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Chapter 3

THE MOON AND ITS NATURE

HAROLD C. UREY!

University of California, San Diego, La Jolla, California USA

The Moon and its relation to the Earth and Sun
have been observed by men from ancient times
to the present with ever-increasing intensity and
effectiveness. Results of these studies up to the
most recent years have been recorded in numer-
ous treatises and textbooks. For present pur-
poses, it is not necessary to review the older
work, which will be referred to without detailed
discussion whenever it bears on very recent work.

The lunar surface consists predominantly of
many craters produced by great collisions. This
applies particularly to the far side and the terrae
areas of the near side. The great circular maria,
Imbrium, Serenitatis, Crisium, Nectaris, Hu-
morum, and Orientale, were produced by great
collisions; the shallow, irregular maria consist
of flooded areas with igneous materials over
previous terrain similar to the terrae areas. These
shallow maria have mountainous masses pro-
truding through the dark, smooth material, and
may cover areas that are collision maria, the out-
lines of which have been obscured by subsequent
events. If such collisions have occurred on the
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Earth, which appears to be a necessary conclu-
sion, all Earth rocks laid down prior to this
collisional history would have been converted
to rubble. Since weil preserved igneous and
sedimentary rocks are preserved in the Earth’s
surface from some 3.5 aeons ago, these numerous
collisions must have occurred before that time.
The ray craters, many smaller ones, and some
larger craters without rays, have surely been
formed during all geologic time. The great
maria have the appearance of lava flows, ash or
ignimbrite flows, or lakes of water. They certainly
are not the last, shown by absence of water in the
lunar rocks, but the choice between the others
remains open. There are also explosive craters
of internal origin and it is sometimes maintained
that some caldera exist on the Moon. This writer
has doubts in regard to the presence of any large
caldera. Recent work is reviewed somewhat in
the time sequence of discovery and study.

The physical constants of the Moon and its
orbit are well-known, some of which are listed in

Table 1.

GRAVITATIONAL FIELD

The gravitational field of the Moon has been
investigated in great detail using orbiter satellites
[37, 42, 43]. This field can be represented by the
usual series in spherical harmonics only with the
use of many terms; Michael et al [42] have given
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the most comprehensive tables for constants in
the equation

V(r,¢,x)=ir;M 1+3 3 (gr)nP,'{‘(sin )
n=2 m=0

(Cn,mcos mA+8S,, msin mA\) 1

where r, ¢, A are the polar coordinates. They
show that terms to the 13th order are necessary
to describe the field, and even then, the constants
are not decreasing, indicating that the field of the
Moon is far from that expected for a weak body
under gravitational forces of the Earth, Moon,
and Sun and the centrifugal forces of rotation.
In this latter case, the terms beyond C:, ¢ should
be zero, but this is not true. It must be con-
cluded that some very irregular distribution
of mass exists within the Moon.

The values of the constants
_C—B _C—4 _B—4
4 - P~ "¢
where A, B, and C are the moments of inertia, 4
about the axis pointing to the Earth, B that about
the east-west axis, and C that about the polar
axis, have been carefully studied by Koziel [29]
who gives 3.984, 6.294, and 2.310, all X 10—4 for
these constants from lunar librations. Kopal
obtains similar values for these constants [27].
The calculated values for a plastic Moon under
tidal and centrifugal forces are 0.94, 3.75, and
2.81, all X 10-5. Again, these constants indicate
that the Moon is a very rigid body and has been
since early in its history. Estimates of moments
of inertia have been made, indicating that these
moments are close to 0.4 Ma2, where M and a are
the mass and radius of the Moon. This value is
characteristic of a sphere with uniform density

a

TABLE 1.— Physical Constants of the Moon

Mass 7.35x10%5g
Radius 1737 km
Surface force of gravity 162 cm/s?
Orbital mean radius 384 403 km
Orbital eccentricity 0.05490
Velocity of escape 2.38 km/s
Sidereal month 27-¢ 32 166

throughout. The surface regions, for some depth,
must consist of low-density material and should
lower the moments of inertia to some extent.
This low density is located predominantly on the
far side — possibly 30 km thick — and is responsi-
ble mostly for the Moon’s irregular shape,
moments of inertia, and displacement of the
center of mass relative to the center of figure —2
to 3 km [26].

The triaxial, ellipsoidal, nonequilibrium shape
of the Moon is a puzzle of long standing, for which
various explanations have been offered.

1. The Moon may be sufficiently rigid to
support the irregularity, although this
does not explain its origin.

2. The lower temperature at the poles
should result in greater density material
and smaller radii in these regions [35],
but this does not explain the difference
between the A and B moments of inertia.

3. Convection in the Moon in two cells
rising at the poles and sinking at the
Equator should give less mass at the poles
and higher mass at the Equator [57],
but again, the A and B moments should be
equal. Possibly a special combination
between the second and third suggestions
is possible.

4. The Moon accumulated from' objects of
variable density which should give varia-
tions in moments of inertia [87]. If
convection occurs, the Moon must have
been melted greatly at some point in its
history, since two-cell convection requires
a small core, according to Chandrasekhar
[12]. The convection must be deep
enough in the Moon so that no folded
mountains are produced, as on the Earth.
Booker [8] proposed a single-cell convec-
tion which may have produced the higher
level of the far side if the rising current
was in the region of the near side.

Anomalies

Muller and Sjogren [44, 45, 46] showed that
substantial mass concentrations, called mascons,
exist in various locations on the near side of the
Moon which are associated mostly with the
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circular collision maria and probably always
where definite localized masses occur. The
mascons were discovered and mapped by
observing flights of the orbiters and measuring
their velocities directly. Muller and Sjogren
believe that the observations are reliable for
longitudes between 100 and —100° and latitudes
between —50 and 50°. The marked positive grav-
ity anomalies in Maria Imbrium, Serenitatis,
Crisium, Nectaris, and Humorum are evident,
as is a positive anomaly slightly to the north-
west of the center of the lunar disk. Mare Orientale
appears to have an anomaly which is partly posi-
tive and partly negative. Other positive and nega-
tive anomalies are probably within observational
error. A negative anomaly in Sinue Iridum is
regarded as real by the authors. They also
noted negative anomalies in Ptolemaeus and
Albategnius of some 87 milligals (mGal) from
observations of the Apollo 12 flight in its
approach to the landing site. Booker et al [8]
estimated the excess masses required to produce
the observed anomalies of the order of 102!
G and produce excess pressures below these
masses of about 100 bars. Since all these features
are very old, the gravity anomalies have been
supported by the Moon for several aeons, indi-
cating that it has, and has had, very high rigidity.

