding to
thé'caloulationssof Heide (1964)9 ‘such masses lose leés
than 10% of their entry velocity in passage through the
atmosbhere, 80 %hat our aséumed impgct.veloéity‘corresponds

to an entry velodity of probably not more.than'l9km/seca

F. Comparigon with Other Determinations

Shoemaker, Hackman, and Eggletonn(1962) employed a
method in essence the same as that used here, but with less

(“
&
-
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attention to crater survival time to determlne the cratering
rate in the central Unlted States over the last 0.24 x 109
years. They counted cryptovelecanic structures and thelr
redﬁctich gave a mean rate R of.6ak 1072 craters larger
than about 3km / km? / 1093}1'., Through Equation (29) this
would redgce to a v&lué.about 3 x:10"5 craterswlarger than
4xm / km? / 109yr, expressed in the units used here. It
is poccihle to use the raw dates of Shoemaker, Hackman, and
Eggleton'to rederive the flux, taking-into account the con-
slderations in this pa.per° In an area of about T7.06 x 105
kma.with 4 mean exposure age’ of about 2,32 x lOSyr9 ~they
find ten cryptovolcanic structures, all of which they agsume -
for this calculation to be true astroblemes. Elght of these
‘are thought 4o corfespond to cratersllarger than 3km diame=:. ¢
ter. From Figure 6, we might expect the survival time of
craters of this sizé to be closer:to 0.6 x logyr, but these
cryptovolcénic structures are in fact noﬁ Well—preserved;
they are visibie'only as "root structures". The oldest has
an age estimated at about 4 x 108yz°9 even older than the
mean exposure agee In calculating R, 1t is crucial to know
the original crater-éizé because of the strong-dependence,'
of frequency on. size° The uncertéihty in original'sizefcf
these astroblem989 if guch they be9 introduces an uncexr-
tainty of, sayg a factor four in the calculated cratering
rate. Perhaps as large an uncertainty comes from the_

questionable origin of the structureés But ﬁdst as in

-

-
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section B, we may argue that if one or two of the structﬁres
really are astroblemes, the true value of R is bracketed
by the present caiculation, The assumption that between one
and eight craters larger than 3.5kin formed in_this area in
the last 2.35 x 10%yr gives a cratering rate R:between 0:5
x 10™° and 4 x 10~ craters of b,> 4xm / kmé / 109yr,

The terrestrial rate can also be estimated from pre-
sent daj'obéervations of agteroids and from extrapolétions
pf present day observations of small meteorite falls. Three
published determinations are considered here.

‘ Opik (1958) tabulated the flux due to both cometary
and asteroidal objects of large mass. For craters of D >
4km (M > 1.0 x 1013gm) the total flux is about & (1o=5)
objects / km@ / 10%r. About 0.3 of these objects are held
to be cometary. Because the cometary material‘suffers exa
treme emergy loss to the atmosphere, the terrestrial cra=
tering rate would be-more nearly 3.1 X 1072 craters / ku®
/ 109%r. | -

Brown (1960) made a similar study in which the dis-
tribuﬁion of maéses aﬁong feéorded stoné and iron meteorite
falls wasg fitted to the observed asteroidal mass distribu-
tion to give & table showing inmpact frequency from 1 %o 1044
grams mass.. In our units, Browns value of F from meteorite

impacts would be 0s 9 %¢ 19”5 to 4.3 x 1o=5
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Hawkins (1960, 1963) reviewed the statistics of
observed finds and falls, and concluded that while stone
meteorites outnumber irons at small masses, the situation
reverses at large masses. The two typeé have mass distri-
butions with different values of b. Hawkins ‘work would
i suggest that the published determinatione of flux for
large magses are too low. In our units, Hawkins value of
F for stones is about 2 x 10-5, but for irons, 25 x 1075,
The former figure agrees with other determinations of total
flux; but the latter is about an order of magnitude higher.
Hawkins (1965, private discussion) agrees that there is a
high uncertainty in published detérminations of the flux
and in the wvalues of b, on which hisg high innn flux restsg‘
and.also noﬂés thét tne number of'asieroids néésing neaxr |
the earth is probably meny times that 80 far observed.

It should be noted that the cratering rates derived
. here from the papers of Opik9 Brown9 and Hawkins depend:on
the conversion from impacting mass to crater diameter, Equa-
tion (27). For éxampleg 4f the" mass to form a l~km crater
is actually twice that given here, then these three deter-
minatlons will be cut by & factor of about l 6 according to
Equation (15) and Table II: - |
» Table VI includes a listing of the terrestrial
‘cratering rates found above. It is assumed in Table VI that
the cometary masses are relatively ineffectual cratering

agents because of. atmospheric breakup°

\\..,
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G. Lunar Cratering Rate

A}

Tﬁe terrestrial cratering ratee of sectione Eand F
mist now be converted to iunar rates.

. Bven if the mass influxes'were the same on the earth
and moon the cratering rates would differ becaqse the im- -
pacﬂ velocities differ (see Equation (27), o. 85).  In the
case of the earth, a modal 1mpact velocity of lBkm/secg.
corresponding to an entry velocity of 18 to l9km/sec9 was
agsumed in section E9 on P 909 and in section F. Further
"discussion of impaot velocities is given by Shoemaker,
.Hackmang and Eggleton’ (1962)3 At 18km/sec, a mass of about
.903 X 1012gm creates a crater 4km across by Equation (27).
On the moon the modal impact velooiﬁy, undiﬁiniehed by any
atmospheric effects, probably lies closer to l4km/sec. .
.shoemakerg-Haokmang'and Eggleton (1962) used lzkm/eec for
this Ffigure and Kuiper (1965, private'diseuSBion) heg'eug=
gesﬂed 15km/sec. Smalley (19659 private @ovrespondence)
has pointed out that the approaoh-veIOCity'af infinity for

. berrestrial and lunar impacts should be the same. This

requires .
| ‘ F2 w2 = Mo  lig | 7 ‘
Vo= =V, 2G [Ra Ry , (31)
where : VvV = impaot velocity
| | M= planetary mass |

R '= planetary radius
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The impack velocities of 18km/sec for the earth and 14
km/sec for the moon are consistent with Equation (31) and
agsume that the predominant impacting masses are meteoritic
(asteroidal), notleometary. At 1l4xm/sec, & masa of ebout
1.7 % 1013gm creates a crater 4km acroeso ‘The mass ratlo
ef bodies'forming craters of this size on the earth and
moon is-ﬁhus,1°86.(see préceding page) . Accofding to the
results of Chapter VI (Equation (15), and p.63), ‘
Alogf E =0.63 8logM. B | (32)
The;luhar_cfater requires'aemore-massiﬁe body by;l°86 than
its terfestriel counterpart, and therefore the lunar cra=
tering rate is about 1.5 times lese than the terregtrial,
for a glven diameter.. | o B "
| An additional series qf corrections is required
because the @erresiria;.and lunar flux are-r‘lofide'ntical°
It ie‘essumed‘hereﬁthat-(l) the net effect on the earth-
ward éiaé-of theAdeerease iﬁ-flux due 1o the‘moen's'lower
gravitational field and the increase due to the focus1ng
effect of the earth is a decrease in flux by 0.8, con;
sistent with Opik (1960), (2) the greater effectivenees
of oomet impacts on the moon - causes an increase in crater~
ing rate by L. 3,’ (3) the effect ‘of the moon's. lower grave-
ity on crater size (i.e. through effects on the cratering
process) is negligible, (&) during most of postumare lunar
hlstory the moon was at nearly its present distance from f

the earthg so that the focussing effect is constanto
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Table VI lists both the terrestrial and lunar cra=-
‘_tering fates as found from the data of various authors,

concluding with best éstimates of both rates.

