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TO THE EVOLUTION OF THE LUNAR CRUST!
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The original lunar crust was physically and chemically mod-
ified by meteorite bhombardment and the subsegquent transport and
redistribution of Its materiasls. The exposed rellics of this
crust form the lunar highlands, which are predominantly sculp-
tured by over 30 large basins that range in diameter between
300 and 2000 km. These basins are egually distributed on the
near and far lunar hemispheres. The largest, the South Pole/
Aitken basin on the far side, is armong the oldest and 1s recog-
nized by a subdued, discontinuous mountain chain surrounding a
depression about & km deepr. The youngest, the Crientale basin
on the western 1imb, displays distinct mountain rings, a contin-
uous lineated ejecta blanket surrounding the cuter ring (930
km), and smooth plains and secondary craters farther out. Lu-
nar basins display a continuous array of morphologies, from ex-—
tremely subdued to fairly crisp features. This negates the pos-
sibility of sculpting the crust by meteorite impacts in one
catastrophic event. Lunar crustal materials most likely were
bombarded continvcusly by large objects throughout the garly
lunar histcry, or between 4.6 and about 3.9 billion years ago.
In addition ko lmpact products, some highland units may be voi-
cani¢ in origin, including Iight plains on the lunar far side
and spectrally distinct domes on the near side.

Although stratigraphically very significant, mare materials
cover less than 20% of the lunar surface and compose only 1% of
the crust. Mare basalts were depogited within the lunar basins
and surrounding &roughs during three or four major eplsodes,
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between 3.85 and about 2.5 billion years ago. Basaltic vol-

canism indicates not only the chemistry of the crust, but also
the amount and length of time ©f internal planetary differen-
lation.

INTRODUCTION

Stratligraphy is the study of the formation, composition,
and ceorrelation of surface rocksg in space and time. BApplica-
tion of the principles of stratigraphy unravels the segquence
of events that constitute the geologic history of a region or
a planetary body. These principles grew from observation of
terrestrial processes, but many are applicable to the Moon as
well.

Two laws are basic to both lunar and terrestrial strati-
graphy: (1) the law of superposition: when one rock unit 1is
superposed on another, the uppermost is younger than the one
it overlies. This law holds true if the rock seguence has not
been disturbed or overturned since its formation. (2) The law
of ¢ross~cutting relationships: a geologic feature is younger
than the unit it cuts across.

The Moon disgplays other features, unavailable on Earxth, for
deciphering stratigraphic relationships. One of these 1s the
nature and freguency of craters on a given surface area. The
older the surface, the longer it has been exposed to meteorite
bombardment. Therefore, an older surface will generally display
a greater number of craters, and/or a degraded and subdued
appearance. Relative ages of different mare units can ba es-
tablished by analysis of crater diameter/frequency relations.
In crater analysis, however, care must always be exercised to
avoid confusing primary craters with secondary impact or vol-
canic craters.

Distinction between impact and volcanic craters on the Moon
has long been a matter of controversy. Earth-based photographs
provided the basis for the opposing theories of lunar crater
formation by meteorite impact (e.g., Gilbert, 1893, 189%; Shoe-
maker, 1962; Baldwin, 1963} and by wvolcanic processes (e.q.,
Dana, 1846; Spurr, 1944, 1945; Green, 1962). Although the con-
troversy 1is still with us, it is now feasible to photogeologi-
cally distinguish between features that are the product of me-
teorite impacts and those ¢reated through internal lunar pro-
cesses. Close-up Lunar Orbiter photographs and those taken
later by sophisticated cameras aboard Apollo missions 15 throegh
17 are used to distinguish characteristics of preoducts of both
processes (McCauley, 1968; Mutch, 1%72; El-Baz, 1974). The
fact that most lunar craters were formed by meteorite impacts
was supported by studies of terrestrial meteorite impact craters
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{Snoemaker, 1962; Fielder, 1965), underground explosions (Short,
1965; and Dence, 1972), and laboratory simulations (Gault et
al., 1968; and Gault, 1970). The impact theory was confirmed
by results of the Apollo lunar missions (see reviews by El-Baz,
1975; Taylor, 1975; Short, 1975; King, 1976; anéd Lindsay, 1976).

Another stratigraphic tool that dominates the lunar pano-
rama, but is lacking on Earth, is the presence of large multi-
ringed rasins of impact origin. Because these basins ané their
deposits ccver large areas, they prcvide a widespread reference
for correlating relative ages of surface units. Basins typi-
cally exhibit concentric rings of prebasin material disturbed
by the impact, a hummocky ejecta blanket that thins with dis-
tance from the basin, and smooth plains and secondary craters
seyond that blanket. The number of rings present depends on
the basin size. Not all basins have mare fill; farside basins
have little or none. There are over 390 basins on the Moon
ranging in size between 300 and 2000 kxm in diameter. They vary
in appearance from sharp and fresh to degraded and barely dis-
cernible.

On the tasis of these morphologic characteristics the bas-
ins have been ranked according to relative age (Stuart-Alex-
andexr and Howard, 1970; Hartmann ané %Wood, 1971). The super-
position and cross—cutting relationships of basins tc other
lunar features and units can therefore help define a lunar wide
sequence of events. For example, it is clearly recognized
that the Orientale basin is younger than the iImbrium basin, and
that the Imbrium basin is in turn younger than the Nectaris
basin.