Two distinct classes of explanations for these
effects have been offered. (1) It is presumed that
material from the lunar interior has risen by
various processes into excavations produced by
the objects which produced the maria {7, 25, 48,
95]. (2) It is suggested that the mascons consist
of remnants of the colliding objects themselves,
together with substantial material filling the
excavation produced by the collision [27, 67,
85, 88].

If lava flows from the interior are responsible
for the mascons, it must be possible to account
for the excess pressure required to produce
these deposits, i.e., about 50-100 bars. No
satisfactory source of such pressure exists.
Possibly material has flowed into the great
excavations, produced by large colliding objects
from surrounding areas. Probably Van Dorn’s
[90] great waves in a highly fragmented surface
layer of the Moon would bring this about, but
special assumptions are necessary to account

for the excess mass per unit area. If lava flows
from beneath neighboring areas into the mare
regions occurred, the excess mass might be
explained. Sjogren concluded recently that the
extra mass of Mare Serenitatis consists of a
near surface slab which may have been produced
by such lava flows.

Another assumption is that the interior rocks
of the Moon moved as solid material into the great
cavities produced when the maria were produced,
and that these rocks were of higher density than
the rocks more on the surface. If they moved
until reaching isostatic equilibrium, no gravita-
tional anomalies would be observed, but if they
did not quite reach this position, negative
anomalies would be observed. If the rocks
exceeded this, due to high momentum of the
rising material or fill-in over the mass by lava
flow or fragmented materials, there would be
a positive anomaly, as observed. In this case,
great strength in the highly broken material
below must be postulated, which may be possible
but does not seem probable.

It has been suggested that the outer parts of
the Moon have considerable tensile strength, and
that the heating within the Moon produces liquid
that is forced up into the basins of the maria [25].
Such partial melting on Earth produces rocky
materials which are less dense in the solid state
and even more so in the liquid state than the rocks
from which they are produced. On Earth, lava
flows produce mountainous masses with positive
gravity anomalies; on the Moon, these occur in
the low-lying maria. Possibly the high-density
titaniferous basalt could supply such material.
However, the many cracks or regular rills in the
Moon’s surface do not favor the view that an outer
shell of great tensile strength exists.

These suggested origins require that a net
throwout equal to a volume of the area of the
maria to a depth of some 50 km existed, and this
requires a throwout layer of one-tenth this thick-
ness over an area of ten times the area of Maria
Imbrium and Serenitatis, for example. This
writer is quite unconvinced that this is true on
the basis of available photographs.

The suggestion that the mascons are the
residues of colliding objects is based on several
assumptions: that the objects arrived at velocities
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not much greater than the lunar escape velocity;
that collision energies extrapolated from those of
atomic explosions can be applied to the lunar
maria; and that the volume of the net throwout
of lunar rock is equal to the volume of the
colliding object. This explanation requires
considerable “fillin”” of some kind. Because of
the difficulty of supporting the mascons if the
lunar interior is at melting temperatures, it is
assumed that this material was filled in during
the collision by processes of the type discussed
by Van Dorn [90]. Significantly, there seems to be
approximate agreement between the masses
required to produce the mascons and the masses
required to produce the maria. The great excess
mass of the mascon of Mare Imbrium and of
those of other maria and their persistence for
aeons (probably 4.0 X 10° years), indicates that
the Moon is now, and has been, much more rigid
and at lower temperature than the Earth, which
establishes isostasy in some 107 years. It seems
that immense lava flows and very large move-
ments of material from the interior beneath the
maria are inconsistent with the support of these
massive structures during several aeons.

The Apollo 15 laser altimeter showed that great
differences in altitude of lunar surface areas exist.
The near side areas are generally depressed by
about 2 km, and the far side elevated relative to
the sphere centered on the center of mass. Also,
the deeper points observed so far are in circular
maria, which means of course, that some espe-
cially high-density masses must lie below the
surface in these regions. The irregular Van
de Graff crater on the far side is also very deep,
and one wonders if a mascon exists in this area

(see [55]).
SURFACE

The lunar surface is covered by craters and
extensive smooth areas. The craters are mostly
of collisional origin, but some volcanic craters
are surely present. The collisional craters vary
in size from the microscopic to the great colli-
sional areas of the lunar maria, i.e., hundreds of
kilometers in diameter. They are of varying
ages—a very dense covering of older ones
possibly 4.0 to 4.6 billion years old and a sparse
_covering of those which have been formed during

all of geologic time. These craters, which have
been studied by many with regard to numerous
details, are, however, mostly random events with
little more to reveal about the history of the Moon.
Ptolemaeus and Albategnius have negative grav-
itational anomalies of approximately 87 mGal [45],
and thus show that these old craters were formed
on a rigid Moon early in lunar history, and that
this rigidity has persisted to the present. Unfor-
tunately, it appears difficult to state exactly what
temperature regime would be consistent with this
fact. The larger craters have central peaks in-
dicating that some rebound of the material below
has occurred, or that some residue of the colliding
object remains; probably the former is the correct
explanation.

Volcanolike craters are present on the Moon.
Certainly the halo craters which are surrounded
by black areas and rows of craters along winding
cracks are such. The Davy rill is nearly a straight
line of craters which may be of internal origin, or
collisional craters from an object such as a comet
head which broke into many fragments due to
effects of the lunar gravitational field. In many
cases, it is difficult to state whether other smaller
craters also belong to this class, much effort
having been directed to this problem. Many of
these craters have wide mouths as though they
were produced by emission of gases. (Steam is
the most prominent volcanic gas on earth! What
were these gases on the very dry Moon? Did
water react with iron somewhere below to pro-
duce hydrogen, or was it carbon monoxide or
something else?) Definite localized lava flow
structures are observed in several places,
particularly in Maria Imbrium and Serenitatis.
Also, the Marius Hills in the western equatorial
regions appear to have definite volcanic features.

The great maria represent extensive eruptive
flows, generally thought to be lava, but which
may be volcanic ash or ignimbrite. Lava flows to
the Earth’s surface are regularly frothy, and such
flows to the lunar surface, where at present at
least a hard vacuum exists, should have this
character even if there are fewer volatiles in
these melts. Soils are observed at present which
consist of finely divided crystalline and glassy
particles in which sizeable crystalline rocks are
imbedded. These rocks have some cavities with
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smooth walls which must have crystallized from
a melt containing macroscopic bubbles of gas,
with the appearance of having solidified at some
depth beneath an insulating surface layer. The
soil has been partly produced by collisions of
micrometeroids on the soil and rocks, although
probably it is partially of ignimbrite origin as
well [S0]. ‘

The great shallow maria—Oceanus Procel-
larum, Tranquillitatis, Fecunditatis, and Nu-
bium—do not show marked and consistent
gravity anomalies. Hence, the flows are in isostatic
equilibrium indicating that the material of the
flows probably originated below the surfaces
where they lie, or isostasy was established for
masses over large areas on the surface but not
for the mascons lying some distance beneath the
surface. These dark materials must be very thick
(up to several kilometers), since the collisional
mountains present originally in these areas are
largely covered by these flows. These mountains
may have been partly shaken down by the violent
collisional process which produced the circular
maria, but deep pockets and shallow areas must
be present in these maria. A popular hypothesis
for many years has been that these dark maria
are deep lava flows from the lunar interior, and
this opinion remains popular today. However, the
seismic data are so different from those observed
on the Earth that it is necessary to postulate some
mdrked differences in surface structures in order
to explain these differences.