Ho Agegi the Lunar Maria

The crater density averaged over all maria 1is
1.0 x ILO"!+ craters of D » 4xm / km2 (using the data dis~
cussed in Chapter V; cf. also Figure 3, Po 5T)- Virtually
all of théée'craters are ascriﬁed to ﬁrimary impacts. The
' cratering rate resulting from primafy ilmpacts is 2 X
10™% craters of D > 4km / km? / 10%yr.-(Table VI). Division
of these tWé figureé gives an age for the maria of 5x
10%r, assuming a constant cratering rate thréugh post-
mare time. This result is held to be within an opder of .
magnitude of the true mafe age, in view of the estimated
accuracy of the numbers quoted above and in- View of certain
polnts discussed below. ’ |

One other Qstimaté, eﬁtirély independent, is avail="
able. Thig is based on 1sot6pic age~detérmin§tions for
meteorites and on the theory:of the thermal history qf the
moon. tObserﬁatiohs (Anders, 1963).sugges£ that the planets
formed in relétiveiy gshort peribd'of seﬁeral times 108yr
beginning about 4.7 x 109yr ago. - The metedritio material
went through a melbing process about 4o x 109 to 4.6 X 109
yr ago (Anders, 1963, p. 439). Theoretical investigations

{

~
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- Table VI: Terregtirial and Lunar Cratering4ﬁates

= No, craters.of-D > 4km

cr§?6r§n8 rate »km2  logyr'”~~

Reference used for - Estimated.Cratering‘

bagic data " o - Rate x 104_'

| Earth = Moon

Opik (1958) | - 3.1 2.2
Brovn (1960) = 0.9 - 4.3 0.6 - 3.0
fevkins (1963) - f | 27 19 |
Shoemaker, Hackman | :

& Eggleton. ' - Q. = 4 0.3 - 3.
Thig paper R 0.3 =2 002 =.1.4

Best estimate 3 2
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of the moon's thermal history, such as those by MacDonald
(1961) and Kopgl (1962), though cémplex9 generally indi-
cate that the maximum heating within a hundred kilometers
of the lunar surface would occur less than 2 x’logyr after
tpe ccnsolodatioh of the moon. If short—lifed isotopes
were an iﬁportant heat‘sourde, this period may have been
much shbrter, perhaps on the order of 108yr° Thereforé
it is likélyithat the lunar maria are, on the average,
about 4,2 x 109yr 4 0.3 x 109yr (estimated s.d.). -

" The isotopic age determination is considered the
better det@rmination, and the cratering calculation is
considered supporting evidence for the assertion that the

maris average about 4 x 1O9yr in age.
I. Sumnmary

A new determination of cratering rate and mass 1ln-
flux on the earth is made from counts of craters in the
Caﬁadian Shield. - Comparison with four other results by
different methods i . made; - and conversion to lunar crater-
ing rate is given. In unite of craters of D. % 4km / Km®
/'109yrgqthe cratering rétes on the earth and moon are
3 x 10”4 and 2 x 10“49 thought to be within an 6rder of
magnitude of the truth° This figure is used to give an
independenﬁ confirmation of a .mare age of: about 4 x logyrsh

basged on isotopic age analyses of meteoriteso



IX. NEW EVIDENCE FOR THE IMPACT ORIGIN OF LARGE CRATERS

fo some, the hypothesis of lunar cratering by impabt
is so firmly established that no new evidence need be list-
“ed. Yetl the author believes that the recurrent questioning
of this hypothesls, the new evidence for volcanic activity
found in Ranger photographs, and the recent publipation of
a book by Fielder (1965) devoted to the hypothesis that vir- .
tually all lunar structures are volcanic justifiy the in-
clusion of the follow;ng remarks.

The strongest modern evidence for the impact origin
'of craters has been given by Baldwin (1949, 1963)° His pri-
mayry argument has two parts. First, the well-preserved -
lunar craﬁers fit exactly on several diagrams which plot
morphological properties of exploslion craters vs. diameter.
This is interpreted to establish the explosive nature of
‘lunar craters and rule out subsidence calderas or other
craters which develop slowly by volcanic processes. ASecdnd,
Baldwin argues that only impacts of cosmic bodies could
provide the energy required to form the large craters (of
the order 1032ergs)° No volcanic explosions which could
occur on the moon are known to provide this energy (the
most energetic earthquake events provide about 1025ergss
the annual release of earthquake'energy is 6nly.about
1026ergs: Jeffregs;_1962p p-10T7).

) 99
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New evidence is added by Chapters VI and VIII. 1In
Chapter VI it was shown that the‘largér lunar craters show
a dismeter distribution which just matches that which would
be produced by impects of asteroidal objects, ‘wa,tmn the
precision of the-data, and in Chapter VIII, that the number
of 1arge§ craters is‘within an order of magnitude of‘that'>
expgcted from 'éosmic-im.pacts° Were the volcanic hypothesis _
accepted; the first result would have to be éttributed to
coineidencem and'the seoond:would have to be showp Wrong.

A final qew discuésidn.can;befderived from the Ranger
photographsgswhich shqw for the first‘timg in detail craters.
of one to four kilometers, called ‘one kilometer craters“
below. These can be compared with a considerable number of
terrestrial wlcanic craters which at first glance appear.re=-

markably similar. (Comparison of ten-ior hundred-kilometer

lunar craters with terrestrial examples is difficult because -

of the scarcity of suitable cases of the latter.) A& series
of these ls illustrated in Figures 8 through 1l. For com=
parison, Figure 12 shows a‘similér'view.of Méteﬁr Crater,
Arizona, Fisure:IB, a nuclear explosion crétér, and Flgure -
14, a lunar example of compérable gize. ihough the Mexican .
crgters (Figures 8 = 10) lack ﬁhorough gtudy, on the'basis |
of'publishéd accounts, limited observations Ey the autﬁor .
from ground end air of each crater, and direct comparison

by the author with Kilauea (Figure 1l) and other Hawailan

H .
\~



Figure 8. Sykes.

Finacote volcanic field, Sonora, Mexico.
Photo by author.



Figure 9. Elegante

Pinacote volcanic field, Sonora, Mexico.
Photo by author.



Figure 10. MacDougal.

Pinacote volcanic field, BSonora, Mexico.
Photo by author.
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Figure 11. Kilauea.

Halemaumau collapse crater; photo by author.
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Figure 12. Meteor Crater.

Photo by author.



106

Figure 13* Sedan.