THE LUNAR STRATIGRAPHIC COLUMN

Most of the Earth-facing lunar hemisphere was geologically
mapped by the U.S. Geological Survey during the 1960s using
telescopic photographs. This mapping was based on the premise
that the lunar crust displayed material units that could be de-
fined by physical properties and ranked in order of decreasing
age.

Although lunar stratigraphy is still a relatively new
field, several attempts have been made tc classify features by
relative age accoréing to tomographic and morphologic charac-
teristics. The basic lurnar stratigraphic sequence was £first
developed by Showmaker and Hackman (1962) in an area that in-
cludes the southern part of the Imbrium basin. This sequence
was later modified and appliecd to most of the near side (Mc-
Cauley, 1967; Wilhelms, 1970; Wilhelms and McCauley, 1971;
Mutch, 1972).
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An example of deducing lunar surface stratigrapghy is in
Fig. 1. Depicted in this sterogram are remnants of the rims
of the craters Fra Mauro, Bonpland, and Parry. In the upper
left corner of the area there is & thick deposit with radial
segments, which is believed to be ejecta from the Imbrium bha-
sin to the north of the area of the stierogram. This deposit is
superposed on the high rim of the crater Fra Mauro and there-
fore is younger tham that rim. This lineated depesit has been
named the Fra Mauro Formation (Eggleton, 1964). Crater inter-
iors, as well as & region to the lower right, are occupied by
a relatively flat, light-colored unit. This unit has also been
interpreted as ejecta from the Imbrium basin and has been namsd
the Cayley Formation (Wilhelms, 1265). It displays a well-de-
veloped system of straight rilles. Since the Parry Rilles cut
across both the crater rims and the licht-colored £ill, these
grabens are younger than both. A crater in the center of the
pPhotograph to the right obliterates a rille, and its ejecta
overlies the light-colored (Cayley) unit. This relationship in-
dicates that materizl of that particular crater is younger than
the episode that resulted in the deposition of the Cayley unit
ag well as the tectonic movements that caused the rilles. The
lower left part of the area 1is occupied by a dark, relatively
smooth unit that displays fewer small craters than on the Cayley
fiil. This dark mare material shows flow fronts and wrinkly
ridges. It ¢verlaps and embays the Cayley unit and truncates
and covers one rille in the center of the photograph on the
left; it is therefore younger than both.

Hence the following sequence of events may be constructed.
Pirst to have formed are the three large craters, probably in
the following seguence: Fra Mauro, Bonpland, and Parry. These
craters probably predate the formation of the Imbrium basin to
the north, because they are covered by the lineated unit that
is believed to be ejecta from Imbrium (the Fra Mauro Formation).
The craters were filled by finer ejecta from Imbrium and other
impact events as well as locally generated debris, which formed
the light-ecoleored fill (Cayley Formation). This filling started
prior te the formation of the Imbriuwmn basin was nearly completed
during that event, but continued after it. Tectonic movements
caused the formation of Parry Rilles by the collapse of rock be-
tween two parallel faults. At a later time, lava flocded
troughs southwest of the region and the flows covered the low-
land, including terminal portions of some rilles. Finally, af-
ter the emplacement of the mare material, impact events created
numerous craters in the region; some of these, showing very
crisp features, are younger than others.
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Sequences such as this can be worked out for many parts of
the lunar surface. They are particularly clear where mare units
abound. Within the older lunar highlands, however, there are
many more complications that cloud regional as well as local
stratigraphic sequences. However, it is possible to generalize
the stratigraphic sequences on the near side of the Moon based
on the Imbrium basin formation (Fig. 2). 2also, it was recently
realized that the nearside lunar stratigraphy could be extended,
with modifications, to the far zide as well (Stuart-3Alexander
and Wilhelms, 1974; El-Baz, 1975; El-Baz and Wilhelms, 1975).

The Moon-wide, time-stratigraphic sequence in order of de-
creasing relative ages is as follows:

1. Pre-Nectarian All materials formed before the Nectaris
basin and as long ago as the formation of the Moon are clasgsed as
pre-Nectarian. Most pre-Nectarian units are présent on the
lunar far side. These include materials of very old and sub-
dued basins, and mantled and subdued craters.

2. Nectarian System This system includes all materials
stratigraphically above and including Nectaris basin materials,
and up to but not including Imbrium basin strata. However, in

much of the area surrounding the Imbrium basin. Nectarian basin
materials cannot be recognized and the pre-Nectarian and Nec-

tarian can be combined as pre-Imbrian materials. Ejecta of the
Nectaris basin that can be traced near the east limbk region
allow recognition of these materials as an important strati-
graphic datum for the farside highlands. Some light-colored
plains units, particularly on the far side, are helieved to be
Nectarian in age.

3. Imbrian System A large part of the lunar surface is
occupied by ejecta surrounding both the Imbrium and Orientale
basins. These form the lower and middle parts of the Imbrian
System, respectively. They include the Fra Mauro Formation and
saveral patches of light-colored plains. Two-thirds of the
mare materials belong to the Imbrian System, particularly in
the eastern maria of Crisium, Fecunditatis, Tranguillitatis,
Nectaris, and the dark annulus of Serenitatis, as well as most
mare occurrences on the lunar far side.

4. Eratasthenian System This system includes materials of
rayless craters such as Eratosthenes. Most of these are be-
lieved to have once displayed rays that are no longer visible
because of mixing due to prolonged micrometeoroid bombardment
and solar irradiation. The system also includes about one-
third of the mare materials on the lunar near side. These are
generally concentrated in Oceanus Procellarum, in western Mare
Imbrium, and possibly in the central region of Mare Serenitatis.