Substantial differences exist in estimates of
the thickness of the regolith. Shoemaker et al
[64] find evidence for very small depths, some
3 to 6 m, in the crater near the Apollo 11 landing
site. Kopal [28] argues from the depths of the rills
for some hundreds of meters depth and Seeger
[63] from the structure of the Dawes crater
suggests 1 km as the depth at this point. Gold and
Soter [20] argue for a depth of fragmented
material of 6-9 km. These estimates are for mare
material. The intense collisional processes in the
terrae regions must have produced a highly
fragmented material, and of course, the terrae
surfaces have been subjected to the same micro-
and macrometeoroid bombardment as the mare
areas since their formation.

The great circular maria were produced by
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massive collisions. Van Dorn [90] has applied
wave theory to these collisions and, particularly
in regard to Mare Orientale, found satisfactory
agreement between calculated and observed radii
of wavelike structures surrounding this mare and
others, if a liquid layer 50 km deep is assumed.
However, it cannot be presumed that a liquid was
present 50 km deep, and at the same time,
suppose that a rigid crust supporting mountainous
masses existed. A highly fragmented layer of
solid materials possibly would behave as an
imperfect liquid supplying waves under high
energy which “froze” as energy densities fell to
lower values.

The far side of the Moon is more elevated than
the near side by approximately 3 to 4 km, and the
center of figure is displaced about 2 to 3 km
away from 25°E longitude [26]. This probably
indicates that the crust is some 30 km thick on
the far side of the Moon, consists of minerals rich
in Ca0, ALOj; and SiO,, and contains little FeO.

The physical evidence for the lunar surface
strongly favors the view that there is a substantial
fragmented layer of silicate materials in the
surface of the maria and highlands, that the body
of the Moon is remarkably rigid to a considerable
depth, and has been during most of its age.

SEISMIC OBSERVATIONS

Seismic instruments were landed on the Moon
by the Apollo missions, and the information
received proved of great importance for under-
standing the lunar interior [34, 71]. The first most
striking observation was that the rate of decay
of seismic signals was far less than for terrestrial
signals. The lunar module of Apollo 12 was
dropped at a velocity 1.68 km/s, an energy of
3.36 X 106 erg, and at a distance of 73 km from
the seismometer. A signal recorded rose to
maximum value in about 7 min and slowly
decreased until it was hardly detected 54 min
later. When the third stage of the Apollo 13 was
dropped at 2.58 km/s and an energy of 4.63 X 10"7
erg, 135 km from the seismometer, a similar
record was obtained, lasting for more than 200
min. If the velocity of sound were 6 km/s, the
sound would have traveled 21 600 km or 6 times
the diameter of the Moon within 1 hour. Both P-
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and S-waves, i.e., compressional and shear waves,
were recorded. Similar effects have been observed
more recently. Such results differ greatly from
observations on the Earth, where the signals
would have died out in a few minutes. Other
weaker signals, quite similar, have been observed,
which are believed due to meteorite collisions.
Other groups of signals have also been received,
where the detailed pattern of vibrations is
repeated exactly, indicating that successive
members of a group come from the same location
on the Moon and travel in identical paths from
their sources to the seismometers.

The waves and vibrational energy for long
period vibrations appear to be confined to a very
limited volume, probably a layer on the surface
of the Moon, mostly in the immediate neighbor-
hood of the source. Such slow attenuation is not
observed on the Earth, and hence, important
differences in the surfaces of the two planets
must exist. The most obvious is the more highly
fragmented character of the lunar surface and
high vacuum, resulting in absence of gas in the
fragmented rocks of the Moon. Both Oceanus
Procellarum and Mare Tranquillitatis must have
a highly fragmented layer similar to that of the
highland underlying the dark soil and rocky
layer of the maria. Latham et al [34] discussed
this structure, and Gold and Soter [20] presented
calculations using a model of dust layer some km
in thickness with sound velocities increasing
linearly with depth, and with reflections from the
top surface of the maria. The two models are
quite similar, if it is remembered that blocks of
rocks smaller than the wavelengths would make
little difference in the flow and reflection of
sound waves. It is probable that sheets of solid
silicates would not behave in a similar way.

Some signals are precisely repeated and cannot
be ascribed to meteorites, hence, are indigenous;
these are more frequent at perigee, therefore
appear to be triggered by a tidal effect. Reflec-
tions from various masses and surfaces must
occur, hence, extensive heterogeneities must be
present. These moonquakes mean that mechan-
ical or potential energy from some source is being
dissipated as vibrational energy and heat. Several
sources of such energy can be considered.

1. The mascons are settling into deeper
layers.

2. The irregular shape of the Moon is set-
tling into a more spherical shape.

3. The ellipsoidal shape of the Moon’s orbit
is becoming more nearly circular with a
lesser major axis; this effect would be
superimposed on other changes in orbit
due to other causes.

4. Convection in the lunar interior or lava
flows cause terrestrial-type quakes.

5. As the Moon moves away from the Earth
due to tidal effects, it keeps the same face
toward the Earth, its velocity of rotation
decreases, and this probably requires
moonquakes, the decreased rotational
energy supplying the energy.

6. Slight contraction or expansion occurs
due to changing temperature of the Moon.

7. Rocks are falling from cliffs; however, it
would seem probable that this would have
been completed after billions of years.

These moonquakes appear to come from depths
of some 800 km, and slight reflections come from
similar depths indicating that some layering
exists at these depths. However, definite evidence
for a metal core has not been observed as yet.
There appears to be a layer below the 20-km
regolith or basaltic layer to 60-km depth having
a compressional sound velocity equal to that of
anorthosite, and below this material, to an un-
determined depth, having a sound velocity of
dunite. Thus, the layering seems to be approx-
imately 20 km of fragmented basalt, 40 km of
anorthosite, and then dunite to an unknown depth
with a source of moonquakes and slight reflection
at some 800-km depth with no evidence as yet
for any metallic core. However, later data indicate
that there is a central region which will not
transmit S-waves, probably consisting of partially
melted silicates. This central ““core” has a radius
of about 700 km [31].

