\"’/,

PHYSICS

and

ASTRONOMY of
the N[OON

Idited by
ZDENEK KOPAL
Department of Astrononty

University of Manchester

1962
ACADEMIC PRESS, New York and London



CHAPTER 8

Interpretation of Lunar Craterst

EvGeENE M. SHOEMAKER

I Introduction. ... ..ottt ittt 283
I1. Crater-forming Processes...........coveiiieiiiiiiiniirninenuennnns 285
A. Geological Trend of Inquiry.......oviiiiiiiiiii i, 286

B. Terrestrial Crater-forming Processes. . ......... ..o, 289

B L - T 291
A. Surface Features of Maars........ ..., e 292

B. Subsurface Structure of Maars. ...........c.. i 295

C. Mechanics of Maar-forming Eruptions.......................... 298

D. Possible Maars and Other Volcanoes ontheMoon................ 301

IV, Tmpact Craters .. ... ...ttt it it 307
A. Form and Structure of Impact Craters ........................ 307

B. Eroded Structures of Probable Impact Origin .................. 314

C. Similarity between Impact Craters and Nuclear Explosion Craters.. 315

D. Mechanics of Large Meteorite Impact in Rock.................. 317

E. Comparison of Maars and Meteorite Impact Craters ............. 321

V. Ballisticgs of Copernicus. . ....oovviiiinii it 323
A. Ray Pattern of Copernicus ......... ..ot 325

B. Cratering Theory and Exterior Ballistics........................ 329

C. InteriorBallistics. .. ... oo i e 335

D. Angle of Impact. . .. ..o i e 341

V1. History of the Copernicus Region.......... ... .. oo, 344
A. Stratigraphy of the CopernicusRegion.......................... 346

B. Correlation of the Lunar and Geologic Time Scales............... 347

© C. Structure and Structural History of the Copernicus Region. .. ... 348
References .........c.coiiiiiii i i e 351

1. Introduction

The dominant surface features of the Moon are approximately
circular depressions, which may be designated by the general term
crater. Employed in this way, the word crater is used in its original
sense—a cup-shaped topographic feature—after the Greek root xparep
(cup or bowl)}. Solution of the origin of the lunarcraters is fundamental
to the unravelling of the history of the Moon and may shed much light
on the history of the terrestrial planets as well.

Most geological and probably most selenological processes are too

t+ Publication authorized by the Director, U.S. Geological Survey.

! Despite the e£pecial niche in an elaborate classification assigned to the term crater
by selenographers, and whatever connotations of volcanism this word may have had
to various authors in the past, the meaning of crater has become much more general
in current scientific literature; here it is employed as an inclusive descriptive term
without prejudice as to mode of origin.
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complex to be safely deduced from first principles. On the other hand,
we may reasonably expect the same physical laws to apply on the Moon
as on Earth, and we may also expect the rocks of the Moon to share
some of the same range of chemical and physical properties as the
rocks of the Earth. Undoubtedly there are differences—probably critical
differences—in the physical, chemical, and historical setting of the
surface of the Earth and Moon, and, indeed, there are striking differ-
ences in their topography. But if the problem is approached by
analogy, attention may be focused on those features which are similar
or the same in two different environments; the closer the comparison
that can be made, the stronger is the argument.

There is nothing new in the thesis that close comparison of lunar
features with possible terrestrial homologues will prove fruitful, for
it has been followed in lunar studies since the time of Galileo. The
justification for taking it up anew is that our understanding of terres-
trial phenomena relevant to the Moon has advanced greatly over the
course of the years and particularly in the last two decades. In applying
analogical reasoning, moreover, great care must be exercised in scaling.
This has been the major single pitfall in past comparisons of the
features either of the Earth or of experimental models with those of
the Moon. A jump of one order of magnitude in linear dimension and
sometimes more has commonly been made in comparing terrestrial
craters with lunar craters, and a jump of six orders of magnitude is
commonly made in going from model experiments to the Moon.}

In the pages that follow, the characteristics and origin of terrestrial
features that resemble lunar craters are first reviewed and criteria
are established by which results of various crater-forming processes
on the Moon might be distinguished. The history of a selected region
is then examined in the light of these criteria.

It would be impossible to take cognizance of all the pertinent geo-
logical and astronomical literature in a paper of this scope. I shall
draw primarily, therefore, on personal research on the mechanics of
maars and of meteorite impact craters and illustrate the discussion,
where appropriate, with geological and experimental features with
which I have had a direct acquaintance through field work. No
attempt is made to explain all the surface features of the Moon. Rather,
a few examples are analysed in detail consonant with the present
state of the art in lunar telescopic observation and photography and
in space exploration.

t A first approximation to many of the scaling relations can be made from elementary
considerations of dimensional analysis. A paper by Hubbert (1937) gives an excellent
introduction to the scaling or modelling relations of the physical properties of rocks.
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1. Crater-forming Processes

In his biography of G. K. Gilbert, the American geomorphologist
W: M. Davis wrote (1926, pp. 185-186):

“It has been remarked that the majority of astronomers explain
the craters of the moon by volcanic eruption—that is, by an essenti-
ally geological process—while a considerable number of geologists
are inclined to explain them by the impact of bodies falling upon
the moon-—that is, by an essentially astronomical process. This
suggests that each group of scientists find the craters so difficult to
explain by processes with which they are professionally familiar
that they have recourse to a process belonging in another field than
their own, with which they are probably imperfectly acquainted,
and with which they therefore feel freer to take liberties.”

Since the time of Davis’ writing, the division of opinion appears
to have shifted, and the literature prior to 1900 reveals that a volcanic
origin of the craters had been the prevailing consensus of both groups
of scientists. It is nevertheless true that the selenological contributions
of geologists and the selenological papers written by astronomers, have
comprised two somewhat independent bodies of literature, at least
after the time of the great naturalists such as von Humboldt and of the
astronomer-volcanologist, Julius Schmidt.

Probably both volcanic and impact hypotheses for the origin of the
lunar craters are nearly as old as the discovery of the craters by Galileo
in 1610. Robert Hooke (1665, p. 243) compared the lunar craters with
those formed on the surface of boiling alabaster and with craters
formed by dropping bullets on wet clay, but he rejected the impact
analogy because “it would be difficult to imagine whence those bodies
should come”. By the beginning of the 19th century a volcanic origin
for the lunar craters appears to have been nearly universally accepted
among the scientists of the time. A volcanic origin had been champion-
ed by Kant (1785), and the astronomer Herschel (1787) had even
reported what he believed to be observations of volcanic eruptions on
the Moon. But it should be recalled that the extraterrestrial origin
of meteorites was not then generally accepted. After the meteorite
shower at L’Aigle in France in 1803, which awakened widespread
interest in meteorites, the impact hypothesis for the origin of the lunar
craters was revived by Gruithuisen (1829), who also appears to have
anticipated the planetesimal accretion hypothesis for the origin of the
Moon. Many of Gruithuisen’s views were extreme, however, and most
of the principal selenologists continued to accept, without apparent
hesitation, some form of volcanism as the crater-forming process.

The later history of astronomical thought on the origin of lunar
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surface features has been reviewed repeatedly (Nevill, 1876; Goodacre,
1931; Baldwin, 1949; Wilkins and Moore, 1955) and need not be re-
peated in detail here. It is appropriate, on the other hand, to trace
briefly the evolution of thought in papers written from the geological
point of view, which are less well known. An excellent earlier review
of the geological viewpoint was given by Wegener (1921).

A. GeorocicarL TREND oF INQUIRY

A distinct geological line of thought on lunar craters may be consider-
ed to have begun with the rise of the science of volcanology. J. B. A.
L. L. Elie de Beaumont explained the lunar craters in terms of von
Buch’s now rejected theory of ““craters of elevation”, whereby calderas
and certain other types of voleanic craters were considered to have been
formed by updoming of horizontally deposited layers of volcanic
material around a central depression. He compared a large circular
basin on the island of Ceylon with lunar craters (Elie de Beaumont,
1831), and later published (Klie de Beaumont, 1843) an extensive list
of crater-form terrestrial features with which lunar craters might be
compared. Most of the terrestrial craters on this list were of volcanic
origin, but the largest, the Bohemian basin, about 120 miles across
is a roughly circular region ringed with mountains of non-voleanic
origin. It was originally compared by Galileo with the craters of the
Moon.

After an expedition to the Hawaiian Islands, the American geologist
Dana (1846) compared the craters of the Moon with the calderas and
other features associated with the Hawaiian shield volcanoes. Much
later the astronomer W. H. Pickering (1906) repeated this comparison
in more detail. The English volcanologist G. P. Scrope (1862, p. 233)
appears to have been the first to point out similarities between lunar
craters and the maars of the Phlegraean fields, near the Bay of Naples.
Again, the suggestion of the geologist was later elaborated by astron-
omers, in this case by Nasmyth and Carpenter (1885). Von Humboldt
(1863, p. 155) reasserted von Buch’s theory of “‘craters of elevation” with
reference to the craters of the Moon in his encyclopedic work, ‘‘Cosmos”,
though he recognized a disparity in form and size between the lunar
craters and most terrestrial volcanic craters.

A fundamental advance in the study of the origin of the Moon's
surface features was made in 1893 by G. K. Gilbert, then Chief Geologist
of the United States Geological Survey. Gilbert (1893) reviewed the
characteristics of lunar craters and of various types of terrestrial
volcanic craters and concluded that the differences in form, and to
a lesser extent differences in size, between lunar and terrestrial craters
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were so great that a volcanic origin for the lunar craters seemed
improbable. He did, however, recognize a possible analogy between
the smaller lunar craters and terrestrial volcanoes of the maar type.
With this as a point of departure, Gilbert proceeded to develop an
impact hypothesis for the origin of the lunar craters, which was based
on some acute telescopic observations of the Moon and upon laboratory
experiments. Four authors of whom he was cognizant had preceded
Gilbert with an impact hypothesis: the astronomer R. A. Proctor
(1873, and 1878), who later abandoned the idea, according to Mary
Proctor (1928, p. 83); the architect Meydenbauer (1877 and. 1882);
and the architect and the theologian, August and Heinrich Thiersch,
son and father, who wrote under the pseudonym ‘‘Asterios” (1879).

Gilbert felt that the predominantly circular or nearly circular form
of the lunar craters required special explanation under the impact
hypothesis, as impacts at other than vertical incidence had produced
elliptical craters in his experiments. To alleviate this difficulty he
devised an ingenious ‘“moonlet”’ theory in which the craters were
assumed to have been formed by the infall or sweeping up of smaller
satellites of the Earth. From the theory he obtained a frequency
distribution for the angle of incidence with a mode at vertical incidence.
The underlying assumptions of this theory foreshadow the Moulton-
Chamberlain hypothesis of planetesimal accretion, and Gilbert
pointed out this implication, though he refrained from developing it.
One of the major contributions in Gilbert’s paper is the recognition
of a radiating system of linear topographic features surrounding Mare
Imbrium, which he termed “Imbrium sculpture ’. He considered the
circular maria as simply the largest members of the whole class of
craters. In the detailed application of the impact hypothesis to the
explanation of various features of the lunar surface, Gilbert’s paper
is remarkably modern in viewpoint when compared with the papers
of such latter-day authors as Baldwin (1949), Urey (1951), and Kuiper
(1954).

But Gilbert’s views were too advanced for his time, and they were
soon attacked by the geologists Branco (1895, pp. 280-314) and Eduard
Suess (1895). At the close of the 19th century the consensus among
both geologists and astronomers was still firmly in favour of volcanic
origin of the craters.

The principal lunar crater-forming processes advocated by geologists
since 1900 may be roughly classified into four major categories, follow-
ing the German writers: (1) Blasenhypothese—bubble or steam blast or
volcanic explosion hypothesis; (2) Vulkanhypothese—volcanic hypothe-
sis or, more strictly, the caldera hypothesis; (3) Gezeitenhypothese—
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tidal hypothesis, and (4) Aufsturzhypothese—impact hypothesis. The
first three categories may all be considered varieties of volcanic hypo-
theses and no sharp separation can be made between them.

The Blasenhypothese, conceived in its extreme form by Robert Hooke
as the bursting of gigantic bubbles, supposes some form of violent
escape of gas from the lunar interior. In a more realistic form the
hypothesis involves simply a sudden release or explosion of steam or
volcanic gas from some place beneath the lunar surface. In this form
it has been applied to some or all of the lunar craters by Sacco (1907),
Dahmer (1911a, 191154, 1912, 1938, and 1952), and Mohorovicié (1928).
The Blasenhypothese may also be considered to include the maar type
of volecanism, which involves violent gaseous eruptions and will be
described below in more detail. In this form it has been supported by
Branco (1894 and 1915), Eduard Suess (1909), von Wolff (1914),
F. E. Suess (1917), and many others.

Most supporters of the Vulkanhypothese compare the lunar craters
with terrestrial calderas. On the one extreme the comparison is with
calderas formed during violent eruptions, such as Krakatoa, and on the
other extreme the comparison is with calderas formed simply by quies-
cent subsidence, such as the summit calderas of the Hawaiian shield
volcanoes. Besides Branco, the elder and younger Suess, and von
Wolff, the list of advocates of some form of volcanic hypothesis for the
origin of most lunar craters includes Simoens (1906), Giinther (1911),
Krejéi-Graf (1928 and 1959), Forbes (1929), Matoudek (1924a, 1924b,
and 1930), Spurr (1944), Sacco (1948), Escher (1949 and 1955), Viete
(1952), von Biilow (1954 and 1957), Jeffreys (1959, pp. 372-377), and
Green and Poldervaart (1960). European geologists, in particular,
appear to favour some combination of volcanic hypotheses to explain
the majority of lunar craters.

At the quiescent extreme, the Vulkanhypothese shares many features
with the Gezeitenhypothese or tidal hypothesis, developed by Faye
(1881), Ebert (1890), Hannay (1892), and Pickering (1903). Under the
Gezeitenhypothese it is assumed that the Moon was once fluid except
for a thin crust. Tides raised by the Earth’s attraction are supposed
to have fractured the crust, permitting a part of the fluid interior to
flow out on the surface and then to recede again with the passage of
the tide. A part of the fluid congeals on the surface with each high
tide and a circular rampart is thus built up around each locus of
outflow. Among geologists, this hypothesis was received with some
favour by Eduard Suess (1895 and 1909), but has not been seriously
considered by others, except to the extent that tides can trigger
volcanic activity (Ower, 1929).
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The Aufsturzhypothese, or impact hypothesis, which received its
most important early development from Gilbert, has been supported by
Wegener (1920, 1921, and 1922), Spencer (1937), Fairchild (1938), Daly
(1946), Dietz (1946), and Quiring (1946) as well as many astronomers.
F. E. Wright, who undertook the most extensive and painstaking
investigations of the Moon of all 20th century geologists, recognized
merits in both volcanic and impact hypotheses but appears to have
leaned toward volcanism to explain most of the lunar craters (Wright,
1927, p. 452, and in press). Unfortunately, with the interruption of
World War II, Wright did not live to publish the bulk of his results
and conclusions. N. S. Shaler (1903) and E. H. L. Schwarz (1909)
advocated impact for the origin of the circular maria but turned to
volcanism and other mechanisms to explain the other craters. In later
papers, Schwarz (1927 and 1928) developed a ‘“‘torsion cylinder”
hypothesis, the mechanics of which are somewhat obscure, for the
lunar craters and certain terrestrial craters.

Many other ideas, which are hardly profitable to review from a
geological point of view, have been advanced to explain the lunar
craters, such as the “ice” or “snow” hypothesis of Ericsson (1886) and
Peal (1886), and the “vortex’” or “‘sun spot’” hypothesis of Rozet (1846)
and Miller (1898). The latter, which might also be called the “convec-
tion current” hypothesis, has been revived in a more sophisticated
form by the astrophysicist J. Wasiutynski, (1946) and supposes a fluid
moon in which there are internal currents or a fluid moon with a thin
crust. Craters are supposedly formed over individual convection cells.

It should be noted that a hypothesis of the astronomers Tomkins
(1927) and Marshall (1943), in which lunar craters are supposed to have
formed by the quiescent opening or collapse of the summit of a dome
raised over a laccolith or blister of molten rock, closely resembles von
Buch’s old “craters of elevation” theory for the origin of terrestrial
craters. The so-called lunar domes with summit craters, cited by
Marshall as formed in this fashion, probably have, as will be shown,
more direct terrestrial analogues.