5. Copernican System This is stratigraphically the highest
and, hence, the youngest lunar time-scale unit. It includes
materials of fresh-appearing, intermediate to high albedo,
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bright-rayed craters. The system also includes exposures of
very high albedo material on the inner walls of craters and
scarps. Brightness in these cases is believed to result from
fresh exposure by mass wasting and downslope movement along
relatively steep slopes. The Copernican System also includes
isolated occurrences of relatively small, dark-halo craters.
Although some of these are probably impact craters, others may
be wolcanic in origin.

THE HIGHLANDS

When Galileo Galilei observed the Moon through a telescope
for the first time, he noticed a dichotomy between highlands
and maria. This dichotomy was confirmed by both photogeclagic
interpretations and the study of returned lunar samples.

Highland materials cover nearly 83% of the lunar surface,
including most of the lunar far side. They are composed mainly
of light-colored, low-density, feldspar-rich impact kreccias.

Basins and large craters dominate the highland physiography.
In many cases overlap relationships between basins and large
craters are clear, and in some cases superposition relationships
are not easy to decipher. As an example of decreasing numbers
of craters with age, 1in the central far side region of the
Moon {between 50° north and south and 140% east and west),
Stuart-Alexarnder (1976, p. 9) recognized the following segquence
of craters 100 km or more across: 47 pre-Nectarian craters, 38
Nectarian age craters, and 14 Imbrian age craters.

Large, multiringed lunar basins vary greatly in the degree
of preservation. Many are indicated only by a few subdued and
discontinuous mountain rings. The Orientale basin on the west
limb of the, Moon (Fig. 3) is the youngest of lunar basins. 1Its
fresh appearance and its sparse mare f£ill maks it the best pre-
served example of lunar basins. Knowledge gained from study
of Orientale can therefore be extrapolated to the other less
distinct structures.

The Orientale Basin

Photegraphs of the Qrientale bacin, which is centered at
96°W, 21%S, have been most convincing in deducing theories of
origin of lunar basins. Although the first photographs were
provided by Zond 3, the Lunar Orbiter IV images have revealed
the critical information that this basin is probably the young-
est of all the large lunar depressions (Fig. 3). 1Its features
are crisp and sharp, and resulted in numerous interpretations.
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FIGURE 3. The multiple rings of the Orientale basin., Four
major circular rings ares displayed; the innermost Is 320 kw In
diameter and the coutermcst is 930 km in diameter. Note the
radial ajecta blanket surrounding the outer ring. (Lunar Orhi-
ter IV frame M-187.)

The basin displays four well-defined rings and 2 possible fifth
ring {Hartmann and Wood, 1971). The four main rings are as
fcllows:
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(1) An inner ring, 320 km in &iameter, which encloses mest
of the dark, basaltic material of Mare Orientaie. This ring
is here called the "Maunder Ring" aftar a well-defined, super-
posed crater on the nothern part.

{2) The second ring, 480 km in diamster, which is marked by
the inner Montes Rook, and is surroundsd on the east side by
mare materials of Lacus Veris.

(3) The third ring, 620 km in diameter, which is marked by
cuter Montes Rook.

(4) An outer ring, 930 km in diameter, which is bounded by
Montes Cordillera.

The possible £ifth ring (up to 1300 km in diameter) is only
suggested by a few disoentinuous and barely visible scarps.

Interpretation of kasin stratigraphy and thickness of
ejecta depends upon the mode of formation of basin rings. 2Al-
though textural and structural characteristics of Crientale are
easy to decipher (Fig. 4), there iz no agreement as to how the
rings formed, and conseguerntly, how much ejecta was excavated
by the impact event. Also, since Orientale is the best pre-
served example of the lunar basins, its deposits have been sub-
ject to many interpretations, resgulting in an abundance of
nomenclature (Table I).

The concentric rings of the Crientale basin are related one
way or another to the impact of a large body at the center of
the basin. The earliest interpretations of these rings ascribed
them to coliapse along concentric faults (Hartmann and Kuiper,
19¢é2). McCauley (1968) proposed that during the early stages
of shock wave propagation that followed the instant of impact
there was compressive failure and uplift of large structural
blocks. Some uplifts may have occurred along concentric in-
ward-dipping thrust faults. The rings may therefore represent
frozen shock waves, or "frozen tsunami-like waves" (Baldwin,
1972). Alternatively, these immense mountain chains may have
resulted from later readjustment of the terrain by upward
thrust along the circular faults created by the impact event.

Most investigators agree¢ that the mare material within ths
Maunder ring was emplaced well zfter the basin event, and that
the more hummocky and fractured material within the Rook Moun-
taing was formed as z shock melt (Moors et al., 1974) during
the impact event. Similarly, most investigators agree that the
pagin deposits outside the Cordillera ring weres formed ag
ejacta during the basin excavation. Well-developed radial lin-
sationg and alignment of secondary craters support this inter-
pretation, and the outer fringes of Orientale may be subdivided
ints several textural units (Moore et al., 1274; McCauley,
1976).

The interpretaticn of the region hetween Montes Rook and
Cordillera, however, iz not as simple (Fig. S5). The terrain
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between these rings is made up of highly fractured, closely
spaced, smocth hills. Inferences on both the depth of excava-
tion and the wolume of the basin ejecta are necessarily depend-
ent on the interpretation of +this region.