The Moon is much quieter than the Earth which
has immense sources of energy, the most impor-
tant being convection in the mantle driven by
radioactive heating. This builds the immense
mountain chains, great gravity anomalies both
positive and negative, produces the great vol-
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canoes and lava flows, and moves the continental
masses over the Earth’s surface. If convection
occurs (or has occurred) in the Moon, it must pro-
duce very minor effects compared to its effects
on Earth.

The explanation of the seismic effects, due to a
fragmented layer on the surface, argues strongly
against a conventional bed of solidified lava below
the surface. But there are rocks scattered in the
soil which were produced by a melting process,
and the complicated and detailed patterns from
the moonquakes indicate that complicated
structures exist below the surface.

CHEMICAL COMPOSITION

The most recent values for the radius of the
Moon give a mean density of 3.36 g/cm?®, and the
highly fragmented character of the surface sug-
gests that the fraction of voids may not be negli-
gible when estimating the density for the whole
Moon. Also, the interior density may be lowered
more by high temperatures than it is raised by
high pressures. Again, this suggests higher true
mineral densities at laboratory temperature and
pressure; possibly 3.4 g/cm3 is a reasonable esti-
mate for the average of this quantity (see [88,
93]). Mean densities of chondritic meteorites of
the L and H types under low pressures run about
3.57 and 3.76 g/cm?® [86] or 3.68 and 3.85 g/cm3,
if high density minerals are present. The Earth’s
density at low temperatures and pressures may
be about 4 g/cm3,

The Moon contains either less iron or larger
quantities of water and carbonaceous compounds
than the Earth. The low concentrations of water
and carbon compounds in the surface materials
dispute the second hypothesis. Silicate minerals
observed in meteorites with iron content limited
to some 10% by weight would give the required
estimated density. Carbonaceous chondrites
Type 1II also have this density. The concentration
of potassium is lower in these meteorites than in
other chondrites, i.e., about 360 instead of
850 ppm. This lower abundance of potassium and
comparable abundances of uranium and thorium
would permit an initially cool Moon to remain
below the melting point of silicates during
geologic time.?

In a very thorough paper that reviewed the
chemistry of the Moon [91], the conclusion was
that the Moon’s surface materials can be regarded
as a mixture of two components: one condensed
at high temperature, and another of average
meteoritic composition. The ratio of K to U is
about 2000, whereas this ratio in chondritic mete-
orites is about 60000 or 90000 due to greatly
increased concentration of U and other high-
temperature condensing elements. This ratio for
Earth rocks is about 10000 indicating that the
Earth also has an increased high-temperature
condensate fraction.

The first observational data on lunar composi-
tion were obtained in Surveyor flights 5, 6, and 7
[73, 74, 75, 76], showing that the maria contained
basalt with high titanium content, and the high-
lands contained high concentrations of aluminum,
calcium, and low concentrations of iron. These
results were completely confirmed by the precise
measurements on returned Apollo samples. Sev-
eral distinct types of siliceous materials are on the
lunar surface. The maria areas appear to consist
mostly of basaltic-type rocks and finely divided
material. The highland areas consist of rocks hav-
ing high concentrations of calcium feldspars,
so-called anorthositic-type materials. Then the
area near Fra Mauro where Apollo 14 landed con-
sists of so-called KREEP, high in potassium, rare
earths, and phosphorus. No meteorites of the
anorthositic or KREEP type have been observed,
nor has any other rock type been exactly dupli-
cated by meteorites. Other rock types found are
apparently rare. Certain marked chemical dif-
ferences exist between lunar terrestrial and
meteoritic materials.

One very curious chemical difference concerns
europium, an element which is divalent under
highly reducing conditions and trivalent under
less reducing conditions. In the lunar surface
rocks, it has a strong tendency to follow the diva-
lent strontium and decreased tendency to follow
the other trivalent rare earths. This indicates that
the lunar surface materials were formed under
rather highly reducing conditions. Only small bits

2In a recent paper, Tozer [72] discusses convection in
planetary objects and points out that much greater cooling
might occur in the Moon than would be expected if thermal
conduction onlv was effective.
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of metallic iron-nickel are observed, and it is
uncertain whether these are native to the Moon
or are fragments of meteorites. Iron sulfide is
present only in small amounts; titanium contents,
strikingly, are much higher in some lunar basalts
than in terrestrial basalts.

The physical condition of these siliceous mate-
rials is of interest: the basaltic soil consists of
finely divided crystalline and glassy chips, and
the breccia appears to have the physical structure
of sintered soil. Rocks are present which crystal-
lized from a liquid melt, which sometimes contain
smooth bubbles, indicating that gas was present
when they solidified. The “genesis’ rock 15415
consists entirely of glass spherules of calcium
feldspar. The lunar materials often contain
rounded silicate objects which are physically simi-
lar to chondrules of meteorites, but of different
chemical composition. Only a few recognizable
bits of meteorites have been observed, indicating
that meteorites which must have fallen on the
Moon have been broken into very small frag-
ments. One or 2 percent of the lunar surface is
of meteoritic composition.

Since the Moon has no atmosphere, it is pos-
sible to observe the high-energy radiation emitted
by radioactive elements, i.e., rays at great heights
above the lunar surface. Such observations were
planned by Arnold very early in the lunar space
program, and have recently been successful on
Apollos 15, 16, and 17 [5]. These studies show
that the maria areas have higher concentrations
of K, U, and Th than have the terrae areas, also
that there is some variation in concentrations of
these elements over considerable mare areas.
Also, the K/U ratio is considerably less in all
areas than in terrestrial rocks. These results con-
firm analyses on returned samples, showing that
the chemical differences apply to great areas of
the Moon.

The study of fluorescent x-rays emitted by the
lunar rocks under bombardment of solar x-rays
showed the highland areas to be generally high
in elements of anorthositic-type rocks [2]. Un-
fortunately, there are not more such detailed and
extensive studies of the Moon.

Continuous melting of some kind on a limited
scale appears likely from the earliest years of
lunar history until about 3 aeons ago. The small

lava flows reported at various locations may be
more recent. If they come from the deep lunar
interior, they may provide information regarding
the chemical composition of the Moon’s deep
interior, which will be very informative. It was
thought that Apollo 16 which landed near
Descartes would find more recent volcanic mate-
rials, but this area proved to be covered with
ancient anorthositic-type rocks and soil. The
landing area of Apollo 17 near Littrow was
carefully planned to be a recent lava flow area,
but proved not to be so. At present, there is no
evidence for more recent lava flows. It was hoped
that Apollo 17 would provide examples coming
from the deep lunar interior, but this proved not
to be true.