B. TERRESTRIAL CRATER-FORMING PROCESSES

Terrestrial craters are formed by a wide variety of processes, but
terrestrial craters of only two general classes closely resemble the
majority of lunar craters: (1) the maar type of volcanic crater, and
(2) meteorite impact craters. These two kinds of craters are sufficiently
similar in gross external form to have frequently been confused, one
for the other. In fact, a volcanic or cryptovolcanic origin has been

U
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proposed for nearly every major impact structure recognized up to the
last few years.

Although most proponents of the volcanic origin of lunar craters
have considered terrestrial calderas as homologues of the larger lunar
craters, the majority of calderas differ from most lunar craters in
several important respects. Only the most important need be mentioned
at this point. Most calderas occupy the site of the central part of a
volcanic edifice; the floor of the caldera is commonly higher than the
level of the terrain surrounding the edifice (Reck and others, 1936;
Williams, 1941). Lunar craters, on the other hand, in which the floor
is higher than the terrain surrounding the crater rim are extremely
rare. This discussion will be restricted chiefly to terrestrial features
that closely resemble Junar craters.

In thus limiting the discussion, a separation has been drawn between
calderas and maars, but the separation is not everywhere clear-cut in
the field. Some craters in Mexico, for example, which I consider to be
of the maar type (Galbraith, 1959) have been referred to by Jahns
(1959) as calderas. The distinction depends upon minor but perhaps
critical differences in interpretation of the history and mechanics of
the craters. Most crater-form depressions referred to as calderas are
considerably larger than maars.

As used by most present-day volcanologists, the term caldera is
applied to large, more or less circular depressions which have been
formed by the collapse of the summit of a pre-existing volcanic pile,
commonly a cone-shaped volcano. The caldera is usually formed at a
late stage in the history of the volcano, and the collapse or subsidence
of the summit is commonly, but not always, accompanied by violent
eruptions. As defined by Williams (1941), the caldera is larger than
any individual eruptive vent.

A maar, on the other hand, is opened by piecemeal spalling and
slumping of the walls of a volcanic vent during most of the eruptive
history of the volcano. The smaller fragments are entrained in out-
rushing gas and distributed far and wide around the crater; a low rim
of ejecta is generally formed, which is repeatedly engulfed on the inner
edge by the ever-widening crater.

It is, of course, possible to have a combination of various crater-
forming processes operative at a single volcanic vent, and late stage
collapse or subsidence is also a common event in the history of some
maars. Therefore the classification of certain volcanic craters will
necessarily depend on the somewhat arbitrary decision or personal
preference of the investigator. It should also be noted that there is no
unanimous agreement among volcanologists on the details of the
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mechanics of calderas or of maars. The theory of Escher (1929 and
1930) for the Krakatoa caldera resembles the theory presented here
for volcanoes of the maar type.

On one point, on the other hand, there is now nearly unanimous
agreement among close students of calderas. A caldera is formed by
subsidence rather than by ejection of the rocks from the space occupied
by the surface depression. The association of violent awe-inspiring
eruptions, atmospheric waves and sea waves, with the collapse of the
Krakatoa caldera in 1883 led to the widespread popular misconception,
bolstered by the Royal Society report (Judd, 1888) that the volcano
literally blew its top off. But a simple inspection of the ejected debris
shows that this did not happen (Verbeek, 1886; Stehn, 1929). Most of
the ejected material consists of pumice—frothy glass formed from new
magma. There are far too few fragments of the old lavas of which the
volcano was built to account quantitatively for the volume of rock
which disappeared from the summit of the volecano during the eruption.
A similar situation exists for nearly every other caldera of the Krakatoa
type for which quantitative estimates of the ejecta have been made
(Williams, 1941; van Bemmelen, 1929).

It is highly improbable that any volecanic eruption, although it may
be classed as “‘explosive’” by volcanologists, can be likened to the deton-
ation of high explosives. The volcanic process commonly called
explosive is simply the rapid discharge of gas, usually through some
pre-existing orifice or vent. When rapidly moving volcanic gas,
accelerated along a conduit by a moderate pressure gradient (Iiinarsson,
1950), encounters the relatively static air above the vent, visible
shock waves may be generated in the atmosphere (Perret, 1912). The
noise is often deafening but, despite the auditory similarity to a
chemical explosion, the volcanic mechanism, as will be shown, is
basically different.

Hi. Maars

“Maar” is a German or Rhinelander word applied to a number of
small lakes that occupy volcanic craters in the dissected plateau of the
Eifel region of Germany. As used by the German cartographers and
geologists, “maar” or “dry maar’ has also been employed to designate
other similar volcanic craters in the Eifel even though they are not
occupied by lakes (Hopmann, Frechen, and Knetsch, 1956). The craters
are circular to elliptical or somewhat irregular depressions excavated
in the Eifel plateau. They range from 70 to about 1500 m in greatest
diameter, measured from rim crest to rim crest, and from about 10
to about 200 m deep, measured from the highest point on the rim to
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the lowest point in the crater. Most of the craters are partially en-
compassed by an inconspicuous low ridge of ejecta composed partly
of volcanic ash and lapilli and partly of pieces of pre-existing non-
volcanic rocks from which the crater and underlying vent have been
excavated.

The term ‘“‘maar” or “maar-type volcano’ has been very generally
applied to volcanic craters scattered around the world which are
similar to the German maars. Cotton (1952, pp. 258-267) has proposed
the term ‘“ubehebe” for the dry maar and “tuff ring” for the maar
encircled by a higher rim of ejecta than is found at the Eifel maars.
Here they will all be referred to simply as maars.

A. SurracE FEATURES OF A Maar

For purposes of detailed description it is appropriate to take the Zuiii
Salt Lake crater of western New Mexico (Darton, 1905) because it
resembles closely in gross form a number of lunar craters of larger scale.
The crater is a depression in the moderately irregular surface of the
southern part of the Colorado Plateau and is encompassed by a low
rim like the Eifel maars (Fig. 1). In the central part of the floor
of the crater is a shallow saline lake from which rise two small basaltic
cinder cones. The crater is about 2000 m across and the surface of the
lake lies about 50 m below the general level of the surrounding terrain.
The rim of the crater, which is of uneven height, rises about 125 m
above the crater floor.

The rim is formed of bedded ejecta resting on nearly flat-lying older
rocks. Mixed pieces of sandstone, shale, limestone, basalt and old
crystalline rocks are found in the ejecta as well as lapilli of basalt,
which represent drops of lava thrown out of the crater as the rim was
being built up. Some of the sandstone, shale, and basalt fragments
have been derived from beds exposed in the walls of the crater, but
other rock fragments have been derived from considerably greater
depth. The outer slopes of the rim are smooth and mostly gentle; the
maximum gradient near the crest is about 30° and at the outer extrem-
ity the rim merges imperceptibly with the surrounding countryside.
The deposit of ejecta thus forms a conical sheet which tapers gradually
to a feather edge at the outer perimeter. In total volume the sheet
would be insufficient to fill the crater, and the volume of pieces of rock
in the sheet that are derived from the space occupied by the crater is
a very small fraction of the volume of the crater.

The crater walls are irregular, steeply sloping surfaces underlain
chiefly by sandstone and shale capped by the ejecta sheet of the rim.
A basalt flow beneath the ejecta crops out as a low cliff on one side
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of the crater. Sandstone, shale, and basalt, together with parts of the
ejecta sheet, have dropped into the crater in a series of fault blocks (not
described by Darton) along the west side, locally forming a series of ter-
races. The detailed features of the walls have been sculptured by erosion.

The crater floor is built up of coalescing small fans of alluvial detritus,
derived by erosion of the walls and, in the centre, lake beds of undeter-
mined thickness. The cinder cones, which represent the latest phase
of volcanism at the crater, have been built upon the lake beds and
rise to heights of about 50 m above the lake surface. A small crater in
the centre of the largest cone descends to lake level.

Zuiii Salt Lake is a fairly representative maar, though the presence
of cinder cones in the centre is unusual. Only one other maar with a
central cone, the Wau en Namus of Libya (Viete, 1952, p. 475), has
come to my attention. The Afton craters of southern New Mexico
(Lee, 1907; Reiche, 1940) are more eroded and filled in than the Zuiii
Salt Lake crater, but also exhibit the downfaulting or collapse along
the crater wall. Well-developed bedding in the ejecta of the rim, which
is a normal feature of maar rim deposits, led Reiche to interpret the
beds in the largest of the Afton craters as fluviatile in origin. A decisive
characteristic which shows such beds to have formed by fallout of
ejecta, however, is the pronounced deformation of the beds under the
larger blocks (Shoemaker, 1957). Such blocks in rare cases, such as
in the rim of a maar in Puebla, Mexico (Ordofiez, 1905), are as much
as 3 m across; the averagegrain size of the ejecta of maar rimscommonly
lies between about 5 and 10 mm.

Another feature of the bedding in the rim deposits that is character-
istic of uneroded maars but also occurs at other volcanic craters is
the draping of the bedding over the crest of the rim. This feature is
well illustrated at several craters in Puebla. On the outer slopes of the
rim the bedding is subparallel with the gently sloping upper surface
of the ejecta deposit. Inward-dipping beds are found in some places on
the inner slopes or walls of the craters as well. In general, the inward-
dipping beds lie at angles close to the angle of repose of the material
when it fell, ordinarily between 30° and 40°. Individual beds may be
traced up the crater walls, over the crest of the rim, and down the outer
slope. Generally only a thin layer of such beds, representing the last
showers of ejecta, is draped over the rim crest. Lower beds in the rim
deposit are most commonly truncated at the crater wall. The thin
layer of inward-dipping ash or ejecta is quickly stripped away by
erosion, but where preserved, it shows that the crater had attained
nearly its final form prior to the last ejecta showers.

Draped bedding and inward-dipping ejecta may be found at the
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Pulvermaar in the Eifel and the Cerro Colorado crater of the Pinacate
region of Mexico (Jahns, 1959), but in these regions where the rim
deposits are typically rather thin, the walls of the craters are more
commonly bare bedrock. At the Diamond Head, Punch Bowl, and
other maars on the island of Oahu, Hawaii (Stearns and Vaksvik, 1935),
and at Crater Hill and other maars at Auckland, New Zealand (Firth,
1930), on the other hand, the walls of the craters are formed entirely
of ejecta deposits. In these latter cases the floors of the present craters
have been filled about to the level of the surrounding terrain or actually
lie at a little higher level.

A crater of the maar type at Soda Lake, Nevada (Russell, 1885,
pp. 73-76), has formed on the bed of the Pleistocene Lake Lahontan,
after the lake had dried up. Fragments of the lake sediments, including
shells of fresh-water invertebrates, are present in the ejecta of the
crater rim. Evidently a similar occurrence of shells led Scrope (1862)
to conclude that the maars of the Phlegraean fields in Italy were
actually formed under water.

B. SUBSURFACE STRUCTURE OF MAARS

In order to demonstrate the origin of maars it is necessary to know
the relation of such craters to the underlying volcanic vents and to
know the structure of the vents. One of the best places to examine
these relations is in the Hopi Buttes region of the Navajo Indian
Reservation, Arizona (Hack, 1942; Shoemaker, 1956; Shoemaker,
and Roach and Byers, in press). Here some 300 maars of Pliocene age are
well exposed in varying stages of denudation, more than are known
in an area of comparable size in any other part of the world.

In the Hopi Buttes, the craters are found to be the surface features
of funnel-shaped volcanic vents filled with a variable assemblage of
blocks of old sedimentary rocks derived from the vent walls, basaltic
tuff, tuff-breccia and agglomerate, fine-grained generally well-bedded
clastic and carbonate rocks formed of sediments laid down in the craters,
and intrusive and extrusive alkalic basalt. The vent walls generally
slope gently (less than 45°) inward in the upper part where they cut
soft Pliocene lake beds, and more steeply (more than 45°) where they
cut well indurated Mesozoic rocks lower down. The walls cleanly
truncate the older rocks, which are nearly flat-lying well-bedded sand-
stone and shale; the beds are deformed in only a few places. A volcanic
vent with these characteristics has been called a diatreme by Daubreé
(1891), who coined and applied the term to closely similar vents in
Scotland and Germany as well as to the kimberlite pipes of South
Africa.
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Some of the diamond-bearing kimberlite pipes of South Africa, which
are slightly different but closely related to the Hopi Buttes diatremes,
have been completely explored by mining over vertical distances of
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Fic. 2. St. Augustine’s and Kimberley Mines, South Africa. (a) Section through St.
Augustine’s pipe in a northwest direction (after Wagner, 1914). (b) Plan showing
contours of Kimberley and St. Augustine pipes (after Wagner, 1914).

more than 500 m (Fig. 2). They taper gradually downward into bodies
increasingly elliptical in plan with depth; at the greatest depths
reached by mining some pipes are elongated to dike-like forms. Kimber-
lite (serpentine breccia) diatremes of the northern part of the Navajo
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Indian Reservation, which are exposed at a deeper level of erosion than
the diatremes of the Hopi Buttes, exhibit a variety of forms at depths
of several hundred to about 2000 m below the surface of eruption
(Fig. 3). They range from mere local enlarged openings along dikes, as
at Red Mesa (Fig. 3), to irregular pipe-like bodies with complex internal
structure as at Mule’s Ear (Fig. 3). These diatremes, at the level at

t }
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% y\ .................. ’
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Red Mesa Moses Rock Mule’s Ear Garnet Ridge
diatreme diatreme diatreme diatreme
Explanation
Thin dike of Breccia of sedimentary rock fragments with Sill
serpentine tuff serpentine -crystalline rock-fragment matrix.

Major blocks have subsided

[2]

Serpentine tuff Breccia of sedimentary rock fragments with Sedimentary rocks
with minor serpentine - crystalline rock-fragment matrix. overlying sill
crystalline rocks Major blocks have risen :

Fi1a. 3. Diagrammatic plan views of four serpentine-bearing diatremes in the northern
part of the Navajo Indian Reservation, Arizona.

which they are exposed, are filled entirely with fragments of serpentine,
ultrabasic rocks, and pieces of rock derived from the vent walls. Blocks
of sedimentary rocks, some more than 40 m across, have dropped down
the vent from the horizons at which they were derived, in places as
much as 1500 m. Other pieces, generally much smaller in size, have
come from great depth, some probably from below the Earth’s crust.
Pieces that have gone down are intimately mixed with pieces that have
come up, but in the Mule’s Ear diatreme the largest pieces that have
gone down are concentrated alorig the wall of the vent and the center is
filled mainly with pieces that have come up. The general mixing of
fragments from different sources is a common feature of diatremes.
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C. MecHANICS OF MAAR-FORMING ERUPTIONS

One of the few maars that has been observed in eruption and re-
ported in the literature is the Nilahue maar, which was opened up in
the Rifiinahue volcanic field of southern Chile during the summer of
1955 (Miiller and Veyl, 1957).

The entire eruptive history at Nilahue spanned about 3} months.
The initial volcanic activity consisted of violent gaseous discharges of
about 20 to 30 minutes’ duration interrupted by periods of complete
quiescence. The duration of the gas discharges and intervening
quiescent intervals gradually became longer during the life of the
voleano. Ejecta, consisting mainly of new lava and subordinate pieces
of older rock, were carried to heights of about 5 to 8 km by the gas
discharges and showered down over an area extending more than
200 km from the voleano.

Stratigraphic relations of the ejecta of other maar-type volcanoes
suggest that most of them are similarly short lived.

Steam clearly plays an important role in maar formation but there is
no agreement as to the source of the water and the steps in its trans-
formation to the gas phase. Some volcanologists, such as Stearns
(Stearns and Vaksvik, 1935, pp. 15-16), have emphasized the importance
of ground water in maar formation. There seems no reason to doubt
that ground water has played the key role in rare “explosive” eruptions
at Kilauea, Hawaii (Jaggar and Finch, 1924; Stearns, 1925), and
possibly in the formation of Hawaiian maars and in other unusual
eruptions as at Tarawera, New Zealand, in 1886 (Smith, 1887; Thomas,
1888). On the other hand many maars, such as those of the Eifel and
Hopi Buttes, are associated with alkalic basalts that are characteristic-
ally rich in water and other volatile rock constituents. The gas phase
given off in the eruptions at these craters may have been derived
chiefly, if not entirely, from the basaltic magma. Here we will examine
the eruptive mechanism for a magma that is saturated with volatiles
at the onset of eruption. This is probably the only case that will have
application to lunar craters.