There are two dominant theories for the formation of the
xnobby or domical material (Table I). The origin has been
ascribed t¢o initial deposition of thick ejecta and later modi-
fication by seismic activity eaccompanying the formation of Mon-
tes Cordillera (Head, 1%74a and 1976a), or the fallback of
ejecta during the terminal stages of the cratering event [(How-
ard et al., 1974; Moore et al., 13974}). McCauley (1978) sug-
gested that the material may represent coherent blocks exca-
vated from beneath the &0 km zeismic discontinuity at the base
&f the lunar crust. Theare is photogeclogic support for both
interpretations, and inferences depend cor the mode of origin
of the outer basin rings and the size of the transient cavity.

Calewlation of the volume of material ejected from Jrient-
ale based on gravity data indicates a minimum of 5.3 x 109 xm?d
of ejecta, based on the Cordillsra ring as the original crater
rim {Scott, 1974). Agc shown by Moore et al. (1974), this
value agrees well with *he amouni cf radial ejecta (4.5 x lO6
km3) estimated from the region outside the Cordillera ring;
the transient cavity was assumed to ke smaller than this ring
and about the size of the outer Reok ring (Meore ot al., 1974,
r. 84).

Hodges and Wilhelms (1%76) advocate an initial crater rim
at the Cordillera ring by analogy with terrestrial impact
craters. They believe that the inner rings may represent
layering in the crust, structurally deformed by rebound of the
cratex flocr. (This interpretation is supzmorted in part by the
mode of formation of central peaks in craters smaller than 100
km, and pezks and rings in large craters between 100 and 300 km
in diameter, (Fig. €). Ir contrast o this interpretation,
Head et al. (1975) estimate an ejecta velume of only I - 3 x
106 km3 using the outer Roock ring as the initial crater of
excavation. Conseguently, the Orientale event would not have
sjected material from deeper than 20 km.

Recent mapping of the Orientale basin indicates that the
Cordillera scarp is not as wall developed on the western side
of the basin, and that the region between the Rook and Cordil-
lera mountain chaing does have radial lineations suggestive
of ejecta (McCauley, 1976). 1In addition, ratios of basin rings
to central peak rings alse imply that the cuter Rook Mountains
are the site of the original crateyx rim (Head, 1%76a). Con-
sequently, although Crientale is well preserved, details of itg
formation are not yet entirely understocd.

Correct interpretation ¢f the structural history of the
Crientale basin is of great consequence both to highland strat-
igraphy of ths western limb region, and to the extrapolation
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of data to older, less well-preserved lunar basins. Using an
empirical relationship between ejecta thickness and crater
radius from McGetchin &t al. (19873), the thickness of Crientale
ejecta at the western edge of Oceanus Procellarum would be
about 90 m if the outer Rook ring represents the original cra-
ter, and 270 m if the Cordillera ring is the original rim. The
difference becomes more pronounced closer to the basin, and at
the Cordillera ring, thickness estimates range from 0.5 to

2.1 km, depending on which basin model is used. While the
exact thickness and extent of the Orientale ejecta 1s a matter
of controversy, the observation that ejecta of this and other
lunar pasins and craters overlie and subdue preexisting craters
is undisputed.

Light Plains and Terra Domes

In addition to deposits of basins and craters of varying
sizes, the lunar highlands display numerous other features.
Two types of highland landforms have puzzled lunar photogeclo-
gists for a long time: (1) the light-colored, heavily cratered,
but otherwise featureless, smooth plains that cover about 4% of
the lunar surface (Howard et al., 1974); and {2) rugged, highly
textured domical structures with distinct multispectral sig-
natures.

Prior to sampling the Cavley-type lunar light plains on
Apo'lo mission 16 nerth of Descartes crater, they were con-
sidered as most likely wvolcanic. Although the plaine were ini-
tially interpreted by Eggleton and Marshall (1962) as smooth
facies of Imbrium basin ajccta, their distribution over the
Moon and at varying topographic levels favored the volcanic
theory. They were interpreted as possibly old marelike basalt
or more silicic lavas and/or pyroclastic materials (e.g., Mil-
ton, 1268; Wilhelms and McCauley, 1971). Free-fall or ash-flow
tuff was suggested by the similarity beyween plains and adjacent
mantled terra units (Howard and Masursky, 19268).

As explained by Hodges et al. (1973) the volcanic interpre-
tation appeared more plausible for the following reasons:

1. The Cayley plains are similar to mare plains in most
aspects except for a higher albedo (different cemposition) and
a higher crater density (longer expeosurs age).

2. The plains occupied uncennect2d topographic lows and
therefore appear to be locally derived.

. Within a few plains units (g.g., th
crater Alphonsus), wvolcanic wvents occur alon
sions.

4. The plains fi’l in and truncate_sculpture of the Im-
vrium basin and thus are assumed to ke younger.
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The Apollo 16 samples indicated that the light plains are
predominantly impact breccias (LSPET, 1973). Because of this,
numerous theories have been advanced to explilain the light
plains as relatively fine-grained ejecta from multiringed ba-
sins and craters:

1. Multiple Basin Ejecta. Thig theory was advanced by
Hodges et al. (1973, p. 1), who recognized that
the Moon-wide occurrence of Cayley-like plains and the appar-
ent impact origin of the returned samples suggest a possible
relation of such plains deposits to multi-ringed impact ba-
sins. The apparent contemporaneity of &1l the Imbrium light
rplairs units, including thoses around and geneticallv related
to the Orientale basin, suggests further that at least the
top laver of these deposgits may be a product of the Orientale
impact. It seems probable that the total thickness of plains
material at Apello 16 comprises a seguence of deposits from
multi-ringed basins, including Nectaris and Imbrium ag well
as Orientale.