Nuclear explosion crater.
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Figure 14. Lunar craters (Mare Cognitum; Ranger VII).
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craters which have been exhaustively studied, all of these
craters méy be agcribed to collapse around a volcanic vent.
These are among the clogest terréstrial métches to lunar-
craters. Although severai Qould fit closély on Baldwin's
cﬁrves for explosion craters and in fact resemble then,
close study reveals certain differences. First, all the
volecanic craters display vertical cliffs of tens to hundreds
of meters height where the lava broke during collapse. The
bedding of the lava flows 1s clearly revealed in these
cliffs. In the Mexican craters (age » 104yr) erosion has
produced talus Slopes'WhiCh round off the floors and pro-
vide the bowl shape typlcal of explosion craters. The ‘_
Hawaiian craters, still forming, have abrubtiy rising ver-
tical walls and relatively flat floors produced by ponding
of lava ("lava 1alcés".)a This morphology (Figures 15 and
16) is more typical of fresh collapses. Large nuclear
explosion’créters have bowl, or parabolic~?rofiles, although
locally steep walls may form during‘éubsequent slumping.
Second, meteoritic and explosion craters have 'hummocky"
rims composed of buckled surface layers and debris throvwn
out with roughly inverted bedding, a distinguisﬁing char-
acteristic pointed out by Shoemaker and Hackman (1962).

'The rims 6f the volcanic cratersg, if raised at all (no e-
jecta may exist), are typicaily smooth. Flgures 8 through

10 illustrate the transition from a high, steep rim to none

at all. The rims of the Mexican craters are composed of
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Figure 15. Wall of a Hawaiian pit crater (Mauna Loa) .

Photo by author.
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Figure 16. Rim of Halemaumau.

Kllauea caldera rim at right; photo by author.
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thinly bedded ﬁuff° Figure 17 compargs the: rim morphology
‘of & volcanic and a meteoritlc crater. Third, the
terrestrial craters, both in Mexlco and Hawaiig occur
in lava fields dotted with cinder cones. An ekample of
this’ mixed crater and cone terrain is shown in Figure 18.

of these characteristics of volcanic craters, the
&ertical walls do not aﬁpear in eny of the ﬁellfresolved
craters on the Ranger photographs. The resolution is not
sufficient to determlne the rim structure of any sharp -

"one kilometer" craters in detail, but somewhat larger
lunar craters clearly show the hummocky structure. Glear
examples of cinder cones are»unknown in any Ranger or
ether photograbhs of the mooﬂ; Thus, the morphologiéal‘
'evidence favors an impact origin for the sharp9 “one kilow
meter" craters.

All this is not to say that "one kilometer volcanic
craters are totally absent. A few examples of volecanic
craters of this slze may be men‘t.ioned° Cne is the chain
crater, e. g those along the Hyginus rille. This linear
array appears_to be clearly of internal origin, as many
authors have pointed out. Second is the dark halo cratergi
of which several examples in Alphonsus were photographed by
Ranger IX. Figure~19'ehows an examﬁle”whese'posiﬁion on
a grebenmlike rille and smooih blanketing dark halo suggest
& maar or collapse type crater surrounded. by a. 1ayer of .

fine ejectag similar to the Mexican craterss Figures 8 < 10.

. \‘"
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Figure 17 Volcanic and meteoritic crater rims.

Left: Elegante (volcanic), showing smooth rim.
Right: Meteor Crater, showing hummocky rim.

Photos by author.
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Figure 18 . Crater and cinder cone field.

Near Flagstaff, Arizona; photo by author.
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Figure 19. Possible lunar volcanic crater.

Dark halo crater in Alphonsus (Ranger IX).
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On the basis of the above, it 1s concluded that

(1) virtually all well-defined ("sharp") post-mare cra=
ters larger than about 4km were produced by cosmic impact,
"(2) in the size range from about 1 to 4km, numerous maar
| énd/or collapse typé craters analogous to thoée 1llustrat-
ed may be found, although these are greatly outnumbered
by impact praﬁers,;and (3) as found in Chapter V, "soft"
opaters whosge 6rigiﬂ is uncertain;and beyond the scope of'

this paper predominate at diameters less than lkm.



X. CHANGES IN METEORITE FLUX DURING SOLAR SXSTEM’HISTORX

4. Introduction

It follows from Equation (15), p. 61, that the mass
distribution of the cosmic objects striking the moon may
be expressed Dby 7 A
| | logf = b logM + C (33)
The linearity of the lunar crater diameter distribution of
Figure 3, above & certain limit in D, testifies that this
equation holds over a.large range in M, as discuséed in
Chapter VI. Specifically, & single value of b applies for
all M 3 1O¥3gm9 as found on Do 95, at least through post-
mare time. . | |

It will now be shown iﬁ part B that b, the &lope
of the log-log maés'distributibn, has remeined approximately
constant since the‘origin'of the’oldest lﬁnar'featureso- In
part G, it will be shown that C, & measure of the total
flux; has decrezged since then, In the folioWing chapter

details of the early, high~flux period-will be‘considered°

B. Constanqx,gg:Mass Digtribution through Time.

The lunar craters were not all formed at once. They
'~ ghow marked differences in state of preservationsg and some

.obviously'fopmed~beforé-thé marie while others formed after.

116
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"This papern up to this point;has been concerned only with
post»mare craters and post=mare time, yet continental
regions clearly prefdate the maria and earlier‘time peri-_;
;odS'oan be studied. a simple divisioh‘of cratefs-into :
two éroups,‘"old" and "young", can be made. "Young cra- "}
ters include all the post-mare craters and others which
" have fresh-looking, undamagec’t_9 sharp rimso ”Qld"-craters~
include those with battered rimg and‘ekolude‘any £ormed,'..
after the mafia; Figure Eo’oompares the diemetef die@rié
butions of these'two groups; BeoauSe the older ﬁoﬁ~ﬁAré' o
’surfaces are not uniform in their ability to preserve

cra‘t.ers9 variations in absolute crater den81ties occur'

over small regionsg and therefore only relative frequencies--lﬁA

are p;ottedo} Thusy Figure 20 has an arbitrary scale on ; 
the ordinant. The curves were normalized by dividing ﬁhe
number of craters,;n each interval by_the total number of.
:large'craters of D » 35km. Bvidence will be'given‘be;ow‘
- for'the conclueiOnrthat';n even‘the,o}dest;éopuletione;
'oraters,ofJD > 35km are all preserved'welloenough to‘be_ L
counted, 8o that the total number of these provides a |
good‘normalization indexa Figure 20 illustrates that
both the.”youngﬁjand'”oldﬁ,gpoups:appear»to hava~thewsame{
"slope; B;e’The defioiepcyfbf small'oraters among‘ﬁhe‘older;
group will be attributed iu Chapteﬁ XI;to SOme»erosiou

process.
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Figure 20. F(D) for old and young crater
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A second demonsgtration of ﬁhe‘approximéte constancy
of B is shown in Figure 21. In this case the craters have
~ been divided into five classes instead of two. These are
the fiverélasses defined by Arthur, et. al. (1963, P.T6) 3
class 1 has the sharpest rims and the best preservation;
~class 5 is the most battered. The five claésesvall fit
approximately onto a single line defining an upper envelbpe,
and, lncldentally, also show an ordeflyﬂprogresSion in
their turnoff points with the older classes being more
deficient in small craters: The fact that the same value
of B is associated with all five classes testifies not
only to the constancy of B within the precision of the datsa,
but also to the remarkable consistency with which the clas-
'siflcation system has been applied. |

A third, more quantitative evidence for the near-
constancy of B has been more recently derived. (the above
two were published by Hartmann, 1965Db). This is the
analyéis of'contine:nrtal,crater_s° Most;continenial.cnaters
clearly-foriéd in a period preqdétihg the m'ar:’x.é.9 and theinr
diameter distribution is characteristic of an eariier
period than that of the maria. A "pure continental" re-
gion was selected in quadrant III,; and the diameter distri-
bution was analysed. The region was large, inc;udingra
north-sbuth strip near'Alphonsus'and the region'near Tycho
south of Mare Nubiumo An example of this heavily cratered
terrain is shown in Figure 22. . The diameter distribution

\‘\
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FREQUENCY VS. DIAMETER

NN

2 4 8 16 32 64 128 256 512

DIAMETER  (KM)

Figure 21. F (D) for five age classes of craters.