The initial stages of opening of a maar-producing vent can only be
inferred. Suppose that a magma rich in dissolved volatile constituents
is ascending through the Earth’s crust along pre-existing fractures or
along new fractures propagated by the intruding magma. The events
that will take place will be controlled by the vertical pressure gradient
in the crust, which in turn is a direct function of the superincumbent
load of rocks. For simplicity of discussion the rock pressure will be
taken to be hydrostatic. The ascending magma ultimately reaches a
level where the rock pressure is equal to the partial vapour pressure
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of the magma. Exsolution or boiling of gas should begin in the magma
intruded above this level.

One of the mechanical properties of rocks which is important to
the next stage of the maar formation process is their very low tensile
strength. Tensile fractures may be propagated in rocks by fluids
moving along them under pressures only slightly exceeding, or in some
cases even less than, the lithostatic or overburden pressure (0dé, 1956
Hubbert and Willis, 1957). This fact is well known from the practice
of hydraulic fracturing to increase oil recovery in certain oil well
operations. Depending on the supply and viscosity of the fluid, the
fractures may be propagated very rapidly. If sufficient gas were
evolved from a boiling magma to transmit pressure from the magma
to the overlying regions of lower rock pressure, a fracture could be
propagated up the lithostatic pressure gradient to the surface. Through
this fracture the gas could then escape. During the initial propagation
of the fracture there is a slight overpressure on the walls which forces
them apart, but once the fracture is opened to the point where the gas
begins to move along it at appreciable velocity there is actually a
drop of pressure from the rock in the wall to the moving fluid.

Turning now to the upper tip of boiling magma, if the gas is drained
rapidly away up the fracture, there will be a drop in pressure on the
upper surface of the magma or at the level where froth or bubbles are
beginning to form in the magma. A decompressional wave will there-
fore be propagated down the column of magma which will permit
boiling to occur in a lower level in the magma column. If the gas
exsolves sufficiently rapidly so that the formation of bubbles keeps
pace with the wave front, the conditions of wave propagation would be
somewhat analogous to those for deflagration waves in burning gases.
Material would be accelerated upward, in the direction opposite to
the propagation direction of the decompressional wave, at a velocity
governed by the pressure difference across the wave front. Boiling
would descend to the depth where the pressure on the low pressure side
of the wave front just equals the vapor pressure of the magma. The
physical condition of the material on the low pressure side of the wave
front would be complex and probably would change rapidly as it
moves up the vent. The bubbles would expand as the froth moves
into regions of ever decreasing pressure, ultimately coalescing to form a

gaseous continuum with entrained bits of partly degassed magma.
"~ Decompressional waves would also be propagated into the walls of
the fracture and the walls of the boiling part of the magma column,
permitting rock to spall and become entrained in the moving gas-liquid
system. The entire gas-liquid-solid melangé can be described as a
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complex fluidized system (Matheson and others, 1949). Depending on
the velocity and density of the system, individual particles may either
rise or sink or maintain their level in the vent. Some initial widening
of the vent probably takes place by simple abrasion of the walls by
the entrained debris, but spalling (plucking) is probably the main
process which opens the fracture along a channel which soon localizes
most of the flow. Along the length of the channel the pressure drop
across the walls will tend to be greatest where the channel is narrowest
(Venturi effect). At great depth the spalling may be sudden and violent,
as in the case of rock bursts in deep mines, but near the surface it may
be a more gentle slumping. By these processes the vent is cored out,
probably much after the fashion of the gas coring observed by Perret
(1924, pp. 62-69) in the 1906 eruption of Vesuvius.

Periodicity in the gas discharge, such as was observed at Nilahue,
could be due to a number of causes. In the simplest case, a periodic
discharge would occur if there were a continuous slow upwelling of
magma uniformly charged with dissolved volatiles. Each time the top
of the fresh magma reached a certain critical level, boiling would
begin. The upper part of the column would be removed as a fluidized
system, after which the vent would be choked with the unexpelled
debris. The whole repetitive mechanism may be similar in some
respects to that of a geyser.

The simplest maars are the orifices of vents opened by gas-coring.
The floors of the craters, initially, are formed by the debris left at
the end of the last eruption. Most of the material expelled from the
vent is carried so high by the high velocity jet of gas that it falls far
from the crater, but a small fraction falls locally to form an ejecta
deposit on the rim. The lower the velocity of the gas jets, the higher
is the ejecta deposit of the rim.

The distribution of ejecta around the crater follows a probability
function governed by the variable velocities and characteristics of
successive jets, atmospheric winds, the frequency distribution of grain
size, drag coefficients of the ejecta, and many other factors. The ejecta
form a blanket-like deposit with diffuse margins and an original upper
surface that is generally smooth down nearly to the scale of the indivi-
dual fragments. Fragments from all sources in the vent are generally
indiscriminately mingled in the ejecta.

In many of the Hopi Buttes maars, particularly the larger ones,
the gas-coring phase of the volcanic activity was followed by a period
of subsidence or withdrawal of material down the vent. Thick deposits
of fluviatile and lacustrine beds were laid down in places on the sub-
siding vent debris and some of the craters were greatly enlarged by
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slumping of the crater walls. The causes of the subsidence are not
fully understood but are probably related to the presence of a fluid
column of magma occupying the vent at depth. In about half the
Hopi Buttes maars the volcanic activity culminated in the quiescent
upwelling of lava that filled the craters and commonly piled up to form
low lava domes, in some places spilling over or cuttmg through the
ejecta rims to form short flows.

D. PossiBLE MaARS AND OTHER VOLCANOES ON THE MooNn

A nearly universal feature of maars, where they occur in considerable
number as in the Eifel and the Hopi Buttes, is their tendency to be
aligned in chains or rows. In the Hopi Buttes, dikes may be found
in places between the craters, but more commonly there is no geologic
feature connecting the craters along a given row at the surface. The
alignment is probably due to some major fissure at depth along which
the magma rose. In some places this fissure may be an old structure
in the Earth’s crust; in others the fissure may have been propagated
by the magma itself (Anderson, 1951, pp. 22-28).

On the Moon, chains of small craters are common; most writers
have supposed them to be of volcanic origin. There appear to be
several different types of crater chains which should be examined separ-
ately.

A row composed of both small individual craters and small domes
in the centre of Hell plain, pointed out by Alter (1957, p. 249), is
similar to the chains of craters and domes of the Hopi Buttes, but is
of slightly larger scale. Individual craters and domes are as much
as 4 km across and are spaced from about 1 to 10 km apart. The entire
chain, which forms a smooth arc, is more than 100 km long; in the Hopi
Buttes, individual craters and domes are rarely more than 2 km across
and the identifiable crater chains are not more than about 20 km long.
The relative relief of the craters and domes on Hell plain, though not
precisely known, appears to be comparable to the Pliocene relief in
the Hopi Buttes. No visible surface features appear to connect the
craters and domes in this chain on Hell plain, but higher resolution
than has been achieved to date might reveal some.

A frequently cited chain of craters extending northeast of Stadius,
between Copernicus and Eratosthenes (Fig. 4), appears to be of a
slightly different type. The interpretation of this crater chain is
complicated by the presence of numerous other small craters in the
vicinity which are directly related to the large crater Copernicus.
Craters that appear to belong strictly to the chain range from about
3 to 5 km across. Some occur individually, but most are adjacent to
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or merge with other craters in the chain. At the north end, a line of
contiguous craters passes northward into a rill, a long narrow trench.
These craters are characterized by a distinet rim rising above the
~surrounding terrain except on the sides on which they are contiguous
with other craters. They are staggered somewhat irregularly along
the curving course of the chain over a distance of about 130 km. This
chain might be compared with the chain of craters extending from
Daun to Bad Bertrich in the Eifel. Again the scale of the lunar
craters is somewhat larger. None of the craters in the Eifel chain much
exceeds 1 km in diameter and the whole chain is only about 18 km in
length.

Lunar rills, with which some crater chains are associated, may not
have any close terrestrial counterparts. It is likely, however, that
the original surface features associated with the Moses Rock diatreme
(Fig. 3) resembled the cratered rill at the north end of the Stadius
chain or, to take an example at a larger scale, the great Hyginus
cleft (Fig. 5). A major crater was probably located above the sharp
bend in the Moses Rock diatreme just as the crater Hyginus occurs
at the bend in the great lunar cleft. The Hyginus cleft, however, is
about 15 times larger than the Moses Rock diatreme and associated
dike system. A closer analogy may exist between the Moses Rock
diatreme and some of the Triesnecker rills (Fig. 5). Both the diatreme
and Triesnecker rills show branching. Some of the broader lunar rills
or clefts, such as Hyginus and the nearby Ariadeus rill, may be complex
structures that are part diatreme and part graben. Perhaps the closest
terrestrial homologues of the narrower rills are the Icelandic gjd,
great fissures in the lava fields, some of which are tens of kilometres
long.

Certain small craters along rills in the floor of the large lunar crater
Alphonsus are surrounded by diffuse dark haloes extending out 4-5 km
from the edges of the small craters. The occurrence of these craters
along the rills shows that they are probably related to processes that
have taken place within the Moon. They are of the form and size of
ordinary terrestrial maars and the dark haloes may well be thin
deposits of dark volcanic ash.

A number of similar dark halo craters are scattered individually in
the region around Copernicus (Fig. 6) and a few occur near Theophilus.
These may correspond to isolated terrestrial maars such as Zufii Salt
Lake. The largest crater with a dark halo, which occurs south of
Copernicus and west of Fauth (Fig. 6), is about 5 km in diameter. In
all cases the dark halo is nearly symmetrically distributed about the
crater and has a diffuse outer margin. '
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Other features in the vicinity of Copernicus resemble other types
of terrestrial volcanoes. A number of well-known symmetrical hills
rising from the Oceanus Procellarum near its western edge, just north
of Hortensius (Fig. 6), have been referred to in the astronomical litera-
ture as domes. They are about 7-9 km across, a few hundred metres
high, and most have a small crater, less than 1 km in diameter, in the
summit. In all discernible respects they appear to be small shield
volcanoes, as was concluded long ago by Pickering (1906, p. 156-157),
who discovered the first such object in the Mare Nubium. Many
similar objects have been noticed by Kuiper (1959a, p. 308-309), and
others in parts of the Oceanus Procellarum between Copernicus and
Kepler.

Midway between Hortensius and Copernicus (Fig. 6) is another
symmetrical hill, about 5-6 km across and at least several hundred
meters high, with a conspicuous crater more than 1 km across in its
summit. This feature resembles a small stratovolcano. It is perhaps
the best example of its type to be seen in the subterrestrial hemisphere
of the Moon. Other hills with summit craters are known, but their
origin may be more complex.

The largest craters that occur along well defined chains are about
15 km in diameter.t Hyginus, which is 10 km in diameter, is one of
the largest. Perhaps the largest occurs in a spectacular chain just
northwest of Almanon. These craters have the approximate shape
of maars, but if they occurred on Earth they would probably be referred
to as calderas simply because of their large size. The largest terrestrial
craters that I consider to be maars are about 5 km in diameter.

The great majority of lunar chain craters of the types described
are similar in size to most terrestrial maars. Many are close to the
limit of resolution in existing good lunar photographs (about 1 km in
diameter). All of the lunar forms that resemble terrestrial shield and
stratovolcanoes are of moderate dimensions, and most are perhaps
slightly smaller than the average for their possible terrestrial counter-
parts. These facts suggest that volcanic processes, and in particular
crater-forming volcanic processes, have operated on about the same
linear scale on the Moon as on the Earth.

t The question of what constitutes a chain will be left in abeyance here. A straight
or curved line may be drawn through any two craters, and among the thousands of
visible craters on the Moon there must be a large number of instances where three or
more craters are approximately aligned as a result of a fortuitous combination of
unrelated causes. Calculation of the probability that any particular arrangement of
craters may occur by a chance combination of certain events necessarily entails a prior:
assumptions, the validity of which are not readily tested. It must be remembered that
finding any specified arrangement of craters is, a priori, highly improbable.
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Fie. 4(b). Base photograph of the Copernicus region taken by F. (1. Pease with the
100-in Hooker telescope in 1929, Mount Wilson Observatory.
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Fia. 5. Photograph of the Hyginus region of the Moon. (Observatoire du Pic-du-Midi).
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F1g. 6. Preliminary photogeologic map of the Copernicus region of the Moon.

Talus

Probably portiolly sorted eccumu.
lation of frogments ranging in

1ize from dust 1o lorge blocks
Generglly forma sheets meontling
smooth siopes of about 30°. initial
surface probably rough ot the
scole of feet ond inches.

[

Surface Characteristics

Generally smooth at the scale of miles
Topography contrelled by relief on
contact with undarlying material
Probably 1mooth a¢ the scale of feet end
Among the youngest material on
tha iunar surface: imtai surlac,
charactaristics probably targely un
modified

Low reflectivity.

Topography st the scale of miles varies
fram pitted o hummocky to 1Moath

Probably rough to very rough at the
vrata of feat and inches imel suriae
characteristics probably fresh to partially

ifiad
Migh 1o very high reflectivicy

[
~

Toporraphy at tha scale of milss varies
irom pitted to hummocky (o smooth,
Frobably smooth 1o siightly rough At the
reale ol ] 20d inches; ioital .mu
oh obably mu redus

renall ‘maraorite bomh:rlmm, Tmeotation
and mass moveman

Low To moderacs refiectivicy.

Volcano-shaped topographic lorms.
Probably smooih sL the scale of fsac
and inchas, imtal small scale ratiel
probably largaly reduced by smaii
orite bombardment, nsoiatron and
mass movemant

Low to moderate refiecuvity.

P S N

$mooth piain broken by small mecsorice
and secondary iMpact craters an
raunded ridges of several hundred

faet rohiaf

Probably smooth at the scale of feet

and inchas initial small scale rebiel

probably largaly reduced by smail mateorite.
Low v <. -

Hilly to iocally 1mooth st the scale of
miles. Topography characterized by
numeroun hill1 and depressions one (o two
miles scross. locally controllad by relef
on contact with pre-imbrian rocks.
Probavly smoath st the scale of fest and
aminal amall e hel probably
largaiy reduced by small meteorice bomb-
ardmant, insolation. and mass moveament.
Low to modarate reflactivity

Not well axposad

Rill and chain crater macerial
Probabiy includes breccra. foult blecks. emd velcamic
rocky o serpencine Age not definnely estobirshed
but probobly chrefly Erctosthenon.

Contact
Dashed where opproximately located
Indefinite contact

Fault
Dashed where approximately located
U. upthrown side; D, downthrown side

Concealed fault or fracture
Querted where probabic

Anticline
showing trace of axial plane ond bearing
and plunge of oxis

Syncline
showing trace of oxial plone

Flow front or monociine
showing direction of slope of swrfoce scorp
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IV. Impact Craters

The list of terrestrial craters of probable impact origin (Spencer,
1933; Boon and Albritton, 1938; Leonard, 1946; Hardy, 1954) now
grows at the rate of about one a year (for some recent additions to
the list see Karpoff, 1953; Beals, Ferguson, and Landau, 1956; Beals,
1958). Additions to the list fall into two categories, (1) previously
undescribed craters, and (2) previously known craters for which evid-
ence of impact origin has been found or for which such evidence has
been strengthened. The growth of this list is likely to continue, perhaps
to accelerate. Meteorite impact, however, has not yet been generally
acknowledged as a process capable of or responsible for the formation
of Earth features of more than modest size and number. This fact, as
much as any other, has profoundly influenced past discussions of the
origin of the craters of the Moon. The process of recognition of impact
craters, therefore, begins on the Earth.

A. ForM AND STRUCTURE OF ImpAcT CRATERS

The best known and first widely recognized meteorite impact crater
in the world is Meteor Crater, Arizona.t The crater occurs in a region
underlain by nearly flat-lying sedimentary rocks of contrasting litho-
logy, and it has been possible to determine the structure of the crater
in detail (Shoemaker, 1960a, and in press). For this reason it is appro-
priate to use Meteor Crater, Arizona, as an example for detailed
description and analysis.

Meteor Crater lies in the southern part of the Colorado Plateau in
an area of low relief and generally excellent exposures. The crater is
a bowl-shaped depression 200 m deep, a little over 1 km wide, en-
compassed by a ridge or rim that rises about 30-60 m above the sur-
rounding plain. As computed by Gilbert (1896, p. 9), the volume of
the rim will just fill the depression. The rim is composed of rock debris
and alluvium resting on disturbed dolomitic limestone, shale, and sand-
stone strata. Beds exposed in the walls of the crater include, in
ascending order, light coloured sandstone and dolomite of Permian
age, and red sandstone and mudstone of Triassic age. The debris of
the rim has been found by mapping to be rudely stratified as well;
each mappable stratum is composed chiefly of fragments from one of
the underlying formations and the fragmental strata lie in a sequence
the inverse of that of the underlying formations from which they are
derived (Fig. 7). Pieces of rock making up the debris range in size

1 Meteor Crater, Arizona, has been named the Barringer Meteorite Crater by the

Meteoritical Society in honour of D. M. Barringer, who contributed most heavily in
establishing the impact origin of the crater,
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from microscopic splinters to great angular blocks more than 30 m
across.