CARBONACEOUS MATERIALS

Evidence for living or fossil forms on the Moon
has not been found. The total concentrations of
carbon in all lunar samples range from about 30
to 230 ppm, the concentrations in the soils
ranging higher than in the crystalline rocks.
Nitrogen concentrations are somewhat less.

Evidence was obtained for carbon-hydrogen,
carbon-hydrogen-oxygen, and nitrogen com-
pounds, but generally in such low concentrations
that it is difficult to be certain that these are
indigenous and not due to terrestrial contamina-
tions. The gas chromatograph and mass spec-
trometer are so sensitive that contaminations in
the range of parts per 10? of some compounds can
be detected.

In general, all investigators found many carbon-
hydrogen compounds containing up to some six
or more carbon atoms and the more common and
simple compounds of carbon with oxygen, hydro-
gen, and nitrogen. The more interesting com-
pounds suggestive of those commonly present in
living organisms were observed by a few. Nagy
et al [47] reported glycine, alanine, and ethanol-
amine in addition to urea and ammonia. Glycine
and alanine in nonhydrolized water extractions
were reported, as well as glutamic acid, aspartic
acid, serine, and threonine in extracts after
hydrolysis. Amounts were in the range of 50
parts per 102 [17]. Porphyrin, while reported [24],
was believed due to rocket exhaust.
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The evidence for these compounds should be
checked in other samples and, in view of the small
concentrations reported, particularly great care
should be taken in regard to contaminations.
Likely, many compounds apparently are produced
when chemical solutions are applied to the soils
which contain highly activated carbon and other
atoms from the solar wind. It has been shown
particularly that CD,4 is produced when D;O is
used instead of H,O [1]. Water is present in such
low concentrations that it is very difficult to
distinguish between indigenous water and ter-
restrial contaminations.

AGES

Two types of calculation have been considered
in studying the age of lunar materials. Assuming
that lunar materials were derived from meteoritic-
type materials, we ask for the time since the
materials of the lunar surface were separated
from such meteoritic material, which is known
as the “model age.” It is assumed in calculating
the Rb®-Sr# age or the uranium-lead and
thorium-lead ages that the ratios of concentra-
tions of rubidium to strontium or of uranium and
thorium to lead have not changed since the
separation process.

The second type age measures the time since
the sample was last melted or since the isotopes
of the elements were last uniformly distributed
between the minerals of the sample in question,
the latter age known as the “‘isochron age.” 3
The Rb%—Sr%" model age in the case of many
lunar samples is about 4.6 aeons (10? years), this
being the time required for the Sr% in bulk

3If an isotope with concentration x disintegrates to another
isotope with present concentration y, and the concentrations
t years ago were x, and j,, all relative to a stable isotope of
concentration r, then

=T -y @

where t is the age and X is the disintegration constant.
This is the fundamental dating equation. If y/r and x/r are
measured and y./r is assumed to be known from measure-
ments on meteorites, the time ¢ can be calculated. This is
the model age. If y,/r is unknown, but different crystals in
the sample have varying values of y/r and x/r, these can be
plotted on a graph, and the slope of the straight line is
(er—1) and the intercept on the y/r axis is y,/r. The age can
be calculated from the slope, and this is the isochron age [53].

samples to have evolved from the primitive
strontium of 4.6 aeons ago as determined from
the basaltic achondritic meteorites commonly
referred to as BABI [51). Isochron ages vary from
3.3 to 4.1 aeons. This means that the overall
composition with regard to rubidium and stron-
tium was acquired 4.6 aeons ago and was not
changed in the reheating processes at later
isochron dates. Ash flows at these later dates did
not separate the liquid melt from a solid residue.
This was probably due to the low gravitational
field of the Moon where pockets of partially melted
masses did not separate into liquid and solid
layers, or it was due to complete melting of basaltic
pockets so that no fractionation occurred.

The K%-Ar% ages agree generally with the
Rb#-Sr8" isochron ages, since argon would
escape in the latest heating process. The U,
Th-Pb ages of rocks are more complicated and
do not agree with the Rb87-Sr87 ages, apparently
due to loss of lead to the surroundings, probably
by volatilization. An isochron plot for bulk soils
and many rocks gives ages of 4.3-4.6 AE [52].
Since the soils and rocks have varying composi-
tions, the volcanic flows occurred from isolated
pockets which did not mix from the time of 4.6
AE until the flows occurred, i.e., 3.3 to 4.0 AE
ago. Whether igneous activity occurred prior to
4.0 AE or after 3.3 AE is unknown.

An alternative suggestion is that the basaltic
components were made by the usual terrestrial
type of flow in which the basaltic liquid is
separated from a solid fraction which remains at
depth, and that uranium, thorium-lead, rubidium,
and strontium were added later in varying amounts
to the soil from some source materials which
were produced 4.6 AE ago. In this case, it must be
assumed that these initial basaltic rocks with
low concentrations of these elements were pro-
duced by melting processes which regularly, in
terrestrial cases, do produce basalts containing
these elements. This seems most improbable,
and it seems likely that the closed system
melting explains these data and results from the
low gravitational field.*

4This is a brief summary of results obtained by several
laboratories headed by G. J. Wasserburg, M. Tatsumoto,
L. T. Silver, and W. Compston. (See refs. {3, 13, 14,52, 56, 65,
68,69, 70,92].)
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Two ages which are particularly interesting
depend on the K#*-Ar* ages as developed by
Turner [77, 78, 79, 80], also on these and Rb%7-
Sr®” ages reported by Schaeffer et al [61). The
“genesis rock” 15415 and anorthositic rocks of
Apollo 16 have ages of about 4.1 AE. It was
thought that some anorthositic rock ages might
be 4.6 AE on the basis of the most primitive
melting period occurring at that time, and that
the anorthositic rocks were produced then.
What reset the K4—Ar# clocks? Was it a hot Sun,
an intense collisional process due to a collision
catastrophe in the asteroidal belt, both of these,
or something else?

LUNAR HISTORY

The highland areas of the Moon are known at
present to consist of an anorthositic-type rock,
and that this material and the titaniferous basalt
acquired their composition through a melting
process 4.6 £0.1 aeons ago. Later melting pro-
duced the rocks of Mare Tranquillitatis and
Oceanus Procellarum. Mascons were produced
during this interval and were supported by very
rigid rocks from the time of formation until the
present. The maximum subsurface temperatures
consistent with support of the mascons are not
known, but the subsurface temperatures of the
Earth appear to be too high. Exact comparison is
difficult because of the higher gravitational field
of the Earth and its higher pressures in the outer
layers. If the evidence for melting could be
ignored, a low temperature history can be favored.
If the mascons could be ignored, a high tempera-
ture history is immediately favored, i.e., if the evi-
dence for the moments of inertia is ignored or
explained. If all evidence is considered, a com-
plicated history seems inevitable. In any case, the
magnetic rocks are puzzling.