V.hen normalized (arbitrary ordinate scale), the
five age (damage) classes define a common envelope.
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Figure 22. "Pure continental"” region.
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of "pure continental" craters, in absolute units of F, in.
Figﬁre 23. The postamare crater distribution is included
for comparison. Also included in Figure 23 are a number

of large basin systems which extend the diameter range;
this eddition will be discussed in more detail in the

next chapter. Suffice it to say that if the ovaters only

- are included, analysis of the linear branch for D > 32km

giveé:-

g .

1°8Fbonéiﬁental = -0.81 2016103D'
. A =.-0.81 % 0.04
B = -2.16 £ 0.10 L (34)
If the largevbasins afe also included, then for D.} 32km,

" analysis gives:

logF =0.61 2.261logD

Cont.+Bas. - 4 7
| A = -0.61 £ 0,08

B = -2.26 £ 0,08 - (35)
Because‘the ooniinental orateréryastly outnumber the
post-mape‘craﬁerss'it may be faifiy conC1uded that the
best estiméte of B= =2,2 % Ooi is actually characteristic
of the pre-maré periédg' The value found for post-mare
craters, p.60, wag B = -2.0 & 0.2. Any change in B.is
thus at the limit of detectability. Interpreted literally
through Equation (21), these results would imbiy 5 slight
change in ﬁhe mags distribution of the meteorites from
b = 0.67 in pre-mare time to b = 0.61 in post-mare tims,

though the precision is probably to small to support this.
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Figure 23. F(D) for post-mare and continental craters.
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It is concluded that the mass distribution of cos- |
mic objects striking the moon has remained approximately
constant throughout 1ﬁnar history, i.e. in pre-mare time,
as measgured from continental craters, in post-mare time,
as measured from pest-mare craters, and at the present mo=
ment, as mea.sured from observations of meteorites and
~agterolds. Probably the value of b has been close to
that presently observed among asteroids and has been Withm
in the interval -0.65 £ 0.05. Certainly the largest lunar
craters were not formed first andlthe émall onee\lastg in
an almost monotonlic sequence, as ﬁas sometimes been sur-

mized;

C:. Change of Space Density through Time

A D = G64km in Figure 22, branches of‘nearly-equall'
slope iﬁ both premmare and post-mare craters parallel each
other. Solutions of Equatioms (12), (13) (34), and (35)
~indicate that pre-mare crater density eiceeds the post-mare
density by a factor 50. Yet it has been foﬁhd‘that the
maris are on the pfder 4 x 109yr old and probably formed
well within the f;rst one fifth of Tunar hietoryo' About -
98% of iunar impacts occurred within the first'20%4of lunar
times; cleerly the'cratering‘rate9 the flux of cosmic ob-
jectsg and C in Equation (33) have decreased -

On.- uhe other hand, we have seen that an extrapolation

{
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of the present cratering rate backward gives an age for
maria which i1s consistent with expectations based on.iso~‘
topic dating of meteorites and the earth. The cratering:
rate is thought to be lknown to better than.an-order of
magnitude, and thus duringvpost-mare the flux probably:
has changed'by less than an order of magnitudee' Therefore,
the decreasge in flux must have been rapid and early.

The early intense bombardmént period is examined

in more detall in the next chapter.



~ XI. THE EARLY INTENSE BOMBARDMENT OF THE MOON

A. Introduction

| In the preceding chapter it was shown that early
in lunar history the meteoritic flux ﬁust have ﬁeén‘high-'
er than at present. In this chapter it will be shown'
that this high flux and the formation of mosﬁ craters were
confined'to a distinct period.

Thig idea is not new. KXuiper (1954) hypothesized
i1t after observing certain relatively smooth regions among ,
@he continental craters, These he attributed to an,origi—
nal, accreted surface, never disturbed by ;arge impacts
(see p.36): There is now evidence, however, that SOﬁe
sﬁooth 6ontinental regions may result from ébme modifica=-
tion Qf the originai sufface,;perhapS'eVen a very early
flocding.by lava. For example, some of these regions'
photographed by Ranger IX show structure previously kmown
ohly in maria and not found on crater wails or other . -
rougher surfaces. Alter (1963) used similar reasoning to
support an infense bombardment period: he noted examples
of ancient'scérps which suggested to hiﬁ that the conti-
nental surfaées-wére not bullt up by tnlimited impact.
Urey (_19529 1960¢) guggested an intense bombardment on

126
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V different grounds: he agsumes the maria to be floods of
lava from rock melted immediately‘by'impact,-and because
the older mare surfaces do not bear craters caused by
ejecta from youngef maxre baéins, hé concludes fhat the
ﬁuration of the cratering of the moon was less than thé
filling and cooling time of a.large body of molten 1a#a,
i°e°~qn the order 106yrsn Chapter VII of this paper
summarized reasons for bellev1ng UreJ s initial agsumption

wronge

B- New Evidence for Early Intense Bombardment

The continental craters show some varlety in appearn
.anceg‘ffom sharp "Class 1" craters to more battered, shallow-
reﬁ, and usually softer "Class 5" craters, but it is held
that this is to be expected of impact craters subsequently
deformed by isostatic adjustment, volcanic activity, Lectonic
activity, andflater impaéts° The diameter distribution of»
the coﬁtinentéivcraters over all diémepers measurable from'
~.Ranger,and earthAbésed photography is shbwn ithigure 24,
where the post-mare distribution is also included for com-
parison (this repfésents an extension of thé diameter scale
‘over Figure 23). It is of similer form to that of the
post-mare craters and nearly parallels it with a higher
crater density. On these grounds, 1t 1s concluded that the
‘continental craters are predomlnantly impact cratersn just

as are the larger postamare craters,-
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‘ Althougn there is a break in the continental eurve;

‘which-will be_dispussed in the next chapter, the branch

.above D = 32km runs nearly parallel the post-uare'curve
and maj be used to compute the factor by which the con-
tinental craters outnumber the post—mare craters. Equa-
tions (12) and (35) best describe the distributions, and
Equatiens (13) and (34) may be used for comparison. At
D = 6him, both parallel branches are welll"—defin.ed, and
_the"continentai craters outnumben the post-mare Craters.

' nby a factor about 45, ‘Sinee the tﬁo curves are not exactb-
1y parallel, different resgults apply to different diameters9
and at the.large end of the post-mare distribution, D = 100 .
km, the factor drops to about 36. 'A

All of these craters formed in the interval between
the last stages of lunar formation (when the lunasr radius
reacned i1ts nresent value)9 and the mare period when the__
floodins occurredg an 1nterval of several times 1O8yr o
accoraing to the- discussion of pabe 96. This 1nterval is
probably on the order of J.1 post—mare timeo Therfore the
pre-mare flux must have averaged on the order of 400 times
the average post-mnre fluxo | '

Flelder (196)a) has writteng "Any hypothesis vwhich

1nvolves an assumption that there wasg an anomalous era
during which most of the craters wers formed (or infwhich

few eraters were formed) is ad hoc Fielder's assumption
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that'thé;crateriﬁé rate has been constant is, in itself,
ad hoc, in thebwriter's opinion; it led Fielder in the
same ﬁaper-to conlude that no mare is older than 7 x 108
yr. The writer hdlds that the above discussion demon- -
. strates that these parts of Fielder's paﬁer should be

revised.
L. Basins

The large?'circular bagins and their structural
syéﬁems>have béen described in detail in several earlier
papers (Hartmann. and Kﬁipérg 1962; Hartmann, 1963, l964’o)°
fﬁgure 25 ghows the systems mapped to date. Are these.