The surface of the surrounding part of the Colorado Plateau has
been eroded since Meteor Crater was formed, and in the vicinity of the
crater has been lowered, on the average, about 15 m. In most places,
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the debris has been stripped down to a resistant layer formed by
fragments of dolomite. Thin patches of late Pleistocene and Recent
alluvium, composed mainly of detritus derived from the debris, rest
on this stripped surface. The initial features of the crater rim, therefore,
are not preserved, but the present topography of the rim affords
important clues to its original appearance (Fig. 8). Today it has a
peculiar hummocky rolling surface and it is likely that the original
surface of the debris was similarly hummocky. Beyond a distance of
about 1 km from the crater only scattered isolated fragments of debris’
remain.

Beds of the older formations exposed in the crater walls dip gently
outward 'low in the crater and generally more steeply outward close
to the contact with the debris of the rim. Along the north and east
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walls of the crater the uppermost red beds locally are folded back on
themselves, the upper limb of the fold consisting of a flap that has
been rotated in places more than 180° away from the crater (Fig. 7).
At one place the flap grades outward into debris. Rocks now repre-
sented by the debris of the rim have been peeled back from the area
of the crater, somewhat like the petals of a blossoming flower.

The upturned strata are broken by small nearly vertical faults of
scissors type of displacement and a number of small thrust faults.
Displacement on the vertical faults generally increases towards the
centre of the crater. Regional jointing has controlled the shape of the
crater, which is somewhat “‘square” in outline; the diagonals of the
“square’ coincide with the trend of two main sets of regional joints.
The largest vertical faults, which are parallel with the regional joints,
occur in the “corners’” of the crater. Along one side there are also a
few inward-dipping normal faults concentric with the crater wall.

The floor of the crater is underlain by talus and alluvium that
interfinger toward the centre with lake beds about 30 m thick. These
sediments rest, in turn, on a layer of mixed debris about 10 m thick
that appears to have been formed by fallout of ejecta thrown to great
height. The debris is composed of mixed fragments of the older
sedimentary formations, some highly sheared and sintered, and con-
tains sparse oxidized meteoritic iron. Though this layer apparently
has not been preserved outside the crater, similar materials occur in
the alluvium and as lag on the rim.

Beneath the mixed debris layer is a lens of breccia about 200 m
thick, which has been partly explored by shafts and by about two
dozen deep drill holes sunk by Barringer and his associates in the central
part of the crater (Barringer, 1905, 1910, 1914; Tilghman, 1905).
Along the upper outer margins of the lens the breccia is composed
chiefly of large blocks of dolomite, but under the central part of the
crater floor the breccia is made up chiefly of shattered twisted blocks
of light-coloured sandstone and subordinate finer grained pieces of
sheared and sintered rocks. The dolomite blocks of the upper edge of
the breccia lens have been displaced downward against the sandstone
in the crater walls. Meteoritic iron is dispersed in the breccia chiefly
as microscopic spheres in drops of sintered dolomite, which appear to
be most abundant near the base of the breccia. The sintered material
constitutes not more than a few per cent of the breccia.

Recently the new mineral coesite, which had previously been known
from the laboratory, has been found to be a major constituent of some
of the sheared and sintered rock fragments at the crater (Chao, Shoe-
maker, and Madsen, 1960). Coesite is a dense polymorph of silica
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which has been synthesized only under hydrostatic pressures exceeding
20,000 atmospheres (Boyd and England, 1960). Its occurrence at
Meteor Crater is evidently the result of strong shock such as would be
generated by hypervelocity impact. Coesite-bearing fragments occur
in the breccia lens, in the layer of mixed debris interpreted as fallout,
and also in the alluvium on the crater rim.

A small meteorite crater about 200 m across, the largest of a group
of small craters near Odessa, Texas, exhibits structural features
differing from those found at the Arizona crater (Hardy, 1953). The
Odessa crater has been formed in nearly flat-lying Cretaceous beds of
the Edwards Plateau (Sellards and Evans, 1941). In the walls of the
crater these beds are buckled in a tight asymmetric anticline. Under
the centre of the crater is a lens of fragmented and pulverized rock
that appears to correspond to the breccia lens at Meteor Crater,
Arizona.

Prior to exploratory excavation, the Odessa crater had been nearly
obliterated as a topographic feature by erosion of the rim and filling
of the central part with about 30 m of Pleistocene and Recent sedi-
ments. The general erosion of the plateau surface since the crater was
formed is about the same as at Meteor Crater, Arizona. Both features
are of late Pleistocene age. The meteoritic material at the Odessa
crater is closely similar to the ordinary Canyon Diablo irons of the
Arizona crater (Lord, 1941; Beck and La Paz, 1951), and it may be
that the meteorites that formed each crater are part of the same fall.

The largest terrestrial crater for which there is now strong evidence
of impact origin is the Ries basin or Rieskessel of southern Germany.
It is a broad shallow basin between the Schwibian and Franken Alb
that has attracted the attention of the German geologists for well over
100 years. The idea that the Ries might be an impact crater was first
set* forth by Werner (1904) and later elaborated by Stutzer (1936).
But the consensus of the principal investigators of the Ries, as sum-
marized by Dorn (1948), has been that the Ries was formed by some
sort of volcanic explosion.

The Ries basin or crater is of mid-Tertiary age and has heen greatly
modified by erosion and sedimentation. Originally the crater measured
about 27 to 29 km from rim to rim. Miocene lake beds up to 300 m
thick have been deposited on the crater floor (Reich and Horrix, 1955).
Present maximum relief between the centre of the basin and the
southern rim is about 200 m and the original relief must have been
more than 500 m. The original topography within the crater comprised
a central depression about 12 km across, now filled with sediments,
surrounded by an irregular shelf from which rose scattered hills.
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Breccias, chiefly of old crystalline rocks, are exposed on some of these
hills where they rise above the floor of the Ries today.

The walls of the crater and crest of the rim (the Schollen- und
Schuppen-Zone of Bentz, 1927) are underlain by breccia and an imbri-
cate series of thrust sheets composed chiefly of Upper Jurassic lime-
stones that cap the Alb (Nathan, 1925, 1935; Dehm, 1932; Gerstlauer,
1940; Schréder and Dehm, 1950; and Triebs, 1950). Beyond, extending
tens of kilometres to the south in the region described by Branco (1902)
as the Vorries, are great masses of limestone breccia resting on the
undisturbed limestone cap of the Alb and, at the outer limit, on
Oligocene sediments. One far flung fragment of limestone, measuring
nearly half a metre in diameter, was found 60 km from the crater
(Reuter, 1925). In places in the Vorries and the Schollen- und Schuppen-
Zone, breccias composed chiefly of Lower Jurassic and Triassic sedi-
mentary rocks or of rocks from the crystalline basement complex rest
on the breccias of Upper Jurassic limestone and the thrust slices.
Locally fragments of Triassic rocks and crystalline rocks are mixed in
about equal proportion. Similar breccias were found in a deep drill
hole under the lake beds near the centre of the Ries. Branco (1902)
and later Bentz (1925) long ago concluded that the key to solving
the origin of the Ries lay in explaining the mode of emplacement of
these unusual breccias.

The most remarkable aspect of the geology of the Ries is a supposed
volcanic breccia or tuff that has been called suevit (Sauer, 1901). It
occurs both inside the crater and on the rim and Vorries. The suevit
consists of a wide variety of rock fragments, most of them crystalline
rocks from the basement complex, in general shattered or partially
sintered, as well as bombs and smaller fragments of glass that all
German authors have agreed are of a conventional igneous or magmatic
origin. The glass bombs invariably carry fragments of sintered or
partially sintered rocks that are recognizably derived from the crys-
talline basement. Some of the bombs have extraordinary shapes for
volcanic ejecta such as thin sheets that have been tightly folded or
curled on the edges. While this manuscript was in preparation some
of the sintered material in the suevit was found to contain coesite
(Shoemaker and Chao, 1960, Pecora, 1960, p. 19) and the Ries was thus
established as the world’s second locality for this high pressure poly-
morph of silica.

The suevit has been commonly assumed to have erupted from numer-
ous widely scattered vents and, because the suevit can locally be seen
to rest on the other breccias, the eruptions have been interpreted as
one of the latest events in the development of the Ries. On the basis
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of about a week’s field study, I believe that the suerif can be interpreted
to rest everywhere on the other breccias; local steep contacts of suevit
with other breccia within the crater are probably due to faulting or
inward slumping of the breccias along.the crater walls. The sum of
evidence indicates that the glassy material of the suevit has been fused
by shock; the patches of suevit that have been preserved from erosion
appear to be remnants of a layer that is analogous to the mixed debris
or fallout layer preserved in Meteor Crater, Arizona.

Structurally the Ries is utterly unlike any caldera or crater of
demonstrable volcanic origin. Indeed, suevit is the only material at
the Ries that resembles volcanic rock. Kranz (1911, 1934) has attemp-
ted to explain the Ries in terms of one large voleanic explosion, but,
as Reck has pointed out (Williams, 1941, p. 303), no masses of rock
even approaching the size of the thrust slices of the Schollen- und
Schuppen-Zone have ever been ejected in the most violent historic
volcanic eruptions. To explain the thrust slices, a variety of complic-
ated hypotheses have been invented that involve first an uplift or
doming of the central part of the Ries and a later subsidence. All of
the major structural features of the crater and the ejecta, on the other
hand, appear to have a straightforward explanation in terms of hyper-
velocity impact mechanies.

A much smaller crater that has been generally agreed by Branco and
Fraas (1905) and later workers to be closely related to the Rieskessel
is the Steinheim basin. The Steinheim lies on the Schwiibian Alb about
30 km southwest of the Ries and is also partly filled with Miocene lake
beds. Within the limits of error of paleontological dating the two
craters are of the same age. The present Steinheim basin is about 21 km
~across and 80 m deep. It has been considerably modified by erosion
and breaching of the crater rim by a through-flowing stream as well as
by sedimentation on the crater floor. It is of interest as the only
terrestrial crater so far recognized of probable or possible impact origin
that exhibits a well-defined central hill. The walls of the crater are
underlain by breccia of Jurassic limestone, and the central hill is under-
lain by highly disturbed but poorly exposed Jurassic rocks including
some beds or rock fragments derived from lower horizons than any of
the fragments in the breccia along walls. Branco and Fraas (1905)
inferred that the Steinheim basin is an explosion crater of cryptic
(hidden) volcanic origin; no direct evidence of volcanism is present at
the crater. Exposures are not sufficient to determine how closely the
structure of the Steinheim basin compares with that of demonstrated
meteorite impact craters, but what is known of the structure is com-
patible with an impact origin. It seems possible, if not likely, that
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the Steinheim basin was formed by impact of a part of a larger object,
the main impact of which produced the Rieskessel.

B. ErRopED STRUCTURES OF PROBABLE IMPACT ORIGIN

A complex feature that may be interpreted as the subsurface struc-
ture of an ancient impact crater is well exposed at Sierra Madera,
Texas, a hill, or small mountain on the southern edge of the Edwards
Plateau (Fig. 7). This is one of a number of localities in the United
States, exhibiting a community of structural features, that have been
called “‘cryptovoleanic” (Bucher, 1936) or “cryptoexplosion’ in origin
(Dietz, 1959 and 1960). Boon and Albritton (1937, pp. 60-62) originally
suggested that the structure at Sierra Madera was produced by meteor-
ite impact, on the basis of mapping by King (1930, pp. 123-125).
This suggestion has been considerably strengthened by information
from three deep drill holes and by re-examination of the central part
of the structure.

King mapped Sierra Madera as a complex dome with steeply dipping
to nearly vertical and even overturned beds near the centre encom-
passed by partially concentric folds. The steeply dipping older rocks
at the centre of the structure are found on close examination to be
individual blocks in a lens of a giant breccia nested in a cup of peeled
back and locally overturned beds (Fig. 7). A drill hole somewhat off
of the centre of the breccia lens shows that, beneath the breccia, the
structural relief on an anhydrite marker bed is only a few hundred feet.§

The age of the Sierra Madera structure is not known. Cretaceous
as well as Permian beds appear to be deformed and a considerable
thickness of Cretaceous rocks would be required to restore the crater
suggested in Fig. 7. A pre-Pleistocene age seems required to account
for the regional denudation since the structure was formed. In all
probability the structure is of Tertiary age. Much more work needs
to be done at Sierra Madera, and a detailed geologic study will probably
increase the understanding of similar geologic features.

Other structures referred to as “cryptovoleanic™ or “cryptoexplosion”
structures have also been mapped as domes surrounded by concentric
folds, but the exposures are rarely adequate to support this inter-
pretation. The domes are inferred more from the fact that the oldest
rocks are found near the centre than from observable field relations.
The oldest rocks indeed are generally found near the centres of the
structures, but where quarries have been opened up or drill core
obtained, asat Wells Creek Basin, Tennessee (Wilson, 1953, pp. 766-768),

+ I am indebted to Mr. Addison Young for identification and correlation of the an-
hydrite bed.
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these rocks have turned out to be fragments in a breccia similar to
that at Sierra Madera. Upheaval Dome, Utah, which was called
cryptovolcanic by Bucher (1936, pp. 1064-1066), has a well-exposed
broken dome in the centre, but this structure is probably a salt dome
(McKnight, 1940, pp. 124-128; Joesting and Plouff, 1958) and not
related to structures of the Sierra Madera type. Each geologic feature
that appears to belong to the “cryptoexplosion” category must be
examined on its own merits.

The largest known structure that appears to be of the Sierra Madera
type is the so-called Vredefort ‘“dome” of South Africa (Hall and
Molengraaff, 1925; Nel, 1927) which is 70 to 90 km across. The centre
of the Vredefort structure is also occupied by a great mass of brecciated
rock. Boon and Albritton (1937, pp. 62-64) and later Daly (1947)
suggested that the Vredefort structure was formed by impact, but
South African geologists appear to prefer more conventional geologic
interpretations of its origin (Brock, 1951).

C. SIMILARITY BETWEEN IMPACT CRATERS AND NUCLEAR EXPLOSION
CRATERS

Most of the principal structural features of large meteorite impact
craters are reproduced in one or the other of two craters formed by
underground explosions of nuclear devices in alluvium of Yuecca Flat,
Nevada (Shoemaker, 1960a). Detonation of a 1:2 kiloton device at
about 6 m depth produced a crater about 80 m in diameter and 15 m
deep (the Jangle U experiment).} A device of the same yield detonated
in the same medium at a depth of about 20 meters produced a crater
about 100 m in diameter and about 30 meters deep (Teapot KEss
experiment). Different structures were produced in the rims of the
two craters but both are underlain by a lens of breccia.

The Teapot Ess crater is a fairly close model at about 1/11 scale of
Meteor Crater, Arizona. Beds of the alluvium are turned up and
overturned along the wall of the crater and ejecta fragments are
stacked on the rim roughly in an order inverted from the order of the
beds from which the pieces are derived. The Jangle U crater is approxi-
mately a half-scale model of the main meteorite crater at Odessa,
Texas. Beds are buckled in an asymmetric anticline beneath the rim.
The anticline is sheared off at the top and the crest of the rim is formed
of large slabs of ejected alluvium. These slabs may correspond, on a
small scale, to the great thrust sheets of the Schollen- und Schuppen-
Zone of the Ries. The post-shot topography of the outer flanks of the
rim of both the Jangle U and Teapot Ess craters was characteristically

1 1 kiloton is equivalent to 1012 calories or 4:186 x 1019 ergs total yield.

-



316 EUGENE M. SHOEMAKER

hummocky, resembling, on a small scale, the hummocky terrain on
the rim of Meteor Crater, Arizona.

From the nuclear explosion craters it can be seen that the surface
and structural features of impact craters can be produced by strong
shocks originating at shallow depths beneath the surface of the ground
and also that the structures formed depend upon the depth of the origin
of the shock. Comparably strong shocks are produced by hyper-
velocity impact. It may be anticipated that the structure of large
meteorite craters will depend upon the depth of penetration of the
meteorite, the total energy released, and the nature of the target rocks.