Hodges et al. (1973) carried this idea further to conclude
that since the seemingly best example ¢f viscous highland vol-
canism (the Descartes highlands) was discredited, it was un-
likely that such a process did operate on the Mocn. They
pelieved that other areas previously mapped as possible pro-
ducts of highland volcanism may be interpreted as products of
multiring basin impacts. However, this should not include
terra domes that cannot be explained in that manner. This
aathor, among others, believes that there are several
structures that are mprobanly the product of viscous terra
volcanism, such as the Mons Hansteen and the Mons Gruithulsen
domes {Fig. 7).

2. Orientale Basin Ejecta. Chao et al. (1975) further
refined the multiringed basin ejecta theory and concluded that
most Cayley-type, Imbrian-age plains may be composed mainly of

Orientale basin ejecta. They based this on the fact that stra-
tigraphic relations and crater size-freguency distributions,
and dating by erosional merphology of superposed craters, they
have established that the plains are vounger than the Imbrium
basin and older than the maria. Therefore, this hypothesis im-
plies that the Orientale impact struck a highland area under-
lain by feldspathic material and spread it over much of the
Moon.

3. Secondary Impact Ejecta. COberbeck et al. (1975) dis-
agreed with the two hypotheses concluding that light-plains
cannot be solely basin sjecta. They based their new idez on
the premise that ejecta thrown beyond the continuous deposits
of basins and large c¢raters produces sec ondary impact craters

that excavate and deposit masses of local material esuzal to
multiples of that of the primary crater ejecta deposited at the
same place. They support this interpretation by the fact that



FAROUK EL-BAZ

)

iy,

-

o,

o,

FIGURE



EVOLUTION OF THE LUNAR CRLST 121

FIGURE 6. This sequence of craters illustrates stages of
central peak and inner ring development. Peak and ring morpho-
logy Is In part size-dependent, and is probably affected by sub-
surface characteristics and Iimpact velocity as weall. (a)
Crater Burg, 40 km in diameter, located in Lacus Mortis, north
of Mare Serenitatis. It =xhibits a simple, single peak repre-
sentative of many craters of its size range (LO IV H-91);

{b) Crater Pychc, 70 km in diametsr, displayging a split or
double peak (LO IV H-118%). (c) Crater Copernicus, 90 km in
diamster where the central peak is sproad into large detached
segments (LO IV M~151). (d) Isolated peaks within the crater
Posidonius, 100 hm iIn diameter, arranged in & small Incipient
ring (LQ IV H-79 and H-86). (e) The basin Schrbdinger, 320 km
in diameter, displays a well-defined hut discontinuocus inner
ring (L& M-8). (f)} The crater Compton, 170 km in diameter,
showing a central peak in addition to an inner ring (LO V M-
181}, This sequence may ultimately lead to multiringed basins
like Orientale (see Fig. 3).

¢ i‘)‘f 1y 3 & =4 .: % o h

FIGURE 7. Two lunar orhiter images illustrating rugged,
highly textured domes of probable (silicic) veolcanic origin:
left, the Mons Hansteen structure, 20 km in diameter, on the
southern edgye of Qceanus Procellarum (LO IV H-148); and right,
Mons Cruithuisen Gamma (center, about 20 km across) and Mons
Gruithuisen Delto- (right center) in northeastern Qceanus Pro-
cellarum (LO IV H-145).
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several plains units have compositions similar to adjacent
highlarnds, but different from other plains regions.

4. ILocal Impact Ejecta. Head (l974b) interpreted the
stratigraphy of the Cayley~like plains in the Apollo 16 site
region as a result of complex interaction of deposits of local
and regional impact events. He proposed that large &0 - 150 km
diameter craters have had a dramatic effect on the history and
petrogenesis of that region. He concluded therefore that con-
tributicons from Imbriwn are nminor and these from Crientale are
negligible.

Detailed geologic mapping of the Moon dees not support the
interpretation of lunar light-colored plains as the preduct of
one or a few impaci events. In the course of mapping the east
side of the Moon (Wilhelms and El-Baz, 1977) different light-
plains units were encountered. Some of these are most likely
the products of local and regicnal imgacts, others may be vol-
canic in origin. Figure 8 illustrates the jeclogy of this
region. As explained by El-Baz and Wilhelms (1%75), the
napped geclogic provinces (where a geologic unit or groups of
units related in age and origir are concentrated) include the
following (Fig. 8g):

l. Cratered Terra. This province is mostly on the far
side and consists of densely packed craters. It containe
little basin materials except for the ancient, subdued rings
of the Al-Khwarizmi/King {El-Baz, 1973), Tsiolkevskij/Stark,
and Lomonosz¢v,/Fleming basins (Fig. 8b), and a few additional
short arcs of rings. The province owes its preservation to a
lack of significant medification by relatively voung basing,
and its materials are the most primitive on the gast side of
the Moorn.

2. Basin Rims. Topographically the most rugged, this pro-
vince includes the multiple rings and some peripheral terrain
of several basins. It is most extensive around the Crisium,
Marginis, and Smythii basins.

3. Mantled Terra. This province includes extensive tracts
of terra that appear mantled near young and old basins. Al-
though the distinctive lineated textures usually associated with
basin ejecta have not been observed in this province, its prox-
imity to basins suggests that Lt is composed mostly of degraded
basin ejecta.