: huge'structunés>simply the result of great impacts?

.To answer this‘quesﬁion, an attempt waé madé to
add the basins to the F(D) diagram, Figures 23 and 24.
Should the_ﬁasins~fit one of the crater curvéég thelr
éenetic relation té craters'would be egtablished. In
pllotting, the figures, and throughout the 'preceding 'c‘;h.ap-
ters, limbwregions were rejected to avold blasing toward
large cfaterso HoweVQr9 the 1arge bésiné can be detected -
~out to the very limb of the moon by rectified photography,
as dimonétrated in Pigures 26 and 27. Therfore the entire
front hemisphere méy be usged as a counting surface fdr
basing. The inner fing of each malti-ring systém wag mea= -

_ sured;, as there ig evidence (Hartmanﬁ and Kuiper, 1962;

S
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Figure 25. Basins systems.

This figure outlines radial and concentric
systems surrounding lunar basins.



Figure 26. Mare Smythii.

.Illustrating the detection of basins at the
extreme limb by rectified photography.



Figure 27. Mare Orientale.

Illustrating detection of basin systems at the
extreme limb by rectified photography.
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Fielder, 1963a)rthat the outer rings are produced by
faulting. Three extra points, marked "BY on Figures

23 and 24, were added in this'we;y° Though of lower eta-
ltieticai.significanoe than the other points, they lie
precisely on the extengion of the continental crater
curve. Equations (34) and (35) compare the solution W1th
and without these three points; at diameters above 32km,,
where the lower linear branch begins, the two equations
give Virtually identical reeultsa Therefore iﬁ is con-

- cluded that the circular basiﬁs are glant impact. craters

deting from the pre-mare intense bombardment period.

D. Historical Imp;icatione

The pre-mare bombardmeﬁt must have‘averaéed about .
400 times %he»post—mare average, asg stated above. The
flux may have been even greater at its peaka From where
did thesse objects come° o

Several possibll;uies may be consldered: (i) the
objects represent the final, dwindling stages ofllunarlk'
aCoretion;'(é) they Mere?plenetesimals lefﬁ over after
the formatlon of the planeusy (3) they result from a
much higaer early ejection rate of objects from the as-
teroid belt; " (4) they resultrfrom a mueh hlgher early
ejection of comets fﬁom the coﬁetary cloud; (5):they re-
sult from the'sweepihg'up of debris around ﬁhe earth as

tidal friction forced the moon outward from the earth.

i
N
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Aé for (1), Kuiper's observation (section A), afe
firmed here, suggesﬁslthaﬁ the bombardmeht began éftér
the lunar surface had formed at the moon's presenﬁ radius.
Additional support fof this results from the above: the
fstatlstlcs gshow that only about 500 6f the 'pure_éontia
nental" surface is covered with craters of'D“kflkmo Un--
1imited overlapping of craters does not seem to have
occured (seé also,the next chapter). It appears that thé.
mdon did not grow from‘thé crateruforﬁing objects, bﬁt
from much sméller dbjécts,.perhaps of metric dimensions
as suggéstéd-by Foﬁler, Greenstein, and Hoyle (1962)°

Evidence‘égainst the second possibility is.contained_
in a recent~§éper~by Anders (1965). Anders finds that the
asteroids éjected. into the nearer reglons of the asteroid
belt after a collisibn are fragnments of objécts having'éﬁ.
orlginaL nearly Gaussian, mass dlstrlbutlon with- a peak
>frequency at about 1020 op lozlgm and he suggests that
the asteroids»ln their original state were accreted plarw»
netésimals with a nearly Gausgsian masé distribu£ion° |
Collisional fracturlng ‘has produoeq the pover law mass
distrlbution now observed in accord with Havkins (1960)
and, in part, ‘Marcus (1965) (see also pp. 62—63)° If the
original planetesimals of the solarﬁsystem had a mass
distribﬁtion departing markedly from & powerlla'v}9 they

may be ruled out as the agents for lunar'créteringo
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There 1s also some’evidence againet a very hiéh i
| ejeotioﬁ rate for asteroids in -early solar systenm history.
Only after the first few collisions within.the_central
asterold belt could a populetion of fragments build up in
the‘neighborhood of Mars, to be perturbed toward the «
earth. Accofdiﬁg to Anders (1965) the ooili-eional half
1ife of & single asteroid would be on the order 6 x1109 -
yr, so that collisions among all the asteroidé"could |
build up a fragmeot population rather quickly. .In fact,
exposure ages of meteorites iﬁdicate collisions every few
loayr. However, the resistance of the families of frag-
ments to further’peftﬁrbation'toward the earth appears
great, and the ejectlon rate would gradually increase as
" more fragmeﬁts build up in this region. Thus, if Anders'
pleture of esteroid fregmentation is correct; it appears
unlikely that a burst of asteroid.ejeotioh would occur -
in pre—mare tlme
Little is known of the history of evolution of the
comets, and it would be purely an ad hoc assumption to
suggest that“toe cometary flux was initialiy extremely
high and capable of producing a ofater diametef distri-
buion characteristic of fragmented projectiles glmilar
to the aswroids° » A |
The remaining hypothesls, that the prenmare bom~

bardment resulted-ﬂrom debrisein;the earth’ s.v1cin1ty,
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now is favored. This debris must have been in the fgrm
of fragmente@ particles, similar to the smaller asteroidal
_fragmentsg since the pre-mare and post-mare crater dis-
bribublons are of neawly the same form. Gilbert (1893)
and Ruskol (1961) hypothesized that such.pm%igles-exiSﬁed
and_thét the moon accreted from them, but we have already
| ruled out accretlon from them (case 1, above). Kuiper
(1954) suggested that‘they formed a "sediment ring" which
was swept ﬁp as thé"moon receded from the earth. ‘That'
the'earbh—moon gysten itself 1s unique is pérhaps the besgt
answer to thé cr;tioigm that the other terréstriai planets
have neither such a ring nor a 1arge satellite to sweep it
up. That. is, perhaps the debris which caused the intense
bombardment aré remnants of the unique process.by which the

moon came to be the satellite of the earth.