It would be erroneous to conclude from the structural similarities
to explosion craters, however, that meteorite craters are produced by
explosion of the meteorite. The concept of explosion of the meteorite
or of rock heated by impact goes back at least to Merrill (1908, pp. 494—
495) and has been elaborated by Ives (1919), Gifford (1924, 1930) and
Moulton (1931), followed by many authors in the ensuing decades,
notably Baldwin (1949) and Gilvarry and Hill (1956). So widely has
this concept been described that craters of inferred high-velocity impact
origin are now commonly referred to as explosion craters. In the form
developed by Ives and Gifford, the concept of explosion of the meteorite
was derived by computing the specific kinetic energy of meteorites
travelling in the known range of geocentric velocities of meteors and
equating this kinetic energy to specific internal energy in the meteorite
at the moment of impact. The specific internal energy was thus found
to exceed the enthalpy of vaporization for any solid at atmospheric
pressure, and it was concluded that the meteorite would explode.

The error in such a calculation lies in the neglect of the partition
of energy in the shock waves generated by the impact and in neglect
of the equations of state of the shocked materials. Very high specific
energies are produced by hypervelocity impact, but these are the
consequence rather than the cause of the shocks which produce the
craters. In fact, the fraction of the energy which is retained thermally
by material engulfed by shock is unavailable for further propagation
of the shock. For the same total energy, the higher the initial specific
energy the smaller will be the crater. Vaporization of the meteorite or
target rocks would not, therefore, facilitate the opening up of an
impact crater, except possibly where the rocks are especially rich in
volatile constituents. We may properly speak of meteorite impact
craters as explosion craters in the sense that materials fly out of the
craters. But in this sense the pits formed by raindrops on soft mud
are also explosion craters. It would be better if the term “explosion”
were dropped with reference to hypervelocity impact mechanics.
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D. MEcuANIcS oF LARGE MEeTEORITE IMPACT IN ROCK

When a meteorite strikes the ground at speeds greater than a few
km/sec, two shocks are propagated away from the impact interface;
one shock advances into the ground and the other shock races back
into the meteorite.t The material between the shocks is compressed
and its velocity is changed as it is engulfed by the shock fronts. In
the general case, where the shape of the meteorite is irregular and
the surface of the ground is irregular, the conditions and motion of
material between the shocks immediately following impingement are
extremely complex. We will touch briefly on some of these complexi-
ties later.

The net effect as the shocks advance into the ground and back into
the meteorite will be that most of the ground engulfed by shock is
accelerated down and outward away from the oncoming body and most
of the meteorite engulfed by shock is decelerated and flows in directions
paralleling the flow of the underlying shocked rock. Part of the kinetic
energy of the meteorite engulfed by shock is converted to internal
energy in the meteorite, and part is transferred as kinetic and internal
energy to the shocked rock ahead of the meteorite.

A precise calculation of the motion and energy changes of the shocked
material would depend upon specifying the shape of the meteorite and
target and, for all except the simplest shapes, is beyond present
mathematical analysis. A solution in closed form, however, may be
readily obtained for the one dimensional case of a semi-infinite meteor-
ite striking a semi-infinite target along a plane interface and in a
direction perpendicular to the interface; in addition, Bjork (1958) has
obtained a number of specific solutions for the impact along a plane
interface of a right circular cylinder of steel into a semi-infinite steel
target by numerical integration of the hydrodynamic equations.

It is helpful to examine results for the one dimensional case in order
to visualize the conditions of the shocked material and the way in
which the energy is partitioned. In this case the two shock fronts are
infinite plane surfaces and the material between them has a uniform
pressure and velocity. This pressure and velocity and the velocities
of the two shocks are each simple functions of the initial velocity of
the meteorite, the initial densities of the meteorite and target, and the
compression by shock of the meteorite and target. A set of numerical
solutions has been obtained for the meteorite and rocks at Meteor
Crater, Arizona, for impact velocities of 10, 15, and 20 km/sec by
treating the target rocks as a homogeneous system, employing the

t It isnot necessary that the speed of the impacting body exceed the acoustlc velocity
in the target or the meteorite in order to produce a shock.
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experimental equation of state for iron, and estimating an average
equation of state for the rocks (Shoemaker, 1960a, p. 429).

For purposes of illustration, the solutions for only one impact
velocity need be examined. Consider the meteorite an infinite plate
of iron of thickness 7' striking the ground at 15 km/sec, the approximate
median velocity at which meteorites enter the Earth’s atmosphere
(Whipple and Hughes, 1955). The pressure between the shocks will
be 4-5 Mb and at this pressure the rocks will be compressed 589, and
the meteorite will be compressed 439,. At the moment the shock into
the meteorite reaches the back side of the plate, the shock into the
ground is moving at a speed of 17-2 km/sec and will have advanced
a distance of 1-48 T' from the original ground surface; the leading face
of the meteorite will have penetrated a distance of 0-87 T' below the
original ground surface and the back side a distance of 0-30 T'; the
centre of gravity of the compressed system will be 0-78 7' beneath the
original ground surface and the whole compressed system of rock and
meteorite will have a velocity of 10-0 km/sec into the ground. This
is the moment of greatest compression of the meteorite. The kinetic
energy of the whole compressed system will be % and the internal
energy } of the original kinetic energy of the meteorite. About % of
the internal energy will be in the compressed rock and § in the com-
pressed meteorite and about 53%, of the total energy will have been
transferred from the meteorite to the compressed rock.

When the shock hits the back side of the plate a tensional or rare-
faction wave will be reflected back into the meteorite. The velocity
of the meteorite behind the rarefaction will still be about 5-1 km/sec
into the ground. At the moment the rarefaction reaches the leading
face of the meteorite, the shock into the ground will have penetrated
about 3-0 T into the ground; the leading face of the meteorite will
have penetrated 1-87 and the back side about 0-87T beneath the
original surface of the ground. The centre of gravity of the moving
system will be 1-8 T' underground. About 88%, of the original kinetic
energy of the meteorite will have been transferred to the compressed
rock ahead of the meteorite, where the energy will be equally divided
into an internal and a kinetic fraction. The compressed rock will still
be moving into the ground at 10-0 km/sec.

A meteorite differs importantly from an infinite plate, but these
numerical results establish several major qualitative facts about hyper-
velocity impact. First they show that, by compression alone, an iron
meteorite at typical geocentric velocities would penetrate in its entirety
below the surface of a target composed of ordinary silicate rocks.
Secondly, they show that, even after reflection of a rarefaction from
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the back side, the meteorite will not necessarily fly apart but that the
whole meteorite may continue to move into the ground. Third, it may
be seen that the major part of the original energy of the meteorite is
transferred to the shocked rock ahead of the meteorite at a very early
stage of penetration. And finally, for the velocity and conditions
illustrated, the internal energy of the meteorite never exceeds % of
the original kinetic energy, and only a fraction of this internal energy
will be trapped thermally. A major part of this internal energy is
released by expansion of the meteorite behind the rarefaction and
contributes to further propagation of the shock into the rock.

The data of Altshuler and others (1958) on the equation of state of
iron make it possible to calculate the minimum impact velocity at which
the meteorite would have been largely fused by shock at Meteor Crater,
Arizona. This velocity was found to be 9-4 km/sec (Shoemaker, in
press). From the fact that much of the meteorite now appears to be
dispersed as minute spherical drops in fragments of sintered dolomite
in the breccia under the crater it was concluded that the impact velocity
was greater than 9-4 km/sec. No evidence has been recognized,
however, by which it could be shown that more than a small fraction
of the meteorite or rocks at Meteor Crater ever behaved as vapour.

In the case of a real meteorite, rarefaction waves are reflected from
the sides, which permit lateral flow of the body to take place as well
as longitudinal compression. This accentuates the flattening of the
body as it penetrates the ground and introduces an additional mechan-
ism of penetration. A rarefaction wave is also reflected from the free
surface of the ground, which permits lateral flow of part of the rock
engulfed by shock. Material overtaken by the rarefaction waves is
deflected laterally from the path of penetration of the meteorite. Both
rock and meteorite are swept aside and the meteorite becomes the liner
of a transient cavity with material from the rear part of the meteorite
facing the centre of the cavity. The additional penetration brought
about by lateral flow may be roughly estimated from elementary
theory of incompressible fluids. This kind of approximation has been
justified on the basis that the pressures greatly exceed the yield
strengths of the materials.

In order to compare impact craters with nuclear explosion craters
it is necessary to estimate the distribution of shock energy in the walls
of the initial cavity formed by the combination of compression and
lateral flow of the meteorite and target rocks. This distribution can
be expressed as a central point about which the total moment of the
energy vanishes. In a homogeneous medium, such a point will be close
to the centre of curvature of the shock front after the shock has
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propagated some distance from the cavity. This point will be referred to
as the apparent centre or apparent origin of the shock. For 15 km/sec
impact velocity, the apparent origin of the shock at Meteor Crater,
Arizona, was calculated to lie between 4 to 5 diameters of the meteorite
beneath the surface, measured along the path of penetration
(Shoemaker, 19604, p. 430). The structural evidence appears to require
a vertical depth of about this magnitude for the apparent shock origin.

At a more advanced stage in the opening up of the crater the shock
and pattern of flow produced by impact begin to resemble more and
more closely the shock and flow produced by shallow nuclear explosions.
The shock propagates away from the immediate vicinity of the cavity
and is followed by the rarefaction reflected from the free surface of the
ground. Material engulfed by the shock is accelerated in the directions
of shock propagation, which at some distance from the cavity will be
approximately along the radii of a sphere. Momentum is trapped in
part of the material above the rarefaction wave and it will move up-
ward and outward, individual fragments following ballistic trajectories.
As the shock engulfs an ever-increasing volume of rock the shock
strength will decrease until ultimately the shock decays to an ordinary
elastic wave. The margin of the crater is determined primarily by the
radial distance, at the surface, at which there is just sufficient kinetic
energy in the rocks behind the reflected tensional wave for fragments
to be torn loose and lofted over the rim.

The detailed mechanics of the tearing loose and ejection of pieces
at the rim depend on the size of the crater and the depth of initial
penetration of the meteorite. In small experimental impact craters in
rock, tensile spalling roughly parallel with the rarefaction front appears
to determine the shape and size of the crater; in craters the size of the
Ries basin and larger, the energy required to actually heave the rocks
out is the main factor that determines the size and shape of the crater.
For craters of intermediate size, the structure of the rim is sensitive
to the depth of the origin of the shock. At Meteor Crater, Arizona, and
at the Teapot Ess nuclear explosion crater, where the scaled depth of
explosion was comparatively great, the craters were formed mainly
by ejection of debris. Beds are sheared off along a roughly conical
surface, and the upturning of the strata in the walls of these craters
can be looked upon as essentially drag along this shear surface. At
the main Odessa crater and the Jangle U crater, on the other hand,
where the scaled depth of the explosion was much less, outward flow
and buckling in the rim was an important process in the opening up
of the craters.

Outward motion of material behind the shock front, as it moves
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away from the cavity produced by initial penetration, is not uniform;
the pressure soon drops to levels where the strength of the rocks
influences the flow. Owing to divergence of the flow, the rocks stretch
normal to the flow and break up by tensile fracturing. Meteoritic
material and strongly shocked rock are shot out and dispersed in a
large volume of broken rock that is relatively only weakly shocked,
thus forming a breccia of mixed fragments. Empirically the distance
from the origin or centre of the shock to the limit of the mixed breccia
in explosion craters is proportional to the cube root of the total shock
energy (Shoemaker, 1960b). A lens of mixed breccia, roughly propor-
tional in depth to the radius of the crater, may be expected under
every large impact crater.

The final phase of displacement of material in fairly large impact
craters is the slumping back of the breccia and part of the crater walls
toward the centre of the crater. At Meteor Crater, Arizona, this dis-
placement appears to have preceded the showering down of ejecta
thrown to great height, but at the Ries basin it may have occurred
later. The centripetal movement of material from the crater walls
produces a rise in the level of the central part of the crater floor. No
sharply defined central hump is present on the floor of Meteor Crater,
though a subdued off-centre ridge may be buried under the Pleistocene
lake beds below what Barringer (1910; 1924, p. 11) referred to as
Silica Hill. The convergent movement resulting from slumping,
however, would appear to be entirely adequate to explain the formation
of a central hill such as observed in the Steinheim basin.

E. CoMPARISON OF MaARS AND METEORITE Impact CRATERS

The distinguishing features of maars and large meteorite impact
craters are as follows:

(1) Both types of craters have the same gross shape and overlap in
range of size. Both are primarily an excavation in the pre-existing
terrain encompassed by a rim which is a constructional feature. The
relative height of the rim of a maar may vary widely; in principle, the
relative height of the rim of impact craters should vary within narrower
limits but also varies widely. On Earth true maars are no larger than
about 5 km in diameter, though much larger craters of volcanic origin
are well known. (All of the larger volcanic craters, referred to as
calderas, are believed to have been formed mainly by subsidence, and
most are summit features of very large stratovolcanoes.) In contrast,
there is no limit, in principle, to the size of impact craters and at least
one terrestrial feature of possible impact origin, the Vredefort dome,
is much larger than any known volcanic crater.

Y
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(2) Both types of craters tend to be approximately circular in plan
but may be elliptical or may have polygonal outlines controlled by
pre-existing structure. The merging of two or more vents produces
compound maar-type craters of irregular outline and, in crater chains,
some individual craters are elongated in the direction of the chain.
Except for clusters of small craters, impact craters are typically
solitary and regular in outline, but in the clusters compound craters
have also been found.

(3) Both maars and impact craters may have a central hill or hills,

though terrestrial examples are rare.
j; (4) A maar is underlain by a funnel-shaped volcanic vent filled with
a variable assemblage of volcanic tuff and breccia, rocks derived from
the vent walls, sediments, and intrusive igneous rocks—in short, a
diatreme. An impact crater is underlain by a lens of breccia or crushed,
mixed rock. Rocks sintered by shock may be expected to be a universal
constituent of such a breccia in large terrestrial impact craters but
rarely will constitute more than a few per cent of the breccia.

(5) The country rock is cleanly truncated in the walls of a maar.
Except for normal faults, the rocks are rarely deformed in any way that
can be related to the opening of the crater. The rocks in the walls of
an impact crater, on the other hand, are invariably deformed. Depend-
ing on the size, the depth of penetration of the meteorite, and the
original structure, beds in the walls may be turned up and overturned,
buckled in concentric folds, or sheared out in a series of thrust slices.

(6) Slumping or concentric normal faulting along the crater walls is
a common or expectable feature of both maars and large impact craters.
The faulting may produce a series of steplike terraces in the crater walls.

(7) The ejecta deposited on the rim of a maar consist both of pieces
from the walls of the vent and of new volcanic material, though the
new volcanic component may be sparse. Commonly wall rock fragments
are present which have come from great depth beneath the crater.
Fragments from all sources are generally mixed and scattered through
the deposit. Fragments in excess of 3 m in diameter are extremely
rare; typical median grain sizes are of the order of 1 cm or less. The
ejecta are commonly thinly bedded and, in places, cross bedded.

The ejecta on the rim of an impact crater, on the other hand, except
for a minor increment of meteoritic material, are composed solely of
rocks excavated from the space occupied by the original crater and
the underlying breccia. The fragments are generally stacked approxi-
mately in inverted order from their original position before ejection.
Thus if the target rocks are initially stratified the ejecta tend to have a
mirror stratification. There is no limit to the size of the individual



8. INTERPRETATION OF LUNAR CRATERS 323

fragments—the larger the crater the larger are the biggest pieces thrown
out. An impact crater the size of an ordinary maar may have on the
rim blocks more than 30 m across.

(8) The outer slopes of the rim of a maar are typically smooth.
Local relief that may be present is due chiefly to irregularities in the
pre-existing topography. The outer slopes of the rim of an impact
crater, however, are characteristically hummocky. This is one of the
most important criteria that can be used at the present time for
identification of impact craters on the Moon.

V. Ballistics of Copernicus

Very few of the features useful in distinguishing an impact crater
from a solitary maar on the Moon can be seen under the present
limitations of telescopic observation. Much discussion on the origin
of lunar craters has centred around statistics of size, shape, and dis-
tribution of the craters. By their very nature the statistical arguments
are inconclusive and do not lead to the determination of the origin of a
single crater. The evidence which has been adduced for the impact
origin of lunar craters is thus insufficient.