4. Lineated Ejecta. The five Nectarian kasins in the area
are surrcunded by radiallv lineated ejecta and clusters of
secondary impact craters. These features are diagnestic of
the impact origin of the source basins, and are most extensive
around the Humboldtiahum and Nectaris basins.

5. 014 Plains. This province includes densely cratered,
light-colored plains in topographically low areas. Although
most plains may be of impact origin, some may be wvolcanic.
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FIGURE 8a. Photograph of the east side of the Moon showing
major surface fesatures. Note the large area occuplied by liqht;
colored plains between the craters Lomonosov and Fleming.
(Apollo 16 metric photograph 3023.) i

&. Young Plains. The province includes light-colored
plains that are less denselyv cratered than old plains, and
fills low arezs near basinsg and within large craters. Most
soourrences are probably derived from impact melts; however,
volcanic origin cannot be excluded, particularly for the
lains within the Lomoncsov,/Fleming basin (Fig. 8a,b).

7. ©0ld Mare. The largest expanse cf a relatively old mare
province is in the hustrale kasin. In this locality the mare
is overlapped by materizls of the Imbrian-age craters Humboldt
(2793, B1°E) and Jenner (4295, 926°E). This relation indicates
that this province includes units that are older than nost or
all nearside mare materials.

o

s Y
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FIGURE 8b. Basin rings on the east side region of the
Moon. Solid lines indicate conspicuous arcs and dotted lines

indicate subdued rings.

The stippled area centered at about

159N, 199F shows light-colored swirls in and northeast of
Mare Marginis (after Ei-Baz and wWilhelms, 1975).



EVOLUTION OF THE LUNAR CRUST I

12
A

GEDLDGIC PROVINCES

JLD MARE

TOUNG PLAINS

QUL PLAIRS

LINEATED EJECTA

MANTLED TERRA

EASIN RINS

FIGURE 8c. Ceolagic provinces on the cast side reglion of
the Moon. Lines 2A' and BB' represent tracks of laser altime-
ter measurements and dashed snvelope ropresents the extent of
geochemical remote-sensing on Apolle missions 15 and 16
(after El-Baz and wWilhelms, 1875).
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8. VYoung Mare. The young mare units are ¢oncentrated
mainly in the Crisium, Fecunditatis, and Smythii basins and
the troughs between them. The crater Tsiolkevskij in the south-
eastern part of the region (20°s, 129%E) and a few cther
craters and depressionz on the far side within larger basins
contain maria. A conspicucus farside patch of young mare
materials not near either a basin or a large crater is centered
at 27%s, 1309E (see El-Baz, 1972, pp. 48-49).

Prior to the Apcllo lunar missions, most investigators in-
terpreted the dark lunar plains as volcanic (probably basaltic)
lava flows. This interpretation was confirmed by analyses of
lunar samples returned by aApello 11, 12, 15, and 17 and Luna
16 (0°42's, 56°18'E) missions.

The maria are mostly confined within the multiringed bhasins
and nearby troughs (Fig. 9). However, these basing are older
than andé not genetically related tc, the basalts they contain.
They only provide the depressions in which the basalts rest.
(Fractures that may have been produced at the time of basin
formation may have provided charnnel ways for the later up-
ward movement of basaltic magmas.)

Ag illustrated in Fig. 9, the maria constitute about 17% of
the lunar crust. Head {(1976b) calculates that volumetrically,
the maria compose only 1% of the crustal materials. However,
mare basalts {which are compcsiticnally simpler than highland
rocks), contain much information about the thermal history of
the Moon and the nature of the lunar interior (Papike et al.,
197¢).

Because of the preponderance of flow fronts and other super-
positien relationships in the lunar maria (El-Baz, 1974), age
relatienships between mareg units are relatively easy to decipher.
Where superposition relationships sre not distinct, three
methods of dating based on cratsr density may be used:

(1) Assuming a known flux rate of impact, the absolute
crater frequency will be proportional to the age of the surfaco
{Showmaker and Hackman, 19262).

(2) Considering the morphelogically coldest superposed cra-
ter on a mare surface, a sequence of lawva flooding can be
deduced (Pohn and Offield, 1970).

{3) Determining the maximum diameter of craters that have
been eroded such that the interior slope is less than the
Sun angle. The maximum crater diameter is then converted to an
eguivalent diameter (Dy) of a crater that wculd &

-
L
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to an interier slepe of 1Y by the net accumulated flux. There-
fore, waluss ¢f D; becams proportional to the total number of
craters on & giveﬁ surface (Soderblom and Lehofsky, 1972).

Application of these metheods has resulted 1n working out
detailed stratigraphic seqguences in Mare Imbrium (Boyce and
Dizl, 12735), in Cceanus Procellarum (Beyce, 1975), and in
goutheastern Mare Serenitatis (Maxwell, 1977). Data on rela-
tive ages in these studies are usually correlated with albedo
and cclor-difference data of Whitaker (1972). For example,
Boyce and Dial (1975) racegnized the fellowing units in Mare
Imbrium and Sinus Iridwum:

1. An old, low albedc unit in the southeastern corner of
the Imbrium basin.

2. An old, intermediate red unit arceund the edge of the
basin.

3. A young, intermediate red unit in Sinws Iridum, which
is contemporanecus with a blus unit.

4. A young, blue unit in the southwest and central parts
of the basin.

The relative age scheme ¢f mare units can not be calibrated
by the results of age dating of returned mare samples. These
samples vary in age hetween 3.1%5 and 2.85 pkillion vears (Tera
et al,, 1974). However, the aforementicned relative age
dating techrniques indicate that baszlts as voung as 2.5 billion
years exist in Oceanus Frocellarum, within an area of the Moon
that has not vet been sampled.