XII. EROSION, EJECTA, AND CRATER OBLITERATION

A. Introduction

Parts of the present chapter are based on material
prepared in collaboration With G. P. Kulper for the Ex- |
perimenters" Analysis and'Interpretations for the Ranger
ViI flight (Heacock, KUipef, Shoemaker, Urey, aﬁd Yhita-

_ ker, 1965)9 ‘and part on an earlier paper by the author
(Hartmann, 1964%a.) . | | '

The term ' erosion refers to’ all processes by which
rock or soil is loosened or moved.‘ ‘On the moon, externally
produced erosion results from. 1ncom1ng partlcles ranging
in mass from asteroidal to atomic,: A.glven square centi-
meter.will paﬁe»been hit repeatedly by the very small and
very ;numerous perticles; radiation and etomic,particles
cause ”eputﬁering"g and partioles uﬁ to‘aboufla gram massg
cause whau is here called | sandolastlng . Impacts of_still'
larger par@icles are less frequent and more widelj dis-
bersersed; they cause distinct craters which do not erode
inter~crater areas excepu ingofar. as ejected material
causes "blan&etlng and secondary craterlng . ZThe larger
~craters themselves also have a cookie~cutter elfect in

destroying their own area, phis is called %obliterationfo

138
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Table VII summarizes the effect of these external erosive
nechaniéms; ~In addition, there is deformation of the sur-
face by various internal agencies. All of these effects
mist be COnsidéred in interpreting cnater diameter distri%

butions, crater morphology, and surface history.

B. Sputtering and Sandblagting

Accnrding to a recent reporﬁ by Wehner (1964), a
| layer abproximately 17cm thick snould have been sputtered
| entlrely off the moon in the last 4.5 x 109y*, assumlng ‘
that the solar wind intensiuj has been constanu° Low
energy ions are primarily responsible, and}velocities of
ejecta typically exceed escape velocityo ‘
McCracken and Dubin (1964) and others have found
that the total influx'qf particles of mass less than lgm
(the range in whiqh mdst oflthe méss is~concenﬁrated)- '
amounts to a layer roughly 1 or 2cm-thick over the wholé
moon if the present flux is extraplolated back over 4.5 x
'le9yr° These particles will haveVbnilt up a bul#erized ‘
~or fragménted 1ayer'because each.particle ejects many times,
perhaps 100 to 1000 times, its own mass &t less than eseape
'_velocity. This 1ayer vill stablllze at some iniermedlate
depth, perhaps 20cm, because ejection is severly impeded -
by the'porous strunture.of the of thé pulverized'layer,
which may approach a "fairycasule structure. In addit— '

tion, each sandblasting particle maJ knock nearly 1t ssoun



Table VII: Lunar Erosive Mechanisms

- Mare

140

Continent

External

Sputtering

Sandblasting

Ejecﬁav.

H

‘ Obliteration

;nternal
F;ood;ng‘
_@ecténié
- Activity
Isostatic

Adjustment

Loss of 1l7cm ~

Loss of‘l—ECm
Fragments to ~20cm

Fragmenté'to
10cm- - 2m

None

Major
distruction

Minor fauiting

Minor

Loss of 1l7cm

Loss of ~50cm
Fragments to ~20cm

Fragments té
20m -~ 200m

Disappearance of
small craters

Isdlated "disguis~

ed™ patches

M jor Feulting :

. Smoothing of large

~ecraters
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ma.ss off the moon entlrely, Tesulting in a net loss of a
layer on the order of one centimeter deep.

Only the post-mare sandblasting effect was consiét,.
dered in the‘above paragrapho Because the pre—mafe :
perio@ saw an intense bombardment by'fragments numbering
aboui 45 times the post-mare tdtal, it appears ihat the
oldesi of the pre-mare, continentai'surfahes'should.have'
suffered about a 50cm net loss, ag well as having the 20cm
blanket . |

C. Ejecta and Secondary Cratering

Figure 28 illustratés some large (2m diameter)
blocks thfown from Meteor Crater,/AriZOna, during its
formation. Boulders of similar dimensions are rare on
‘mare\surfaces, though a few may be seen in Figure 4.
Whatever their’origin,'it is cléar that @here must exist
ejecta in some form on the moon. | |

Some rubble is thrown out in the form of blocks
lérge enough énd\with momenﬁum enough to make secondéry
. crateré° 'ﬁhoemakef (1965) has studied the craters made
by ejecta blooks around both fresh nuclear explosion
~craters and large lunar creters. He flnds that the dia—
meter distributions of such craters show slopes B of
about ~3.5 to —4.C°F(In fact, he identifies most of-the
~craters smalier than—severalihundred méteré, whose dis-

tributions show guch steep slopeé, as secondaries.)



Figure 28. Ejecta blocks at Meteor Crater.

Phto by author.
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It is clear that such craters do exist on the moon. ‘As

Figure 29 illustrates, they are usually clustered within
a fes diameters of their primaxry. Although the nunmber and

identificaulon of. secondarJ crauers, most of which measure

. less than 2km across, 1s beyond the scope of this paper it

1s to Dbe pointed out that in the densely cratered continent-

al regions, almost every point is within a few diameters of

‘a major crater, and hence secondaries may be relatively

uniformly distributied. For example, the inner wall of

. Alphonsus, a surface almost certainly pre-mare, shovws a

B value of about -3.1l, steeper than the mare value and sug-

- gesting an admixbure of sec_ondar'iés° Shoemeker's hypothe-

sis that secondaries dominate even 6n the-maria for DX

a few hundred meters appears qﬁestionable because of the
large averagé distance from majqr‘craters° Onlﬁ pulverized
material is known to be thrown these large distances.

Because of the tremendous accelefations imrolved9 and the

«already fragmented\nature of the surface 1ayers, especially

continental, it may be that 1arge solid blocks can be
thrown only a few crater diameters.

Some material, probably ranging from powdered to
loosgsely compacted, is thrown largé distanoesito form fha
observed rayso Judging:from high speed. photographsrof'
nuelear exploéioﬁs; this material 1is ejected ih spurfs in

the nature of gas jets breaking through the ipitial
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Figure 29. Secondary craters around Langrenus.

Photo: Lick Observatory.
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ruptures in the great dome of earth rising above the |
exp1081on. Ray deposits apparently never exceed depths of
“about 1Om, as thelr rellef has never been observed from
the earth; However, most of the mass of certain pest~ |
mare craters may be conflnea to their rims and raysg so
 that deposits of several meters may not be uncommon.
,Finallyg s certain amount of material must be
~ spread Beyond‘creter rims in thin, featheriﬁg veneers
reaOhing te ﬁany crater diameters.' At one time there
was thought to hold a principle known as Sohroter s
rule, which stated that the volume of a well=preserved
crater is equalled by the volume of its raised rim. High
resolution studies now reveal cages where thie is vio=-
lated; part of the rim volume must be raised anlbuckled
crust és well as ejecta;‘and a nen-faj portiqn of ejecta
must‘spray beyond the immediate rim. In continental.rew
gions, these veneers-pfobably overlap. .The”total volume
of all continental craters and basins of D » lkm, if
diSuributed uniformly over all continental surfaces,
would form a.layer on the order of 1.3km thick. (Most of
this comes from craters of D ™ 150km; each increment'ef
logD in Eigﬁre 27 contributes about 10~L to 10 “km:)  Of
| ‘coufse,'ﬁost of this material is concentraﬁed'in the
original crater rims, »but"if'z'to '207 of it is dispersed
beyond the rims, then the densely cratered oontinental

regions may have an inmer-crater debris. layer averaging

~.
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20 to éOOm thick. The ﬁaria, with only 1/45 the conti-
~ nental crater densify vould havels correspondingly thinner
debris lajer; furthermore, sinco fhe ray systems of post-
mare craters are distinet and non-overlapping,Ait i1s pro-
bable that the 1nter-orater debrls sheet on. maria is very
th;n, on the 10cm to 2m thlcks dependlng on the distance‘<

to the nearest large craters.