If the Moon was originally completely melted,
it must have solidified and fractionated 4.5-
4.7 aeons ago. The anorthositic layer solidified
and floated at the surface, the pyroxene-olivine
layer settled to the interior, and the titaniferous
basaltic layer was between, or remained mixed
with, other layers to be separated by subsequent
closed system melting. The outer parts must have
become cold enough to support the negative grav-

itational anomalies in Ptolemaeus and Alba-
tegnius and presumably in such craters over
the entire surface. This occurred when the con-
centrations of radioactive elements were at
maximum values [15, 16].

Many studies of lunar thermal histories have
been made, which show how difficult it is to cool
down a melted Moon in an aeon, even in the
absence of radioactive elements. Possibly con-
vection, as Tozer [72] points out, would be more
effective. This has not happened to the Earth in
4.6 aeons, and positive gravitational anomalies
are still not supported except through great con-
vection cells. As long as lava flows occurred, the
interior of the Moon would remain at high tem-
peratures, and only an outer layer of rigid rocks
would be possible, as with the Earth. It seems
improbable, if not impossible, to explain the
observations in this way. Without the evidence of
the mascons, this postulated history would prob-
ably be more consistent with more lava flows than
have been present, and particularly such a very
high temperature history should have produced
more general melting over the entire surface. The
absence of great mare-type areas in the large
craters of the far side suggests that the melting
processes were just marginally possible.

If the moments of inertia indicated by orbiter
and astronomical data are correct, an extensive
layer of low-density anorthositic material, a small
iron core, and high-density silicates on the interior
are impossible without the addition of some high-
density layer near the surface. It appears to be
impossible that such a high-density layer was
formed and supported, if the Moon was com-
pletely melted early in its history. But possibly the
moment of inertia data are in error!

The suggestion has been made that the initial
melting 4.5—4.7 aeons ago was limited to an outer
layer of an initially cool Moon, and that the mas-
cons were supported by the cool interior, and the
negative anomalies of Ptolemaeus and Albategnius
and other craters by an outer layer which had
cooled rather rapidly. The sources of heating in
this model are presumed to be:

(1) surface heating in a large gas sphere or
during accumulation in such a sphere [6],

(2) surface heating by tidal effects during
capture of the Moon,

L2ILITY OF THE
- IS POOR
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(3) magnetic fields sweeping over the lunar
surface and thus generating electric
currents in silicate material preheated by
some previously acting mechanism,

(4) heating in an accumulation process
where rapid accumulation of solid objects
occurred in the terminal stages; in cool-
ing, the separation into several layers
occurred with the titaniferous basalt
solidifying last somewhere beneath the
surface. Method (4) would appear to
provide a very stirred condition not favor-
able for separation of the different layers
indicated by the chemical studies.

The basalt was later melted and expelled
from deeper layers. Radioactive heating was pos-
sible because of the very low thermal conductivity
of a highly thermal-insulating dust layer at the
surface. The shallow maria, consisting of ash
flows over a very irrcgular surface, must have
deep layers as well as shallow layers, and the
deep layers should warm up markedly during
hundreds of millions to a billion years, even if
initially they were at low temperatures, i.e., 0° C,
which need not have been the case. This is the
model favored by the present writer [89, 97].

Previous suggestions assumed that the col-
lisional history of early craters, maria, and
mascons were produced early in lunar history,
but if it is supposed that a catastrophic collision
occurred in the asteroidal belt some 4 aeons ago,
producing many large and small objects, and that
these fell on the Earth, Moon, and other planets
during some hundreds of millions of years, another
history for the lunar surface can be devised. No
record of such collisions would be retained on
Earth if this occurred prior to the time the oldest
terrestrial rocks were formed.

It must be assumed that the mascons result
from rebound of the lunar rocks, and that the
gravitational anomalies are supported in spite
of a most massive and vigorous movement of
rocky materials, since collisions of this kind
should be at high velocities. Hence, the masses
of such high-velocity colliding objects must be
too small to account for the gravity anomalies.
With this assumption, there may be little difficulty
in having a sufficiently cold lunar surface in order

574-269 O - 76 - 10

to support the gravitational anomalies of
Ptolemaeus and Albategnius. But the problem of
supporting the mascons remains, if it is assumed
that the titaniferous basaltic rocks flowed out on
the surface from melts beneath the surface, which
would seem the appropriate hypothesis for this
suggestion of early lunar history.

Partial remelting in the lunar interior some 3.1
to 4.0 aeons ago, which is favored by some, would
almost certainly fractionate rubidium and stron-
tium relative to each other, hence, the model ages
of the titaniferous basalts would almost certainly
not be near 4.5 aeons. This is a strong argument
against the origin of these materials by partial
melting in the lunar interior.

From this discussion, it is concluded that the
Moon was formed at comparatively low temper-
atures, heated on its surface by external heat
sources, cooled sufficiently and at adequate depth
to permit large craters, 150 km in diameter, to
retain negative gravitational anomalies, and was
able to support mass concentrations on the rigid
interior. The differentiation of anorthosite,
titaniferous basalt, and other fractions occurred
during the cooling process. The soil resulted
mostly from an ash flow and was remelted
in limited amounts by radioactive heat due to
the low thermal conductivity of the soil. This
suggested history is complicated and will most
probably be revised as more evidence is obtained.

The seismologists, Toksoz et al [71], secured
evidence for an anorthositic layer extending to
some 60 km below the surface and an interior
below this of dunitic-type rocks rich in pyroxene
and olivine. (This was discussed previously.)
Very mild moonquakes (compared to earthquakes)
occur, some of which originate repeatedly at
points beneath the surface at depths of about
700-800 km. There are also reflections from
structures at about the same depth which cannot
be due to a metal core, but may be due to the
boundary of some other type of central structure.
This evidence favors the proposition that there
was very deep or complete melting early in lunar
history, but the evidence is not conclusive. The
observations have been made over a very limited
area and in regions relatively near the areas of
the great mascons and collisional maria.
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THE MAGNETIZED ROCKS
OF THE MOON

A dipole magnetic field has not been detected
on the Moon, but magnetized rocks of ages 4 to
3.1 aeons have been located at the Apollo landing
sites, hence, magnetic fields must have been
present up to that time or to later times, and the
rocks cooled below the Curie point in this
magnetic field. Also, rather large areas of the
Moon are magnetized. The origin of the magnetic
field responsible for producing these magnetized
rocks is a puzzle to all students of this subject,
and this question has an important bearing on
lunar origin.