Many lunar craters are larger than terrestrial maars and all the
major lunar craters are larger than any known volcanic crater. But
Wright (1927, p. 452) has pointed out that the low gravitational
potential on the Moon would result in a far wider distribution of
volcanic ejecta on the Moon than on the Earth. For the same magma,
boiling would also begin at much greater depth on the Moon. These
factors might favour the development of larger craters of the maar
type on the Moon than on the Earth, though the size of the chain
craters suggests that the influence of these factors is not great.

Baldwin (1949) has shown that the distribution of the depth as a
function of the diameter of lunar craters is scattered around a curve
extrapolated from data on craters produced by detonation of high
explosives. The pertinence of this extrapolation is, at best, not clear.
The shape and characteristics of a given crater are sensitive to the
scaled depth of the charge or to the penetration of the meteorite.
Most of the data on the depths of the lunar craters are old visual
measurements of Beer and Midler (1837) and Schmidt (1878), some of
which have large errors. The depth—diameter ratios of lunar craters
show about the same broad scatter as ratios for terrestrial volcanic
craters, as has been pointed out by Green and Poldervaart (1960, pp.
17--18). In the final analysis we should not expect an especially close
relation between the depth-diameter ratios of craters produced by
high explosives and impact craters. Because a large amount of gas is
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produced, the crater mechanics of high-explosive detonation are
substantially different from the crater mechanics of high-velocity
impact.

There is one major feature of lunar craters observable from the
KEarth, however, that may permit unambiguous discrimination of

otz
Vit

N
N
. o
TN
VI
W

0 5CJ)O FEET

0 100 200 METERS
)

1 ' 1 t

F1c. 9. Ejection pattern at Teapot Ess nuclear explosion crater.

impact craters from volcanic craters. This feature is the distribution
pattern of the ejecta. The ejecta from maars are almost invariably
thrown out along high-angle trajectories and shower down in a diffuse,
more or less uniform, pattern around the crater. These trajectories
are the result of entrainment of the fragments in the volcanic gas jets,
which are predominantly vertical. The ejecta from large impact
craters, on the other hand, are thrown out along both high and low
trajectories.

The ejecta pattern around all known large terrestrial impact craters,
beyond the immediate vicinity of the rim, has been destroyed by
erosion. The general nature of the ejecta pattern to be expected,
however, is revealed by the debris deposited around nuclear explosion
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craters. Far flung ejecta from nearly every shallow underground
explosion crater, whether the explosion is nuclear or chemical. are
laid down in distinct streaks or rays (Fig. 9). The position and shape
of the rays are governed, in turn, by the pattern in which the ground
breaks up as it is engulfed by shock. From the ray pattern and the
trajectories of the fragments that form the rays (the exterior ballistics)
it is possible to reconstruct the fragmentation pattern of the ground
(the interior ballistics of crater formation).

A. Ray Parrerx oF COPERNICUS

Many craters on the Moon are surrounded by a system of rays
resembling the ejecta patterns around nuclear and high-explosive
craters. The ray pattern of Copernicus is especially suited for detailed
analysis. Copernicus is favourably located near the centre of the
lunar disk; the ray system surrounding the crater is not only wide-
spread but also extends in large part over dark, relatively smooth
maria surfaces. Many of the fine details of the system can, therefore,
be deciphered (Fig. 4).

The crater itself is somewhat polygonal in outline. 1t is about 90 km
across, and about 3500 m deep, measured from rim crest to floor. The
rim rises about 1000 m above the surrounding lunar surface. The
interior walls of the crater comprise a series of terraces, scarps, and
irregular sloping surfaces that descend stepwise from the crest to the
crater floor, a roughly circular area of generally low relief 50 km in
diameter. A few low peaks rise above the floor near the centre of the
crater.

The outer slopes of the rim are a scaled up version of the outer slopes
of the rims of the Jangle U and Teapot Ess nuclear explosion craters.
To a lesser extent the rim of Copernicus resembles the rim of Meteor
Crater, Arizona. Rounded hills and ridges are combined in a distinctive
hummocky array that consists of humps and swales without obvious
alignment near the crest of the rim and passes gradually outward into
a system of elongate ridges and depressions with a vague radial align-
ment. The relief of the ridges gradually diminishes until it is no longer
discernible at a distance of about 80 km from the crest of the rim.
Beyond this distance the rim passes gradationally into the ray system.

The ray system, which extends over 500 km from Copernicus,
consists mainly of arcuate and loop-shaped streaks of highly reflective
material on a generally dark part of the Moon’s surface. In reflectivity
characteristics, the rays are essentially an extension of the crater rim
and cannot be sharply delimited from it. The major arcs and loops can
be locally resolved into en echelon feather-shaped elements, ranging
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from 15 to 50 km in length, with the long axes of the elements approxi-
mately radially arranged with respect to the centre of the crater.

The pattern of the ray system roughly resembles the pattern of lines
of force in a dipole magnetic field in a plane containing the dipole.
The “dipole”” axis of the Copernican rays trends northwest-southeast.
Major arcuate rays curve away from the axis on either side, and a
large closed elliptical loop extends southwest toward Mésting.t The
ray system has a rough bilateral symmetry about a line coincident with
the long axis of this loop, which is perpendicular to the “dipole” axis.
Within the main loop extending toward Mosting are subsidiary loops.
North of Copernicus are two so-called cross-rays. Both cross-rays con-
sist of a series of vaguely defined loops linked end to end. Near or
along the “dipole” axis the rays are mainly straight and radially
arranged with respect to Copernicus; in some places, only individual
feather-shaped ray elements are present.

Within the rays, and preponderantly near the concave or proximal
margins of the major arcs and loops, are numerous elongate depressions
or gouges in the lunar surface ranging in length from the limit of
telescopic resolution to about 8 km. A peculiar feature of the gouges
is their alignment, which is radial from Copernicus in some places but
is commonly at an angle to the radial direction. The alignment varies
erratically from one gouge to the next. Visible depressions or gouges
lie at the proximal ends of many ray elements, though there is not a
1:1 correspondence between gouges and distinguishable ray elements.

It is commonly stated in the literature that there is no determinable
relief of the lunar surface associated with the rays. This is not strictly
true. At very low angles of illumination the Moon’s surface along the
rays can be seen to be rough (see Kuiper, 1959a, pp. 289-291). The
roughness is due, at least in part, to the presence of the gouges and
very low rims around the gouges.

The interpretation is here adopted that lunar rays are thin layers
of ejecta from the crater about which they are distributed. This
interpretation dates back at least to the 19th century and is probably
older. The gouges are interpreted as secondary impact craters formed
by individual large fragments or clusters of large fragments ejected
from Copernicus. Distinct ray elements are interpreted as splashes of
crushed rock derived chiefly from the impact of individual large
fragments or clusters of fragments. Partial verification of these
interpretations is obtained if a full explanation of the ray pattern and
associated gouges can be given in terms of the required ballistics.

t The astronomical convention for east and west on the Moon is opposite to the con-
vention used for the Earth.
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In order to reduce the ballistic problem of the Copernican rays to a
series of discrete points that can be treated mathematically a compil-
ation has been made of 975 secondary impact craters (Fig. 4). This is
a conservative compilation and far from complete. The problem of
compilation lies in finding the craters, many of which barely exceed
the lower limit of resolution on good lunar photographs, and also in
distinguishing secondary impact craters belonging to the ray system
of Copernicus from other craters of about the same size that are common
in this region. Three criteria were used to identify secondary impact
craters, and no craters are included in the compilation that did not
satisfy at least two of the criteria: (1) markedly elongated shape,
(2) shallow depth compared to most small craters outside of ray system,
(3) absence of visible rim or extremely low rim. Most small craters in
the region around Copernicus that fit these criteria occur in well-
defined rays or ray elements, and nearly all such craters that do not
lie in the Copernican rays appear to belong to another system of
secondary impact craters around the major crater Eratosthenes. The
identification of the secondary impact craters is based mainly on one
photograph taken by F. G. Pease at the Mount Wilson Observatory,
though other photographs from Mount Wilson and Lick Observatories
were used as a check.

Two deficiencies in particular should be noted in the present com-
pilation. First, there is a gap in the area around Eratosthenes where
no secondary impact craters have been plotted. This gap is due, not to
the absence of craters, but to difficulty in distinguishing with certainty
the secondary impact craters belonging to the Copernican ray system
from craters produced by fragments ejected from Eratosthenes. All
craters in the area around Eratosthenes have. therefore, been omitted.
The second deficiency is a relative incompleteness of the compilation
on the east side of Copernicus, as revealed by the much lower areal
density of craters in that area. This defect is due to the fact that,in
the principal photographs used for the compilation, the terminator lay
to the west of Copernicus and the small secondary impact craters can
be distinguished with much higher confidence on the side nearest the
terminator.

Ranges of all the secondary impact craters plotted on Fig. 4 were
measured from the Mount Wilson photographs. The distance measured
was from the tip of the centremost peak on the floor of Copernicus,
which is almost precisely at the centre of the circular crater floor, to
the nearest point on the rim of each secondary impact crater. These
measurements are strictly preliminary and have significant systematic
proportional errors in certain directions. The purpose in making the
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measurements is simply to find the general nature of the fragmentation
pattern that controlled the Copernican rays.

The frequency distribution of the secondary impact craters by
range shows a sharp node near 100 miles (about 160 km) from the centre
of Copernicus (Fig. 10). At greater distances the frequency drops off
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rapidly, but the histogram reveals several subordinate maxima. To-
ward the outer extremity of the ray system, the frequency drops
gradually to zero. Coming closer to Copernicus from the modal distance,
the frequency drops off very rapidly, owing to the fact that toward the
main crater the gouges in the pre-existing lunar surface tend to be
covered up or smothered under an increasingly thick deposit of material
making up the crater rim. The smothering effect begins about 80 km
from the edge of the crater, and from this point inward there is essenti-
ally a continuous blanket of ejecta.

The problem at hand is to deduce the trajectories of the fragments
or clusters of fragments that have formed the secondary impact craters
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and to solve for the original position of these fragments within the
crater. We wish to see if the special pattern of the ray system of
Copernicus can be related to a relatively simple pattern of breakup of
the rocks within the area of the crater and whether this interior ballistic
pattern reflects any of the structural features of the Moon’s crust that
can be seen in the region around Copernicus. If such a relationship
can be found, it will strengthen not only the ballistic interpretation
of the rays but also the general features of the crater theory upon
which the numerical computations are based.

B. CraTERING THEORY AND EXTERIOR BALLISTICS

To find the trajectories for individual fragments ejected from
Copernicus we require a theory of cratering that gives the relation
between ejection velocities and angle of elevation of ejection. A series
of approximations and idealization of the cratering problem will be
used to obtain a relation in closed form.

First the shock generated by impact will be treated as having an
apparent origin at a point some distance below the surface of the ground,
corresponding to the centre of gravity of the energy delivered during
penetration of the meteorite. This approximation becomes seriously
in error within a narrow cone with an axis coincident with the pene-
tration path, but at angles to the probable penetration path that are
of interest in explaining the observable features of the Copernican
rays the approximation is held to be valid within the limits of variation
introduced by inhomogeneities of the surface of the Moon. The exterior
ballistics can then be expressed in terms of the geometrical parameters
shown on the following diagram, Fig. 11.
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From the Rankine-Hugoniot conditions we have the following
relations across the shock front:

Upp = (U—p)p, (conservation of mass) (1)
P = ppUp, (conservation of momentum) (2)

e = (1/po—1/p)P[2, (conservation of energy) (3)
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where U is the shock velocity, p is the particle velocity behind the
shock front, pois the initial density of the lunar crust, p is the density
behind the shock front, P is the pressure increment across the shock
front, and e is the internal energy increment across the shock front.
Combining equations (1), (2), and (3) we have

e = (hus. (4)

Now we shall make an approximation employed successfully by
iriggs and Teller (1956, pp. 8-9) to predict shock arrival times
in the Jangle U underground explosion in the region of strong shock,

E = 2M, (5)

where E is the total shock energy and M is the mass engulfed by shock.
This approximation can be derived by assuming that the energy is
uniformly distributed in the material behind the shock. Such a dis-
tribution is impossible, but the relation gives a fair approximation for
the rates of decay of energy, pressure, and shock and particle velocities
for shock propagation in rock and leads to a cube root scaling law for
the crater diameters. E can be written as

E = (%)772”2: (6)
where m is the mass of the meteorite or impacting bolide and v is its

velocity. Combining (4), (5), and (6) we have

v2 2M
2w "

Partly for algebraic simplicity A will be taken as
M = (4/3)nr%pr, (8)
where p, is the initial density of the lunar crustal material. This

relation preserves cube-root scaling and will minimize the estimate
of v. We also may write

m = (4/3)mx3pm, (9)
where z is the radius of the bolide, p,, its density, and
d
r o= 0. (10)
sin o

Combining (7), (8), (9), and (10) we have

2 1 /d\32
v =,,,A/ o _ (—) . (11)
pm  Sin¥2¢ \x
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For an elastic wave the particle velocity for a point on the surface
would be 2u sin o, but the velocity of a large fragment ejected from a
rock surface by shock will be close to u. This means simply that the
kinetic energy imparted by the rarefaction wave reflected from the
ground surface is minor, and that the angle of ejection of a fragment
from the horizontal lunar surface would be close to «. These relations
are consistent with experimental results that have been obtained from
large underground explosions.

In order to evaluate equation (11) numerically we must make some
assumptions about prpn and d/z, and an accessory relationship is
required relating p and «. Some minimum requirements of this acces-
sory relationship can be drawn from the ray system of Copernicus.

First, from (4), (5), and (8) we have

A/ 3K (12)
w= 47Tp,-1“3. B

For a first approximation let us ignore radial variation in the lunar
gravitational potential and the departure of the lunar surface from a
sphere, and employ the simple classical ballistic formula

2 gin 2« :
R=2"000 (13)
g
where ¢ is the gravitational acceleration at the surface of the Moon
(167 cm/sec?). We will return to a more precise treatment of the

trajectory later. Substituting (10) and (12) into equation (13) we have

3F sin3e sin 2«
R = , (14)
4mprdig

where
3F

4mprd3g

Now the greatest distance that the Copernican rays can be traced is
a little more than 500 km. In order to set a minimum value for v, let us
suppose that this distance actually represents the greatest range of
fragments. This supposition is demonstrably false, but we will examine
it in more detail later. Under this supposition there are two possible
trajectories for any range less than the maximum: one for ejection
angles higher than the ejection angle for the maximum range, and one
for lower ejection angles. For the maximum range we have

dR
- = K(cosa4 sinda cos o —sinda sina) = 0, (15)
o4

= K (a constant).
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CcOS U."Iax = '\/11/5. 17'1(11- = 63026’. (l(i)

Substituting the value of « obtained in (16) and R = 500 km into
equation (13)

= N/Mcm 'sec = 1-02 km/sec (17)
# 0-80 / T

We are now in a position to evaluate minimum values of » from
equation (11). For Meteor Crater. Arizona, a value of d/x of about
8 to 10 was found for py/pm = % and v = 15 km/sec (Shoemaker,
1960a, p. 430). For the surface of the Moon and likely compositions
of the impacting bolide, values of p;/pm between § and 1 are more
probable. For these higher ratios of the densities lower values of d/x
may be anticipated for the same impact velocities. Let us adopt two
pairs of values for numerical evaluation (a) py/pm = §, djx = 4; and
(8) pr/pm =1, djx = 2. For the velocities that are derived from
equation (11), these pairs of values are realistic for the case of Coperni-
cus. Substituting pair (a) in (11)

1.02 x 8 ,
(a) v = m—km“sec = 9-6 km/sec (18)
and
(b) v = 102 x 1414 x 283 = 4-8 km/sec. (19)

0-846

The interesting fact about these results is that the cratering and ballis-
tic theory presented here leads to the conclusion that the bolide that
formed Copernicus was probably an independent member of the solar
system, and not a planetesimal or moonlet orbiting around the Earth
(cf. Kuiper, 1954, pp. 1108-1111). The value 4-8 km/sec for the impact
velocity obtained in (19) is a minimum.