D. Obliteration

The main result of this effect is that smaller
craters are preferentlany deSuroyed by overlapplng of
successive generatlons of oraters Thig may be seen from

the followuing model:

Define: Do crater diameter in zxdtlal distribution

“;ﬁ; = ﬁ _ V . " new generation of over-
| 1apping oraters

a = ares considered

everage number of craters of diameter D,
(per unit interval ADO)-destroyéd by a
' single overlapping crater of diameter Dy

; N' = number of craters of diameter D, (per unit
o interval LD ) dastfoyed by all overlapplng
‘craters of diameter Dy
.‘h} =‘number of craters of diameter Dy (per unit

interval AD ) destroyed by all overlapping
oraters -
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Suppose that a crater of diameter Dj overlaps a
crater of diameter Dy (i.e. the Dl.impact:follows upon the
Do impact). Assume as a first approXimation; that if D1 >
D, the latter crater is obliterated, while if Dy > D, both
craters remain detectable;'
\ The fraction of the Dy craters destroyed by a sin=- -
gle Dy impact, if D1 > Dos is the area of the’Dl crater
divided by the area considered. By the definitions in . -
Equations (1) and (2), the number of craters per unit AD in a

ig proportional to pB-1, Therefore,

nt = D12 ¢ B 1 | | —
" Tia % | if Dy > Dy |
and =0 if Dy < Dy (36)

Therefore, the number of Dy craters deSuroyed by all new

D, craters is

| 2 1 _:
W= T o pPt g py Bl

=0 | 1f D1 < Dy (37)

if D1 > D

Therefore, finally, the total number of D craters inarea

a destroyed by all larffery overlapping crauers 15

;72! = 71C2 } 1 o Dl\’.[ax :
BB ) D31 ap,

0
. mC2 DNE}.iQ .:DOBJ;.2 ‘ :
4a(B+2)  p_-Bel (excluding B =-2)
| | (38)
. 2 - ‘
or - = w0 L log DMax.

ha Do 4 Do (if B =-2) ~ (38a)
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Therefore, the fraction of craters of diameter Dy destroyéd '
Ey each generation of overlapping craters (note that C is

proportional to a) is

n - omg 2 |
T T G [Pm? -0 s ()

o}

ﬁc Dyax.
o 108 '%gf_ (if B ==2) (39a)

or

This result shows that the fraction 6f destrbyed
craters 1ncreases toward small diameters, and it can be

seen that each succegslive generation of inpacts increases
the deficlency of small craters. . '

Two additional effects modify this simple model.
'Firstg as pointed_oﬁt by RKuiper (1964, private communication);
a giﬁen large Dl crater is more effective at obliteratiﬁg
small Dy craters than large ones. Thérefore, one may modify
the exponent of Do in Eouation(36)to read B - 1 = €.

Second larger craters tend to have Wwidexr. rims and ejecta
blanketsg so.that the exponent on Dl in Equatlon (36) may
read 2 + 4.

E. Internally Produced Effects

1) Floqdiné° The major:flood;ng which produced the
present mare surfaces clearly buried much of the surface.
' Probably‘the pre—m@re.surface featufes were cqmpleteiy
‘destroyed in most aréasvduringAthis'floodinge. Another
type of floodiné may appear in the smooth but. -bright

~ .
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continental areas. Some of these may De areas of early .
limited floodlng,nov covered over by later ray and ejecta
»layer‘s° This appears to have happened in the northern
o part'of'the bagin near Schiller, for example, where some
of the true dark mere material may still be seen under
high lighting. - If such "disguised" flooding vécurs in
the continental'arees,-even ﬁhe'ﬁpure continental"ncraterr
counts may be distorted. | | - | |
2) Tectonic adjustmentse An increasinglyrlarge,
body of evidence, such as studies of the lineamen£‘sys—
‘bems('Har‘bma.nn,l9639 1964Db; Strom, 1064) supports the
view that the entire lunar surface ‘has undergone uectonlc
" actlvityg probably maximized during the early flood1ng~
-period° Figure 30, in addltlon ‘o illustrations in the
-writer's 1963 and 1904 paners, cited a.bove9 illustrates
- lineaments of a radial SJSuem9 in unis case . Imbrium,
=along the borders of a region of contlnental bfeakup and
| ufloodingc- Theee sﬂruotures-nere hypothesiied o01result
- from faulting along fractures produced by the ba81n—form-
ing impacts. Figure 31 adds a new hivhnresoluulon view:
of & lunar g?aben—type rille, fnom Ranger VIII. -Flgures
32 through 35 add some new‘illusfrations.of:analogous'
- terrestrial sturctures. ProductionAof such features-on‘
uhe moon, especially 1n pre—mare time, adds to the dif~

\flculty of detecting the oldest crauers (Fielder9 l963b)

o



Figure 30. Lineaments and flooding.
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Figure 31. Rille (Mare Tranquillitatis; Ranger VIII).



Figure 32. Thingvellir graben, Iceland (aerial view).
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Figure 33 Scarps at margin of Thlngvelllr graben.

G-raben floor at left. House (upper left) gives scale
it Is built on collapsed mass which produced this
fissure. Photo by author.
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Figure 34. Parallel faulting, Tucson.

Analogous to hypothetical faulting which produced
parallel lunar lineaments. Rincon Mts., photo by
author.
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Figure 35* Tension fissure, Iceland.

Characteristic of innumerable Icelandic fissures
attributed to tension in the mid-Atlantic ridge.

Similar results are suggested for the moon due to
lunar thermal expansion. Photo by author.
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3) Isostatic adjustuments. Baléwin (1963, p. 193}
-attributes much of the modification of old craters to’ this
agency, in accord with hlS observation that the depths of

floors have been reduced faster than the rim heightse

F. Applicatiohs

The continental crater dlameter distributlion
(Figures#23 and 24) shovs a Significant bend at D‘= 32kﬁ°
As already'discussed on page 117 (and ﬁigureS'QO and 21),
‘the older classesqu»érétefs appeaflto be increasingly- -
déficient in sméll cpatersg relative to-either the slope
ofthe post-mare dlstrlbutlon or to an extrapolation from
large diameter contlnental craters.

The_obliteration theory of sectibn D was programmed
and iterated with B - L ~ €. = -2;33 and A = 0.1. As il- -
lustratéd'in Figupe‘BG, it qqalitativelyfpredicts a defi-
-clency of=small‘cfatérs; but accounts for only about half-
the observed effect and doés not réprodﬁééAthé'rather~- |
 sharp discontinuity et about 32km. Such a sharp d1scon-
| tinuity in the mass distribution of pre-mare- impactersg
“though possible,:is not expected. It is ten@at1ve1y<con~
cluded thafhihé défiéiency of craters besults from-a7com—-
bination of obliteration, 1nterna1 and external eros1ve
processess and a posszble observaulonal difficulty in

recording all small craters.
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Figure 36. Theoretical obliteration effect.