After the magnetic field of the Earth and a
possible field from the Sun are discarded, we
turn to a possible lunar dipole field which must
have disappeared later than 3.1 aeons ago. One
proposal advanced particularly [57] has been an
iron core smaller than that of the Earth which,
therefore, must have rotated very rapidly in
order to produce the required field. This seems
unlikely, and no iron core has been detected in
the seismic observations which, however, may
not be conclusive. If such a circulating iron
core was present in the early period before 3.1
aeons ago, it has been suggested that it froze and,
hence, no field would exist today. Another sug-
gestion was that the interior of the Moon accu-
mulated at low temperatures and magnetizable
particles, i.e., iron, accumulated in a primitive
magnetic field of the Sun to form a permanent
magnetic dipole field which would persist until
radioactive heating raised the temperature above
the Curie point. However, in this case, the surface
regions must have melted in order to produce the
highly differentiated surface regions and ash flows
on the surface.

A popular view is that the Moon accumulated
from solid objects, at first at low temperatures,
because of the low gravitational energy and rate
of accumulation, and later at high gravitational
energy and velocity of accumulation, thus pro-
ducing a cold interior and a melted surface. It
is estimated that the accumulation must have
occurred in about 2000 years or less, in order
to produce surface melting in spite of radiation
loss. Also, this bombardment must have been

terminated rather suddenly. It is difficult to
specify a place in the solar nebula where this
could occur. An alternative method is provided
by the gas spheres [88]. In this case, the solids
settle to the interior of the sphere when it
is cold, but as the sphere contracts, the tem-
perature of the sphere’s interior rises, thus,
the interior could form cold and the surface
could accumulate at higher temperatures [6]. The
Moon cooled after the high-temperature Sun blew
the gas sphere away and, whichever way the
Moon accumulated, the magnetic field carried
by the cold interior magnetized the cooling
surface rocks and disappeared when radioactive
heating raised the temperature of the cold interior
above the Curie point. It has been mentioned
that this is a most interesting problem and one
that has surprised many who study the Moon.
(See reviews [58, 66].)

ORIGINS OF THE MOON

A discussion of the origin of the Moon requires
considering the origin of the planets and their
satellites —in fact, the origin of the solar system.
Jupiter and its inner moons have the general
orbital structure of the Sun and its planets, and
the axis of Jupiter’s rotation is nearly perpendic-
ular to the plane of the ecliptic. If the other
planets and their satellites resembled this planet
in general structure, there would be no great
disagreement in regard to questions of origin. It
would be supposed that the planets and their
satellites accumulated from smaller objects both
solid and gaseous. However, the Earth, Venus,
Mars, and major planets other than Jupiter have
axes of rotation not perpendicular to the ecliptic,

and this probably requires collisions of very.

massive objects to form the planets. This alone
indicates the presence of such objects early in
the solar system history.

If all the terrestrial planets had large moons
similar to that of the Earth, it would be supposed
that these planets and satellites formed as double
planets, i.e., accumulation from solid or liquid
silicate compounds in the immediate neighbor-
hood of each other. Again, the problem of the
Moon’s origin would not have been discussed for
many decades in this case. It is the uniqueness
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of the Moon as a single, very large satellite that
poses the interesting and controversial question
of its origin. But if the double planet origin is the
rule, the absence of a large moon of Venus and
some fairly large moons of Mercury and Mars
becomes the disturbing question.

Cameron [9] and Ringwood [54] favored the
view that the Earth and Moon accumulated
quickly in some 10°® or 10* years at very high
temperatures and as a double body. The Moon
accumulated from a volatilized mass of high-
temperature material moving in a ring about
planet Earth. The mass of the Earth, plus its
proportion of solar gases, would be approximately
equal to that of Jupiter originally dispersed over
a disk surrounding the Sun. At some time, it is
necessary that the 0.3% of the terrestrial-type
material destined to form solid bodies separate
from the 99.7% of gases and accumulate into a
limited volume. This, seemingly, could only occur
if these materials were at a sufficiently low
temperature to condense to liquids or solids.
Possibly, if solids settled to the median plane of
the nebula, this would be possible. The model
resembles, and in a way is identical with, proto-
planets of Kuiper [30], which have the obvious
difficulty of losing a mass of gas equal to that of
Jupiter. Urey [81] argued that this is impossible
and, up to the present, no satisfactory method of
removing gases has been proposed. It may be,
but is not certain, that the magnetic fields of the
rotating magnetic dipole Sun may have provided
such a mechanism. Soviet authors, especially
Schmidt, Safronov, and Levin [36, 60, 62] are
inclined to favor a theory suggesting the accu-
mulation of a multitude of small satellites which
surrounded the Earth during its synthesis and
growth over 100 million years.

Ringwood [54] argues that the loss of volatiles
so evident in lunar surface material shows that
the Moon must have separated from high-temper-
ature gases.® This is a very good argument
especially if these elements have been depleted
in the entire Moon—an untested assumption at
present. The abundance of the more abundant
elements in lunar materials are so similar to

5 Ringwood has recently withdrawn his sponsorship of
these suggestions.

those expected from the fractionation of silicate
materials by melting that it would appear that
extreme volatilization methods are not required.
Moreover, mechanisms for tilting the axis of the
Earth and moving the Moon’s orbit in some way
are required, since Goldreich [21] showed that
the present orbit of the Moon could not have
originated in the plane of the Earth’s orbit. Both
these effects require the presence of other
sizeable bodies which collided with the Earth and
Moon to produce these effects. If they existed,
similar objects colliding with other planets would
produce similar effects.

That Venus does not have a moon and rotates
in the reverse sense is probably the most dam-
aging evidence in regard to this theory for Earth
and lunar origin. Marcus [40] and Safronov [59]
pointed out that such collisions were necessary,
and Urey [82, 83] suggested methods of producing
such objects. It has recently been proposed that
large preplanetary objects existed and collided
to form the Earth at high temperatures, and a
Moon volatilized from the Earth, according to
Ringwood’s model. Elements volatile at 1500° K
and lower are missing from the lunar surface, but
there appears to be no reason to assume any
important fractionation between silicon on the
one hand and aluminum, magnesium, and calcium
on the other, even though great differences in
volatilities exist. This writer doubts the correct-
ness of Ringwood’s gaseous silica, alumina
[etc] atmosphere as an origin for the Moon.

Possibly, if samples of rocks from the deeper
layers of the Moon could be secured and showed
low abundances of the very volatile elements,
this would indicate that the materials of the
Moon had been heated to some 1000~1500° C in
fairly finely divided form, and that the volatiles
were swept away with the residual gases. Those
who believe that the titaniferous basalts are
indeed lava flows from the interior will now accept
this point as proven. This writer would like to
see samples from what appear to be limited lava
flows in various locations on the Moon and which
might come from great depths, before accepting
this conclusion.