Chemically, the sampled lunar mare basalts can ke divided
into two groups: old (3.55 - 3.85 billicon vears), high-titanium
basalts of Apolls 1l and 17; and relatively young (3.15 - 3.45
billion years), low-titanium basalts of Apolle 12 and 12 and
Luna 16. According to Papike &t al. (1976), these twd groups
were derived from mineralogically distinct source regions.

The low-titanium basalts could have been derived from an oli-
vine-pyroxene source rock at depths ranging from 200 to 500
km, while the high-titanium kasalts ¢ould have been derived
from clivine-pyroxene—-ilmenite cumulates in the outer 130 km
of the Moon.

LUNAR GEQLOGIC PROVINCES

After the completion of detailed geclogic mapping of the
Moon, it is now possible to divide the lunar materials into
six distinct provinces {(Howard et al., 1974). As explained by
Wilhelms (19274), to best compare these to geologic provinces
on Mars, the maria are divided into young and old. The high-
lands or terrae are divided into four provinces according to
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FIGURE 9a. Distribution of lunar mare materials (black
areas) on the near side of the Moon. (Base map 1s an equal
area projection by the National Geocgraphic Scclety.)



EVOLUTION OF THE LUNAR CR.ST 129

FIGURE %b. Distribution of lunar mare materials (black
areas) on the far side of the Moon. (Base map Is an egqual
area projection by the National Gecgraphic Society.)
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the degres of development of multiringed circular baszins
(Fig. 10). Wilhelms (1974) defines these provinces as follows:

1. FHeavily Cratered Provinces. Parts of the lunar high-
lands show ne evidence of basin ejscta blankets, althouch they
may contain some degraded basin rings. In this province there
is & high density of overlapping craters, probably saturated
to sizes of 200-300 km or even to the size range of basins
(Howard et al., 1974).

2. Cratered Frovinces. This province, which has fewer old
and degraded craters than the heavily cratered province,
occurs near basins and contains degraded basin rings and much
undulatory mantling material that is kelieved to be basin
@jecta. The basins have apparently reduced the number of
visible craters from that of the heavily cratered province.

3. Nectarian Basin Province. Pasins of Nectarian age
(that is, late pre-Imbrian) have distinct ejecta and secondary
craters and rugged raised rings. The largest basing are Nac-
taris (the oldest) and Humboldtianum; the other smaller ones
are more like craters but still have the multiple rings
fusually two! that distinguish basins from craters (Hartmann
and Kuiper, 1962; Stuart-Alexander and Howard, 1970; Hartmann
and Wood, 1271) The basin materials have obliterated or ob-
scured old craters and form surfaces on which there are fewer
craters than in the first two provinces.

4. Imbrian Basin Province. Young lunar multiringed im-
pact bagins have obvicus sgimilarities to impact craters, in-
cluding sharply lineated ejecta blankets and satellitic clus-
ters of fresh-appearing secondary impact craters (summaries by
Stuart-Alexander and Howard, 1970; Hartmann and Wood, 1971;
Wilhelms and McCauley, 1971; wWilhelms, 1973; Howard et al.,
19274). Macerials of the twa basins of Imbrian age, Imbrium and
Crientale, constitute the preovince that is most cbviously of
basin origin. The basin ejecta blankets have covered pre-Im-
brian and early Imbrian craters and have thereby given rise to
the lowest crater densities on the lunar terrae.

S. ©ld Mare Pravince and Light Plains Material. As stated
above, in the Mare Australe region of the Moon (Fig. 8¢}, mare
material is pitted by the secondary impacts of the craters
Humboldt and Jenner, which themselves contain mare material
(Stuart-Alexander and Howard, 1970, p. 451; see also El-Baz and
Wilhelms, 1975; Wilhelms and El-Baz, 1977). These craters ars
of Imbrian age. Therefore the Australe mare material is older
than the near side maria. A few other patches of the old
mare material are zlso present elsewhare on the far side.

A similar but lighter-colored lunar plains unit was formed
at about the same time as the old mare material. The two units
have a similar crater density, but the light plains appear in
places to be overlain by the dark. The light plains axe ne-
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where sufficiently concentrated to be considered a province at
this scale. The greatest concentrations occur near the Crien-
tale and Imbrium basins and are included in the Imbrian basin
province, in accord with the interpretation that these plains
are mostly basin ejecta (Howard et al., 1974).

6. Young Mare Province. All of the maria on the lunar
rnear side and some mare patches on the far side are assigned
to this province. The range of ages is from Imbrian to
Eratosthenian, or from 3.85 to 3.15 billion years ago as so
far sampled and dated. This period is 15% of the Moon's
history but about 50% of the part of the history that included
major surface changes, for the subsequent impacts did not
severely cebscure the maria. The era represented by the maria
was 1ltself much less active in terms of impact eventg than the
preceding 50%, for in the earlier epech the terra materials
were repeatedly reworked and redistributed by a rain of im-
pacting ebjects.

SUMMARY

Utilization and testing of the concepts of stratigraphy re-
sulte in a reasocnable account of lunar surface history. The
svolution of the lunar crust is schematically shown in Table II,
in which correlations are made between the major geologic pro-
vinces, the relative-age scheme of lunar surface materials, and
the absclute ages as deduced mostly from returned lunar samples.