XIII. RELATIVE AGES OF MARE BASINS

In Chapter VII the mare surfaces were ordered -
éccordiﬁg'to age. .In this chapter the underlyiﬁg basing
‘themselves are so ordered.-

Aréhimedian'(post-basin, pre~mafe) craters are the
mein key to this study. Archimediazn crater demsities are
found to vary éonsiderably, although ﬁhe post;mare crater
densitles are nearly unlform° Hence the basin ages,
‘which are a functlon of the total (Archimedian plus post—
mare) .crater denslty, vary. - Because -the craueriné rate
wag probably not constant during the pre-mére period, the
bagin ages are not propértional to this total crater den-

sity. ‘ o ' |

The Archimedian crater density in seﬁeral basins
was studied as follows. It is clear that thé Archimedian
- craters are unlikély,tO"survive the deep flooding in mare
centers. Therefbre,,céunté'Qere madé«only ih a certain

zone around the outer edge’df eaqh>maré and the - lnner edge
of its rim. The width of the zone Was plcked according to
the apparenﬁ'degrée-of-preseryaﬁion bf~Archimedian cravers,
80 as to give a dliameter distribution complete down to

- gome: minimum diametero‘ Thege counts, added to ﬁhe post='

mare counts (in some cases negliglbly small), were then

e
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cqmpared with bost—mare and continental crater densities.
. By the hypotheses of this papef,.and by -definition, the-
-post=basin crater-density of each basin should fall be-
tween the post-mare and~§ontinental curves.

Secondary criteria of ﬁore subjective nature wére
also used %o order‘ﬁhe basins by age.- In some cases nod
hrater?staﬁistios could.be obtained because of fore-
shortening, and these criteria were the‘onlyrones avalil-

_ able. Mbrphological<differenqes, such ag rim sharpness,
"rim height, distinctness of ejects blankets, -and preser-
vation of radial and concentric. systems appear to be
;inveréely-related to age.. Physical‘processes such -as
erosion and isostatic adjustment mayAbelresponSiblé for
these differences.. |

| | Visual inspection of the borders of Mare Necﬁarig
and- the Apennine rim of Imﬁrium shows such arhigh.differs
. ence in Archimedian crater density that Urey's (1952,
 1960&, @) hypothesis of lava flooding by impabt fusion,
‘vimplying a3zero'Agchimedian‘time'interQQiy may be at once
be ruled out. - | | . .

Teble VIII lists the circular basins in order of
increasing‘aée.”'As'réporﬁed in.Chaptér XIV the baging
are interpreted as glant impact features. The figures of’
'iabie VIiI are interpreted as shéwing that the basins'did

- form during the early intense bombardment. All of the
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figures are subject to improvement pending more complete -

Archimedian crater surveys.

Table VIII Post-Basin Crater Densities’

Basin

Estimated Postb-bagin crater density
. Post-mare crater density

i o

.Arithmetic ' Logq g
Average mare 1.0 0.0
* orientale |
Tubrium 4 - 0.60 % 0,20
Crisium 16 ‘ 1020-i~0a16u
lHumboldtianum ‘ .
Nectaris 34 1.53 t 0.13
Near Schiller 35 . 1.55:% 0.12.
Humorum 37 | 1.57 % 0,10
.Grimaldi | B S
‘Serenitatis
Se E. Limb -
~Jan§sen :
Pure. Gontinental - 45 165 £ 0.07



XIV, CONCLUSIONS - SUMMARY OF LUNAR HISTORX

A chronologlcal summary cf 1unar history will now
be gilven: References to ev1dence discussed in this dis=-
sertaion will be given by chapter numbers in parenthesesw

| ~ The moon and the other planets formed probably
in a period of time about 4. 5 x 10° to 4. 7 x 109 years
‘agoa The place of the moon s orlging and’ the means
through which 1t came to be associated with the earth
are unimovn° | '

The moon acoreted out of bodies of me.ss less than
,1019 grams, so that at the time its present radius was
- reached, there were few or no craters-larger than a‘few
‘ kilometers diameter (XI). Probably the bulk of the
moon's mass accreted in the Torm of smaller bodles. sueh
~as the metric-sized objects hypothesized by Fowler,
Greenstein, and'Hoyle (1962),

| After the moon had feached its preseﬁt fedius,
‘but in the first. few 108 years of i#s existenbe, an in-
- benge bombardment began. - The flux;everaged on ﬁhe order
of 400 times the present flux; and the peekvbombardment"
was probably etill more inﬁenseo The objects ranged -
frOm at 1eest 1043 grams masg up o about 1022 grams
(VIIIn XI), with 2 mass distribution characteristic of
colllsionally iragmented objects, nearly identical to

) 161
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that presently found among the asteroids (XI, VI). They - -
fofmed craters which are still visible, co&ering about
56% of the continental surfaces, andlthe most mgssive
~ameng‘them Tormed besins, among whieh the Imbrium basin
‘is the largest and best knéwn example (XI). eIf the meon
wes ever Within a few radii of the earth, 1t was-moving :
out at this time toward its present orbit, and the Yom-

‘ barding'objecis may have been part of a ring, unigue to-

- the earth-moon system among the terrestrial planets.
Nectaris and Humerum are examples of the eafliest_basins
while Igbrium formed 1atery'near the-end of the intense ‘
bombardment (XIII).: Erosieﬁ and ejecfa have affected the
coﬁtinental eurfaoes~t0“a depth on the order of tens to

V hundreds .0f meters, obiiteration has caused loss of,se@e
smaller oraters (XII).:

During the latter part of tne intense bombardment
period, expansion of the moon due to radiocactive heating,
and,possibly other forces ae well, subjeeted the lunar
surface to stresses which pfoduced fraeturing,'faulting,
and the first manefestations of the 1unar grid ejstems~-w
(Harbmann, 1963, 1964p). These systems~intermingied
with-symmeﬁric frecture-systems surrounding the Baeinso'

Toward the end of the intehseebemﬁardment but
still probably w1thin the first 10° years of 1unar hig=

toryg the subsurface temperature in the outer part of the
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meon exdeeded the melting point (prebably peaking close
to 1t), and e pefiod of flooding~began (Hartmanns 1963,
'1964bj The fractured and brecciated zonesg beneath the
basxns gave to the 1ava access to the surfaoe° Faulting -

. continued, especially in radial and concentric fractufe

zones around the basins, and some lava rached the surface
along these faults’(Haftmann and Kuiper, 1962). Lava

| inundated some~other portionsvof the surface, :forming

ir}egular.maria and a feﬁ scattered flooded craters.

Of the present ﬁare surfaces, some of the oldest
may nave been subjected to the tail-end of the intense
bombardment,- they now show up to 1.8 timee the mean meare
crater density. MOSt of the cireular mare surfaoes are
'”qithin 25/ of the mean mare crater density, and hence the
flooding is:thought to_be,confiped to a certain.early
period (VII). "

The post-mare portion of lunar hietoryo though the
longest portion, has been the leaet event;ful° The post~'"
- mare craters are well- preserved (V), and they formed pre—
dominantly by the lmpacts of asgteroidal fragments (VL, IX).
.The mare suffaces average on the order of 4 x 109 years
in age (VIII)~ »Erosion processes have’ affected the meria .
'to a net depth on the order of O 1 to 2 metefso

| Figure X8 gives an early versxon of this history
in schematic_form-(from Hartmann, l964b) and Figure 39

-
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illustrates in greater detall the initial étages of
this history,«showing the 1lntense bombardmentfand the: -

“st1ll earlier accretive flux.
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Figure 57- Schematic diagram of lunar history.
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INTENSE\ BOMBARDMENT

COMETARY AND METEORITIC

FLOODING

PRE-MARE POST-MARE

TIME

Figure 38. Schematic outline of early lunar history.

Revised from Figure 37 to shov; early intense
bombardment.
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