1t may be noticed from (14) that the range, as defined, can be made
independent of the total energy E and the size of the crater, if the
linear dimensions of the shock scale as the cube root of the energy.
Thus we would expect practically just as long trajectories from small
craters formed by small bolides as from large craters formed by large
bolides if the impact velocities are similar. But, in point of fact, there
is a rough correlation between size of crater and length of observable
rays on the Moon. This can be interpreted to mean that the rays are
visible only to the point where the areal density of ejected material is
so sparse that it can no longer be photographed or seen, and smaller
craters have shorter observable rays because the quantity of ejected
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debris is less. When examined closely, it may be seen that the rays die
out gradually. There is rarely any suggestion of increase in ray density
near the end, such as would be predicted by the maximum range
hypothesis. Thus the Copernican rays are formed only by material
ejected at low angles and the material ejected at high angles went
into escape trajectories.
Employing equation (14) the total range Ry of a fragment from the
epicentre of the shock may be written as
' d
Ry = K sin3a sin 2q + . (20)
tan a

From the form of equation (20) it may be seen that the total range, as
defined, must pass through a minimum. For a large crater this mini-
mum will be slightly less than the radius of the initial crater produced
by ejection of material. At decreasing angles of a, sufficiently low that
the total range starts to rise due to rapid increase of the second term,
pieces will no longer be thrown out of the crater but will be simply
displaced a short distance laterally. A Schollen- und Schuppen-Zone
or series of thrust sheets may be formed at angles of « where the total
range passes through the minimum. In a large crater the final radius
of the crater is increased by slumping.
From equation (12) we may write

sindag

pa? = (21)

sinde; !
Thus, if d and any pair of values of 4 and « are specified, we may draw
a curve for Rp. By successive approximation it may be found that an
ejection velocity of 0-4 km/sec for an ejection angle of 12° will lead to
the formation of a crater of the lateral dimensions of Copernicus if the
centre of gravity of the energy released is at 3-2 km (2 miles) depth.
The crater is taken as having been enlarged 25 km by slumping, as
measured by the cumulative width of the terraces on the crater walls.
From equation (11) the impact velocity is found to be 17 km/sec. At
this velocity the centre of gravity of the energy released will be about
equal to the linear dimensions of the bolide if the bolide is composed
of the same material as the surface of the Moon (calculated from
methods given by Shoemaker, 1960a). Adopting d/xr = 2 and a density
of 3 for the impacting bolide, the kinetic energy is found to be 7-5 x 1028
ergs or 1-8 x 109 kilotons TNT equivalent. This may be compared
with 1-2 kilotons for the Jangle U experiment; the cube root of the
ratio of the energies is 1-14 x 103. As the ratio of the diameters of
the two cratersis 1-1 x 103, the crater theory employed here gives good
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Fie. 12. Ejection velocity as a function of elevation angle of ejection for Copernicus,

agreement with the empirical cube-root scaling law for the diameters
of nuclear craters (Glasstone, 1957, p. 198). It should be noted that
the scaled depth for the Jangle U shot is slightly greater than that
calculated for Copernicus.

The precise equation for the range of the trajectory on a spherical
body can be written in the form

w2 sino cOS o

¢ = tan™1 , (22)
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Fia. 13. Range of fragments as a function of original position in crater (Copernicus).
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where ¢ is half the angular distance of travel along the surface and [
is the radius of the sphere (Giamboni, 1959). For ranges up to 100 km,
or about 3° on the lunar surface, the error of equation (13) is small.
Given p = 0-4 km/sec at 12° ejection angle, the ejection velocity
may be specified for all ejection angles from equation (20) (see Fig. 12).
From equation (22) and the tangent of «, the range of individual frag-
ments initially at the surface may then be expressed as a function of
the distance of these fragments from the epicentre of the shock (Fig. 13).
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Fie. 14.  Provenance of material ejected from Copernicus.

Fragments ejected at angles ranging from about 6° to 14° form the
continuous ejecta blanket mantling the rim of Copernicus. The ejected
fragments follow a series of overarching trajectories, as required to
form the inverted stratigraphy of the rim at Meteor Crater, Arizona.
Fragments ejected at angles ranging from about 14° to about 22° form
secondary impact craters (the gouges) and the rays (Fig. 14). Between
ejection angles of 22° and 43° the smaller volume of material ejected
is so widely scattered over the surface of the Moon that it is lost.
Above 43° the fragments are ejected into escape trajectories.

C. INTERIOR BALLISTICS

The formation of rays depends upon a departure from the idealized
crater model in the real case. Fragments are not ejected precisely
along the radii from the apparent shock origin, but are thrown out in
distinet clusters or clots. The shape and orientation of these clots as
they are first formed in the crater can be found by using the theoretical
trajectories to replace the fragments in their approximate original
positions.

In order to plot positions within Copernicus for the approximate
original loci of the fragments that produced the secondary impact
craters, the provisional hypothesis is made that each secondary impact
crater was formed by one main fragment and that the fragments all
came from a near surface layer. By use of the curve on Fig. 13 all the
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fragments are then transposed back into Copernicus along radii from
the central point, which is taken as the shock epicentre. In the pro-
visional transposition, the fragments are all found to originate from
a circular belt around the shock epicentre (Fig. 15) with an inside radius
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Fia. 15. Provenance of fragments which formed the secondary impact craters in the
ray system of Copernicus.

just under 8 km (5 miles) and an outside diameter of 13 km (8 miles).
The farthest thrown fragments are derived from the inner margin of
the belt.

The large loop-shaped ray extending toward Mésting is found to
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have originated from a linear cluster of fragments about 7 km long
within Copernicus. The trend of this cluster is essentially parallel
with the “dipole” axis of the whole ray system. 1t is also parallel with
anorthwest-trending linear system of prominent ridgesin the Carpathian
Mountains and with the dominant trend of linear topographic features
in the general vicinity of Copernicus (Fig. 6). These ridges and linear
features are structural elements of the lunar crust that at least in part
clearly predate the formation of Copernicus, as will be shown in a
later section. The fragmentation pattern thus appears to have been
influenced by pre-existing lines of weakness; individual clots of frag-
ments evidently pulled apart along faults and fractures already
present in the lunar crust. The linear cluster of fragments that formed
the loop-shaped ray toward Mésting is interpreted as a pre-existing
structural block that maintained its identity momentarily as it was
engulfed by shock. In this way the major features of the ray pattern,
the “dipole” axis and axis of symmetry, are controlled by the dominant
structural grain of the lunar crust in the vicinity of Copernicus.

Subordinate structural trends also influenced the ray pattern. A
prominent arc-like ray that curves around just north of Hortensius
is derived from a linear cluster of fragments parallel with a subordinate
set of north-northwest trending linear features north of Copernicus and
a north-northwest trending set of terraces on the eastern crater wall
(Fig. 6). Other linear clusters are also present in the interior ballistic
pattern which are parallel with other linear structures in the crater
wall and the region around Copernicus.

The significance of these results is that a simple genetic relationship
between the main features of the Copernican ray pattern and other
observable features of the lunar crust is found by use of the idealized
theory of crater formation. The theory accounts quantitatively for both
the crater dimensions and the distribution of ejecta. The transposition
of rays into linear fragment clusters, however, is not a sensitive test of
precision of the computed trajectories. The main features of the
interior ballistic pattern would not be significantly changed by minor
modification of the relation between the angle of elevation and ejection
velocity that was derived from a series of approximations.

We may return now to examine the provisional hypothesis that all
the secondary impact crater-forming fragments were derived from a
near-surface layer. Material derived from deep positions close to the
origin of the shock will be ejected at the same angles as fragments
close to the surface. As the near-surface fragments are farthest from
the shock origin along any given slant radius and therefore experienced
the lowest peak shock pressure, it is reasonable to expect the largest

zZ
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fragments to have come from near the surface. The question is whether
any fragments or clusters of fragments large enough to form secondary
impact craters may have originated at significant depth beneath the
surface. The frequency distribution of the secondary impact crater-
forming fragments and the reconstructed internal ballistic pattern
provides some evidence ‘bearing on this question.

The radial frequency distribution of fragments, after transposition
into the crater, shows a series of pronounced maxima and minima that
correspond to maxima and minima in the original range frequency
distribution of the secondary impact craters (Fig. 10). This distribution
has been broken down into three sectors around Copernicus (Fig. 16),
and the individual maxima may then be identified with major rays or
belts of secondary impact craters. In nearly all cases it is found that
a maximum in one sector coincides fairly closely in radial position with
a maximum in one of the other sectors. Such a coincidence suggests
that the interior fragmentation pattern has elements of concentric
symmetry around the shock epicentre. A concentric pattern would be
found if the lunar crust were layered and clusters of fragments were
formed by the separation or pulling apart of layers. This implies that
clusters which are separated radially in the fragmentation pattern as
plotted on Fig. 15 may actually have been separated vertically in the
crater.

Some features of the ray pattern seem easiest to explain by a com-
bination of vertical and horizontal separation of fragment clusters.
The very long ray trending north between Timocharis and Lambert,
for example, is intersected or joined by two east-west trending cross-
rays, one that crosses north of Pytheas, and one that runs just north
of Turner. The greatest density of visible secondary impact craters
along the north-south ray occurs near the intersections. Such relations
could be explained as follows: The north-trending ray was formed by
an elongate cluster of fragments with the approximate shape and
orientation shown on Fig. 15, but one end of the cluster originally lay at
a deeper level than the other in the lunar crust and more than two
separable layers were included in the cluster. The uneven distribution
of secondary impact craters along the ray would be due to the tendency
of the fragments of each layer to hang together momentarily on ejection.
This interpretation implies that the fragments of the Turner cross-ray
are derived from a different layer than those of the Pytheas cross-ray.

It is not immediately evident which of the two cross-rays, in this
interpretation, would represent the deeper layer. Shock propagation
theory suggests that, along a given slant radius, the upper layer should
have the higher ejection velocity, in which case the Pytheas cross-ray
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would represent the higher layer. Empirical evidence from high-
explosives cratering experiments, on the other hand. suggests that
along certain slant radii fragments from the deeper layer would go
farther (Sakharov and others, 1959). The high explosives data may
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not be applicable because the fragments are ejected more by the impulse

derived from expansion of the explosion gases than by the shock.
Keeping in mind the factors that may influence fragmentation, we

may examine the question of the actual size of the fragments that
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formed the secondary impact craters. A total of at least 975 fragments
are derived from an annular segment of the lunar crust with an area of
about 330 km?, and an unknown depth. If the fragments are assumed
to be of equidimensional shape and all derived from one layer, the
maximum mean diameter of the fragments would be about 600 m. If
the depth from which the large fragments are derived were about three
times the mean diameter of the fragments, then the maximum mean
diameter would be closer to 1 km. But probably very few, if any, of
the fragments that formed the secondary impact craters were as much
as a kilometer across. In the first place, a mean diameter of a little
less than 1 km would require that essentially all the material ejected
at ray-forming angles (Fig. 14) was in large fragments, whereas empir-
ical data on the size frequency distribution of fragments produced by
shock shows that about 509, of the material will be in size classes more
than an order of magnitude smaller than the maximum size. Secondly,
there is a much larger number of secondary impact craters in the
visible size range than has actually been compiled. A better guide to
the actual size of the fragments is probably provided by the length of
cluster of fragments that was ejected towards Mésting to form the
loop-shaped ray. At least 50 fragments were derived from a cluster
which was only 7 km long. The mean size of the fragments that formed
the visible secondary impact craters in the loop-shaped ray was prob-
ably in the range of 100 to 200 m in diameter.

These results have an immediate bearing on the origin of the elongate
secondary impact craters. Many of the elongate secondary impact
craters are oriented at angles to the radial direction from Copernicus
and thus cannot be attributed simply to plowing or skidding of the
low-angle missile on the lunar surface. Arbitrarily oriented craters
could be formed by arbitrarily oriented elongate fragments, but the
length required for the fragments is unreasonably great, for some of
the secondary impact craters are more than 5km long. All of the
markedly elongate craters are, therefore, probably compound craters
formed by the impact of two or more fragments travelling closely
together. All gradations can be found, especially along the inner
margin of the ray system between short chains of secondary impact
craters and compound craters in which the partially merged compon-
ents can still be recognized. The formation of these chains and com-
pound craters is simply a smaller scale manifestation of the phenomenon
of clustering of fragments which is responsible for the broad scale
pattern of the rays. Ejection of fragments from large primary impact
craters thus provides another mechanism in addition to volcanism by
which chains of small craters can be formed on the Moon.
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D. AxgLE oF Imract

It is appropriate at this point to return to some questions that were
set aside in the discussion of the mechanies of impact and to review
the effects of variation of angle of impact, in particular, on the dis-
tribution of ejecta.

By ignoring the gravitational attraction of the Moon. Gilbert (1893,
pp. 263 and 268) showed that the frequency function dP for the
zenith angle of incidence ¢ for bodies approaching from random direc-
tions is

dP = 2sinicostdr = 2 sin 21 di.

The angle of incidence of maximum frequency would therefore be 45°.
It may readily be shown that this result is more general, and still
applies even when the gravitational attraction of the Moon is taken
into account.t In the case of craters formed by the impact of asteroids,

1 The case of impact on a massless sphere can be stated as follows. Consider a meteor-
oid approaching a sphere of radius r from a random direction. Within a circle of the
radius of the sphere all points of intersection of the path of the meteoroid with a plane
perpendicular to the path are equally probable, and the total probability P is given by

P =72 = 1.

The differential probability or frequency swith which the meteoroid will pass through
a point at a distance z from the centre of this circle, where 0 < z < r, is

dP = 2nxdzx,
and

T = rsini,

where 7 is the zenith angle of incidence with the sphere (Fig. 17(b)). As

dxr = r cos 1 dz,
then

dP = 2nrsintrcostdi = 2nr2sin 27 di = sin 2¢ di.

In the case of a meteoroid approaching a gravitating body (a homogeneous sphere
with mass) from a random direction, the total probability P that the meteoroid intersects
a plane perpendicular to the path of the meteoroid within the capture cross-section of
radius R is

P =xR2 =1,

and the differential probability with which the meteoroid will pass through a point at a
distance x from the centre of the capture cross-section, where 0 < z < R, is

dP = 2nxdzx.

From conservation of angular momentum we have

mxVeo = mr¥V,,

Footnote continued on pp. 342 and 343.
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as is indicated for Copernicus by the calculated impact velocity, we will
be most frequently concerned with angles of incidence around 45” and in-
stances of vertical incidence have a vanishing probability of occurrence.
It should be noticed that very low angles of impact may also be expected
to have been of infrequent occurrence.

where m is the mass of the meteoroid, ¥ is the velocity of the meteoroid at infinite
distance from the sphere, V', is the tangential component of the velocity of the meteoroid
at the moment of impact and r is the radius of the sphere (Fig. 17(a)). If I’y is the

(@) Homogeneous sphere with mass (b) Massless sphere

Fia. 17 (a) and (b). Diagrams illustrating angle of incidence of bodies approaching a
sphere from a random direction.

velocity of the meteoroid at the moment of impact and i the zenith angle of incidence,

Va =sint V,,

r1ysint
r=-—-,
Vo
rV,cos1dz
dry = —————,
Ve
and
rV,sint\ /r¥V,cosidi mr2l,2
dP = 277( ) ( ) = sin 21 di.
Ve - Ve Vo?
But at
sint = 1,z = R,
and thus
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Small scale hypervelocity experiments show that in the vertical
impact of a sphere on a plane surface a small amount of material is
ejected, in the beginning stages of penetration, at very flat angles to
the surface at velocities exceeding the impact velocity (Charters, 1960).
"This high speed ejection is evidently due to a jetting effect similar to
that produced in the collapse of wedge-shaped liners of shaped charges
(Birkhoff et al., 1948). As the penetration proceeds, larger amounts
of material are ejected at progressively steeper angles and lower
velocities, and in the case of impact into metals the bulk of the material
is ejected at angles ranging from about 45° to 65° from the horizontal.
This ejection occurs mainly under conditions of hydrodynamic flow;
a similar flow regime and mechanics of ejection should prevail for the
initial stages of penetration of a large meteorite or asteroid into a rock
surface. It is only during the later stages of penetration and cratering
that the angle of ejection should decline again as the crater opens up,
as indicated in the analysis presented in the preceding pages. At a
certain stage of penetration the trend of variation in the angle of
ejection is reversed, and there should remain a conical region around
the path of penetration, an excluded or forbidden region, through
which no fragments may be expected to be ejected.

A pronounced effect on the ray pattern around an impact crater
should be found when the zenith angle of incidence is so high that one
side of the excluded region becomes parallel or nearly parallel with
the Moon’s surface. An excluded area for rays would then be expected
in the ray pattern around the crater. The ray pattern of Proclus,
which has an area with no rays through an arc of about 150° on the
southeast side of the crater, is perhaps an example of an ejecta pattern
produced by impact at a very high zenith angle. The effect of impact
approaching the limiting case of grazing incidence may be illustrated
by the highly elliptical crater Pickering, which has just two prominent
nearly parallel rays, one extending from each side of the crater in a
direction parallel with the long axis of the ellipse. At angles of incidence
where the sum of the zenith angle and half the apex angle of the conical
excluded region are somewhat less than 90° the ray pattern would
probably be asymmetrical, the longest rays extending in the direction

Therefore

and

dP = sin 21 di.
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in which the impacting body is travelling and the shortest rays in the
opposite direction. The ray pattern of Tycho may illustrate this
effect.