From this and preceding discusgions, tha evelution of the
lunar crust can be divided into five major stages:

l. Formation of the Original Crust. Little is knowr abouf
the early period of lunar crustal formaticn. Eased on model
ages of lunar solls, the Moon is assumed to have formed 4.6
pillion years ago. This age is equal to that of meteorites
and a&lso to the one assumed for the solar system. Therefore,
it is reasonable to assume that it represents the condensation
age of the solar nebula. As the condensed material formed the
Sun end the planets, some of it gathered to form the Moon. As
the moonlet grew, it was repeatedly struck by a large amount
of infalling debris. This probably resulted in melting the
upper 100 - 300 km of the Moon by accretional energy. The
melting resulted in a Moon-wide differentiation to form the
feldspar-rich crustal rocks (anorthositic gabbros and gabbroic
anorthosites).

2. Heavy Cratering Episode. 2As the amount of infalling
objects decreased, the differentiated crust started cooling.
When the crust selidified, it started preserving the scars of
collisions with large and small planetesimals. Many kasins and
numerous craters pockmarked the surface over a long period of
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time, where relatively new features obliterated or subdued older
ones. This episode probably started as early as 4.55 billien
years ago and continued to about 3.9 billion years &go. Rem-—
nants of the oldest impact scars are probably no longer visible.

TABLE IXI. Correiation of Nomenclature of the Crientale
Basin and Related Materials.

RELATIVE ABSOLUTE AGES IN
AGES: BILLIONS OF YEARS
o— PRESENT
COPERNICAN FORMATION OF BRIGHT - RAYED
SYSTEM AND SMALL CRATERS
—————— I ——=———— FORMATION OF COPERNICUS
21 FORMATION OF IMPACT CRATERS

IN HIGHLANDS AND MARIA
GEOLOGIC ERATOSTHENIAN

PROVINCES: SYSTEM , ¢ _|

2] FORMATION OF THE YOUNGEST MARE
BASALTS, IN OCEANUS PROCELLARUM

YOUNG MARE YOUNG BASALTS (APOLLO (2 and i5)

—_——

&)
|
Illlll]lllll

35— < INTERMEDIATE BASALTS (LUNA 16)
IMBRIAN }OLO BASALTS (APOLLO |l snd 17)
R, YSTEM
. OLO MARE SYsT i OLDEST BASALTS (MARE AUSTRALE)
IMBRIAN BASIN - ~———> 0L _ ( E AU
NECTARIAN  NECTARIAN ¢ T FORMATION OF IMBRIUM BASIN
_ BASIN — __SYSTEM __ |

REPEATED IMPACTS CAUSING LARGE
- BASIN AND CRATER FORMATION
CRATERED AND
HEAVILY PRE-NECTARIAN =
CRATERED 45—
: ~——> OLDEST ROCKS (APOLLO I7 DUNITE)

——————————— e — FORMATION OF THE CRUST AFTER
MELTING BY ACCRETIONAL ENERGY
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The more recent impacts with discernible remains may be classed
&s early (including hasins like Al-Khwarizmi/Xing, Australe,
and South Pole/Aitken), middle (including Smythii, Nectaris,
and Crisium), and late (including the youngest basins, Imbrium
and Orientale, which probably formed at 3.95 and about 3.9
billion years ago, respectively).

3. Formation of the Oldest Plains. In many parts of the
Moon, both light-colored (highlandlike) and dark-colored (mare-
like) plains formed contemporaneously with and after the form-
ation of the voungest lunar multiringed basins. These plains
probably span a period from 4.0 to 3.85 billion years ago.
Most light-colored plains are genetically related to basin-
forming impact events, although some of them may be volcanic
in origin. The old dark-colored plains are prohably composed
of basalts.

4. Major Basaltic Fleoding. Differentiated basaltic mag-
mas were probably originated by melting due to heat generated
by radicactive decay beneath the lunar crust. These magmas
probably made their way to the surface via impact-induced
fractures in the crust. Lavas flowed on the surface and
accumulated in low arsas, particularly within the multiringed
basins. Froam the absclute age dating of returned lunar samples,
this major episode of hasaltic lava flooding may be divided
into three distinct phases: (1) ¢ld, between 3.85 and 3.5
billion years ago {(Apello 11 and 17 rocks); (2) intermediate,
between 3.5 and 3.4 billion years ago (Luna 16 rocks); and
(3) young, between 3.4 and 3.15 billion years agoe (Apolle 12
and 15 rocks). A fourth phase, as young ag 2.5 billion years,
is suggested by crater age dating in QOceanus Procellarum.

5. Scabilization of the Crust. Near the end of the main
basaltic flooding stage, the major features of the Moon's
surface had been formed. Events of only local significance en-
sued. Among these are the impacts that created many of the
prominent lunar craters that are smaller than 100 km in diame-
ter, e.g., Eratosthenes (about 3.2 billion years ago), Copern-
icus (about 1.0 billion years ago), and Tycho (70 - 95 million
vears ago). Daring of returned lunar samples alsa provided
data on the ages of craters in the Apollo landing sites. For
example, Shorty Crater at the Apollo 17 site (20 - 30 million
years ago), and South Ray crater at the Apollo 16 site (only
2 million years agoy. Smaller meteorcid impacts continue to
locally modify lunar surface stratigraphy to this day.
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