At the modal angle of impact (45°) the effect of the direction of
approach of the bolide on the ray pattern probably becomes negligible.
The ejecta most strongly influenced by the asymmetrical low produced
by the oblique penetration are thrown out in escape trajectories.
Ray-forming fragments are ejected at greater distances from the path
of penetration where the configuration of the shock becomes more
nearly symmetrical. The most that can be said from a ray pattern in
which the rays extend about equally far in all directions, as in the
case of Copernicus, is that the zenith angle of impact was probably
not unusually high. Probably the principal effect of increase in the
zenith angle of impact is simply to reduce the depth of the apparent
origin of the shock.

VI. History of the Copernicus Region

Conclusions as to the origin of Copernicus have wide application,
because Copernicus is a member of a large class of lunar craters char-
acterized by a number of distinctive features. The principal feature
that unites members of this class is the topography of the rim. The
hummocky rim of Copernicus is closely simulated many times over
at other craters of similar and smaller size. In general, the ratio of
the width of the hummocky terrain to the diameter of the crater
decreases with decreasing size of the crater. Around some craters
almost all the rim terrain is made up of a nearly random arrangement
of hummocks typical of the rim crest at Copernicus; around others the
rim is marked by a strong radial or subradial pattern of low ridges
typical of the peripheral zone of the rim of Copernicus. Visible gouges
or secondary impact craters surround the rims of all such craters
approaching Copernicus in size. The interior walls of these craters
are almost invariably terraced, the floors are irregular, and nearly all
have a central peak or peaks.

Many craters with this group of characteristics are the foci of prom-
inent ray patterns, but many others are entirely unaccompanied by
rays. Eratosthenes (Fig. 4) is a good example of a crater that exhibits
all the principal topographic features of Copernicus and is surrounded
by a well-developed pattern of gouges but lacks rays. Where it is not
overlapped by Copernican rays, the rim and floor of Eratosthenes have
relatively low reflectivity.

All gradations may be observed in the brightness of the rim and
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associated rays of craters of the Copernicus type. Copernicus, Aristillus,
and Theophilus illustrate a sequence of craters accompanied by rays
ranging from bright to faint. The rays of Aristillus are plainly visible
but not as bright as those of Copernicus; the rays of Theophilus are
very faint, though its secondary impact craters are widely distributed
and as numerous as those of Copernicus. The reflectivity of the rim
of Theophilus approaches that of Eratosthenes. It is highly probable
that this sequence is one of increasing age of the craters. Wherever a
rayless crater of the Copernicus type or a crater with very faint rays
oceurs in an area with bright rays from some other crater, the bright
ray pattern is in all cases superimposed on the darker crater or faint
ray pattern; in no instance is a darker ray pattern or rim deposit of a
crater of the Copernicus type superimposed on a bright ray. Some
process or combination of processes is evidently at work on the lunar
surface that causes fading of the rays and other parts of the Moon’s
surface with high reflectivity. Most of the brightest parts of the Moon’s
surface are the steepest slopes, where fresh material might be continu-
ally exposed by mass movement. Darkening of the surficial materials
by radiation damage and mixing of the thin layer of ray material with
underlying dark material by micrometeorite bombardment are proces-
ses that might well contribute to ray fading.

It is concluded that all craters that exhibit the general topographic
features of Copernicus, particularly the hummocky rim and surrounding
gouges, are of impact origin.

Other craters of much larger and much smaller size are probably of
impact origin as well. Kuiper (19595, p. 1717) has drawn attention to
a class of small craters of conical shape or the shape of a truncated
cone which he compares with the South African kimberlite pipes, a
comparison first made by Eduard Suess (1909, p. 596; 1895, pp. 46-47).
An example of such a crater is Hortensius (Fig. 4). Most of these
craters have low or inconspicuous rims. The steep inner walls are
generally very bright, and some, but not all, have associated rays. 1t
must be borne in mind that the interior and exterior ballistics of impact
craters obey different scaling laws and small impact craters on the
Moon may have very low rims owing to the wide distribution of the
small amount of material ejected. The similarity of the rim of Coperni-
cus to the rims of the much smaller Arizona Meteor Crater and the
nuclear explosion craters is partly fortuitous, and is a consequence of
the difference in the gravitational potential at the surface of the Moon
and Earth which tends to compensate for the difference in size. The
presence of rays around some of the conical craters indicates that most
craters in this class are probably of impact origin.
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At the other extreme of size, the extent of the continuous ejecta
deposit of the rim around a very large impact crater tends to be greater
in proportion to the diameter of the crater than in the case of Copernicus.
As first pointed out by Gilbert (1893, pp. 275-279) Mare Imbrium is
partially encompassed by what appears to be an immense sheet of
ejecta that extends over a substantial fraction of the visible surface
of the Moon. The topography of this sheet is distinctively hummocky
in detail, but it is draped over diverse topographic features, some of
great size. Mare Imbrium, the apparent source of this sheet of ejecta,
or a part of the Mare, evidently represents the largest crater of impact
origin on the Moon.

A. STRATIGRAPHY OF THE COPERNICUS REGION

In the Copernicus region the surface of the Moon is built up mainly
of an overlapping series of deposits of ejecta. These deposits, together
with layers of material of probable volcanic origin, constitute a strati-
graphic succession from which the relative sequence of events in the
history of this region can be determined. The deposits have been
grouped into five stratigraphic systems: (1) pre-Imbrian, (2) Imbrian,
(3) Procellarian, (4) Eratosthenian, and (5) Copernican, which corres-
pond to five intervals of time (Fig. 6).

The Imbrian system: the stratigraphically lowest and oldest system
that is widely exposed in the Copernicus region, is made up mainly of
the deposit of ejecta derived from the region of Mare Imbrium. The
deposit is characterized by a gently rolling “pimply” and “pock-
marked” topography that has a shagreen appearance at certain phases.
Locally it exhibits a peculiar dark faintly greenish colouration. It has
been deposited on a surface of considerable relief that includes old
craters and, in the Carpathian Mountains, a series of linear ridges and
valleys. The Imbrian ejecta tends to fill in the old craters and valleys
and is probably several thousand feet thick where it fills some of these
pre-existing depressions, but it is evidently thin where it is draped
across the crests of old crater rims and certain high ridges, as indicated
by the relative sharpness of form of these features. Some materials
of pre-Imbrian age may be locally exposed in areas indicated on
Fig. 6.

Material which underlies the relatively smooth dark floors of the
Oceanus Procellarum, Mare Imbrium, and Sinus Aestuum rests strati-
graphically on the Imbrian system. This material, together with the
domes resembling basaltic shield volcanoes, make up the Procellarian
system. In reflectivity, the mare floors are indistinguishable from the
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volcano-shaped domes, and the mare material is probably composed
chiefly of dark volcanic flows, though, except for the domes, typical
volcanic features are not readily visible on the maria.

The rim deposits of rayless craters of the Copernicus type are super-
imposed upon the Imbrian and Procellarian systems. The most ex-
tensive of these deposits in the Copernicus region are associated with
the craters Eratosthenes, Reinhold, and Landsberg; the whole group
of these deposits is taken as the Eratosthenian system. The material
making up the narrow rims of rayless conical and truncated cone-
shaped craters of the Hortensius type is also included in the Eratos-
thenian system. These various craters probably have a wide range in
age, but all are post-Imbrian and the rim deposits of most rest on the
Procellarian. Nearly all are overlapped by Copernican rays.

The Copernican system includes the rays and ejecta deposits of
Copernicus and several smaller ray craters, notably Hortensius and a
bright ray crater east of Gambart. Among the stratigraphically
highest units in the region are the rim deposits of the dark halo craters,
which are superposed on the ejecta and rays of Copernicus. These have
also been included in the Copernican system.

B. CorrRELATION OF THE LUNAR AND GEoLOGIC TiME SCALES

An approximate idea of the correlation of the lunar stratigraphy
and the lunar time scale used here with the geologic time scale may be
obtained by comparison of the areal density of impact structures and
comparison of rates of impact. The areal density of craters interpreted
to be of primary impact origin that are superposed on the Procellarian
has been examined by R. J. Hackman of the U.S. Geological Survey.
He finds that primary impact craters of Eratosthenian and Copernican
age that are large enough to be distinguished on photographs (minimum
diameter slightly less than one mile) range in density from about 0-24
per 1000 km?2 in Mare Crisium to about 0-53 per 1000 km2 in Mare
Nubium, and average about 0-45 per 1000 km?2 for all the readily
visible mare surfaces. If we suppose the end of Procellarian time to
have been very early in Earth-Moon history, say 4-5 billion years ago
(Patterson, Tilton, and Inghram, 1955), then the mean rate of impact
since that time of objects large enough to form craters that may be
distinguished photographically is about 0-1 per 1000 km2 per billion
years. The rate of impact of objects large enough to form craters 3 km
in diameter would be about 0-05 per 1000 km2 per billion years.

This rate may be compared with that calculated from the areal
density of known probable impact structures (structures of the Sierra
Madera type) of about 0-01 per 1000 km?2 in the central United States,
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in an area that is geologically favourable for the recognition of impact
structures. Most of these structures probably correspond to craters
about 3 km in diameter or larger. The average age of the beds exposed
in this area is of the order of 300 million years. The rate of impact of
objects large enough to form the known structures of the Sierra Madera
type in this area is therefore about 0-04 per 1000 km2 per billion years.
This figure is likely to be a minimum because of incompleteness of
detailed geologic information on this region and because of the loss
from the geologic record of impact events due to erosion. Account
must also be taken of the fact that the rate of impact on the Earth
should be higher than on the Moon because of the Earth’s greater
gravitational attraction. For objects entering the Earth's atmosphere
at 15 km/sec, the rate of impact on the Earth would be about 2-2
times greater than on the Moon, if the direction of approach were
truly random. Several other corrections must be applied, which will
be the subject of a separate paper.

When all the factors and uncertainties are considered, the data
appear consistent with the hypothesis that the end of Procellarian
time is not far removed from the beginning of geologic time and that
the rate of impact has been fairly constant since Procellarian time. This
hypothesis is in accord with the concept that the objects which formed
the Eratosthenian and Copernican impact craters were asteroids, as
suggested by the solution for the impact velocity for the bolide which
formed Copernicus. It is also possible that some craters may have been
formed by the impact of comets.

If the rate of impact has remained steady since the end of the
Procellarian (the beginning of the Eratosthenian) we may estimate
the age of Copernicus. There are two recognizable craters of probable
primary impact origin superimposed on the crater and ejecta rim of
Copernicus, an area of about 50,000 km2. At a rate of 0-1 craters per
1000 km?2 per billion years, this would correspond to an age of about
half a billion years for Copernicus. In terms of the geologic time scale
this would place Copernicus approximately in the early Paleozoic.
The fading of the rays is apparently a slow process. As the rays of
Copernicus are toward the brighter end of the range of brightness, the
beginning of Copernican time (the age of the faintest rays) is probably
well back in Precambrian. On the basis of the relative number of
craters, it appears likely that Eratosthenian time covers somewhat more
than half of all lunar history.

C. STRUCTURE AND STRUCTURAL HIsTORY OF THE COPERNICUS REGION
The structure of the Copernicus region comprises old pre-Imbrium
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structures, now buried under Imbrian and later strata, folds in the
Procellarian, rills and structures of probable volcanic origin of Pro-
cellarian or later age, and structures associated with individual craters
of the Copernicus and Hortensius type of Eratosthenian and Copernican
age.

Pre-Imbrian structures are reflected by the prominent linear ridge
and valley topography of the Carpathian Mountains. This topography
is a small part of the extensive pattern of linear features termed
Imbrian Sculpture by Gilbert (1893, pp. 275-282), the origin of which
has been discussed extensively in recent years (Baldwin, 1949, pp. 201~
212; Urey, 1951, pp. 220-228; von Biilow, 1957; Kuiper, 1959, p. 310).
Trenches, ridges, and scarps in this pattern tend to be approximately
aligned along a series of great circles that intersect in the northern
part of the Mare Imbrium. The ridges and troughs of the Carpathians
are layered over by rocks of the Imbrian system and plunge beneath
the Procellarian along the northern margin of Mare Imbrium. Indivi-
dual ridges that rise above the level of the surrounding Imbrian ejecta
are the prominent features of the Carpathians. It is possible that
some displacement has occurred along some of these ridges since the
Imbrian system was deposited, but there is no apparent displacement
of the Procellarian where it overlaps the ridges and valleys along a
series of promontories and bays that constitute the mountain front.

To get the full evidence on the origin of the Imbrian sculpture it is
necessary to go far beyond the Copernicus region. Gilbert interpreted
the large troughs as furrows, plowed by low-angle ejecta; Suess (1895,
pp- 38-39) advanced the explanation that they were fissures or graben.
Aside from the fact that the trajectories and strength of the ejecta
required for the plowing of such furrows are improbable, offsets in the
walls of the troughs and ridges show that they are more likely to be fault
scarps. It appears highly probable that the Imbrian sculpture is the
topographic expression of a radiating set of normal faults that were
formed during dilation of the lunar crust by divergent flow behind
the shock front generated by the impact that produced the Imbrian
ejecta. The ridges of the Carpathians are thus interpreted as horsts;
probably they were scarcely formed before they were partially buried by
ejecta.

Other linear structures (which have been plotted by R. J. Hackman)
also appear to be buried under the Imbrian and higher strata in the
Copernicus region (Fig. 6). They are reflected in the alignment of
subdued linear topographic features, most of which are best seen
stereoscopically. The tectonic fabric, or pattern of faults and fractures,
in the pre-Imbrian of this region is probably complex and the product
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of numerous structural events besides the impact which produced
Imbrian ejecta.

A significant hiatus in time appears to have intervened between the
deposition of the Imbrian ejecta and the formation of the Procellarian
system, but the evidence for this again lies largely outside of the
Copernicus region. The ejecta of several craters that are superposed
on the Imbrian ejecta are overlapped by the Procellarian; one of the
best examples is the crater Archimedes which lies on the western
margin of Mare Imbrium.

Several structural features occur on the maria, in addition to the
volcano-shaped features, which may be related closely in time to the
emplacement of the Procellarian. These include braided and en
echelon systems of low amplitude anticlines or ridges and low scarps
that may be monoclines or flow fronts. These features may be chiefly
surficial and related to the fluid dynamics of emplacement of the
Procellarian system rather than to any broad pattern of stress that
affected all or a major segment of the Moon.

A rill on the southwest side of Stadius and the chain crater-rill
system north of Stadius (Fig. 6) may be late Procellarian in age or
Eratosthenian. They are overlapped by Copernican ejecta and rays.

The structure of craters of KEratosthenian and Copernican ages
shown on Fig. 6 is based partly on the observable topography of the
craters and is partly inferred from data on terrestrial impact and
explosion craters. Copernicus itself is the best example. The well-
defined scarps in the crater wall are taken to be normal faults forming
the slip surfaces of great slump blocks. These scarps are distinctly
linear and show preferred orientations that are probably controlled
by pre-Imbrian structure. The outline of the crater, which is somewhat
polygonal, has been controlled by the slump faulting. The floor of the
crater is inferred to be underlain by a breccia comparable to the breccia
of Sierra Madera or perhaps the central breccia of the Vredefort dome.
Its depth, shown in the cross-section, is estimated from an empirical
scaling relation determined from breccias formed by chemical and
nuclear explosions (Shoemaker, 19604), a scaling relation that fits the
dimensions of the breccia at Meteor Crater, Arizona. The central peaks
of Copernicus are thought to have been raised up in the centre in
response to the centripetal slumping of the crater walls. Large Erato-
sthenian craters have been interpreted in the same way as Copernicus.

Among the latest structural events in the Copernicus region were the
formation of the dark-halo craters, here interpreted as maars. If the
correlation that has been presented of the lunar time scale is approxi-
mately correct, volcanism appears to have been spread over most of
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lunar history, though apparently it has changed in character with time.
Because of the spatial association of dark-halo craters with Copernicus
and the very similar crater Theophilus, there is a suggestion that the
later maar-producing volcanism was triggered by impact.
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