Sir George Darwin suggested that the Moon
escaped from the Earth, which has been dis-
cussed pro and con during this century. This
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discussion has been reviewed [49, 94]. The density
of the Moon approximates that of the Earth’s
mantle, and this troublesome problem is solved
immediately by this hypothesis. Much effort has
been expended in showing that such a separation
would be possible. Recently, this hypothesis has
not been favored partly, and possibly decisively,
by studies on the chemical composition of the
lunar surface. The lunar basalts have definitely
higher concentrations of iron and titanium and
definitely lower concentrations of the more volatile
elements than the Earth. It is certainly not im-
possible that these differences in a complicated
high-temperature separation process could be
produced, but it does appear improbable. The
ages of lunar rocks would restrict the time of
separation to before 4.5 aeons. One thing evident
from the older data is important! If Venus and
Earth evolved by similar processes at comparable
distances from the Sun, why does the Earth-Moon
system have a very large positive angular momen-
tum relative to the orbital angular momentum,
and Venus a small and negative value for this
quantity? Why did not Venus also accumulate
with a large axial rotation and separate into a
double planet? These questions could have been
asked many years ago. Today, separation of the
Moon from the Earth is not favored and seems
very unlikely.

The capture hypothesis has been especially
popular since Gerstenkorn [18, 19] investigated
this problem, and it has been discussed by
others [4, 38]. This mechanism has the obvious
advantage that it is an incidental origin, and it
is not necessary to explain the absence of
satellites of the other terrestrial planets. However,
it must be assumed that many moons were
present at some time in the early period of the
solar system unless multiple, highly improbable
assumptions are made. There is small probability
of capture of the Moon in any orbit about the
Earth rather than capture by impact on the
Earth. These problems have been discussed in
detail by Urey and MacDonald [88]. Gerstenkorn
[19] concludes that capture occurred in a reverse
orbit which turned over the Earth’s poles and
became direct. It was proposed that the minimum
orbit was near the Roche limit of 2.9 Earth radii
for an object of lunar density.

In this capture process, a great deal of energy
must be dissipated as heat, i.e., some 10! ergs per
gram of the Moon. Part of this would be dissipated
in the Moon, probably in the outer layers, and may
have contributed to the production of its melted
surface layer (discussed above). Such a melting
process would be more concentrated in the hemi-
sphere near the Earth and may aid in accounting
for the more extensive maria areas in the nearer
hemisphere. If such heating became general, the
support of the mascons would be jeopardized.
Urey and MacDonald [88] suggest that collisions
with other objects moving about the Earth may
have aided in the capture process, and that the
initial orbit may have been much larger, thus
avoiding the heating difficulty. Also, their pro-
posal permits the angular momentum density of
the initially accumulated Earth to lie on the
empirical curve of MacDonald [38], who shows
that the logarithm of the angular momentum den-
sities of the planets plotted against the logarithms
of the masses is a straight line of slope of about
0.82.

This model for lunar origin requires the
premise that the Moon accumulated elsewhere.
The method of accumulation and general chem-
ical composition present problems for which
solutions must be offered if the capture process is
to be accepted. Until the present, only the gas
sphere model of Urey [41, 82, 84] has been pro-
posed, but others are possible, although difficult
to calculate realistically. It is supposed that two
dimensional gravitational instabilities occurred
in a flat disk nebula following formulas first
developed by Jeans and revised by Chandra-
sekhar [11]. The formulas are approximate
when applied in this way, since the presence
of solids probably increases the instability.
Calculated temperatures in the nebula re-
quired to make lunar-sized objects are very
low, and the calculated mass of the nebula
is a substantial fraction of a solar mass. Some
substantial loss of mass of this kind must have
occurred in order to decrease the angular mo-
mentum of the primitive Sun as usually assumed
by the Alfvén magnetic field mechanism, and
Herbig [23] requires dust clouds of approximate
solar mass in T Tauri stars.

Accumulation of lunar masses at the center of
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such gaseous objects due to gravitation with the
energy of accumulation being absorbed by the
great mass of gas could occur at low temperatures
while the radii are large. If the gas mass con-
tracted to smaller radii subsequently, the surface
regions of the central lunar object could be heated
to high temperatures, and reduced liquid iron
would remove the siderophiles, and liquid iron
sulfide would remove the chalcophiles (see [6]).
With slow removal of the gas spheres, there would
be slow cooling of the central mass, and, with
complete removal of the gases, more rapid cooling
to low temperatures. The composition remains a
serious problem. With a low abundance of iron in
the Sun relative to other elements (which has
been fashionable for many years), the Moon con-
sisted of primitive, nonvolatile solar matter, but
with revised solar abundances, the density of
primitive, solar nonvolatile matter becomes close
to 4 g/cm?® and does not agree with the lunar
density.

If capture theory is to be seriously considered,
explanation of this problem must be made. Car-
bonaceous chondrites are fairly abundant as
observed falls, and the Type III Vigarano-type
group have proper densities and a low abundance
of potassium, so that a rigid interior of the Moon
could be maintained if the central body had com-
position of this kind or similar. However, these
meteorites contain water and considerable car-
bon. The low abundances of both these substances
in the lunar surface are very unfavorable, but not
fatal to this suggestion for the lunar interior.

Other methods [22, 39, 40, 59] have been dis-
cussed for accumulated sizeable objects from
smaller solid objects without the presence of
gases, which will certainly be necessary if the
more volatile elements are missing from the inte-
rior of the Moon. In this case, successive events
must provide for loss of volatiles at some 1500°K,
and these must be driven out of the neighborhood

where the Moon and Earth will accumulate before
that accumulation takes place. If the volatiles
are present in the deep interior of the Moon, then
the accumulation of the Moon in a gas sphere is
indicated, and the Earth accumulated from
fragments of such objects.

Cameron [10] suggests that the Moon con-
densed from the gaseous solar nebula inside the
orbit of Mercury where the least volatile ele-
ments, CaO and Al;O3, condensed. These accu-
mulated into the Moon which was thrown by Mer-
cury into an orbit crossing the orbits of Venus and
the Earth, and was then captured by the Earth.
Thus, the Moon was condensed in a region of the
solar nebula where iron remained in the gaseous
form to a considerable extent, and in this way,
the low lunar density and possibly the chemical
composition are accounted for. Both these
mechanical events appear to be highly improb-
able, although not impossible.

If the Moon was captured, it was formed
independently from the Earth and as a sep-
arate primitive planet. The present ages indicate
that the Moon was present as a body at about the
time the meteorites were formed, and all pos-
sibility of dating the Earth in the same way has
been lost.

Jupiter and its satellites appear to be a small
solar system (as stated previously) and a strong
prejudice favors the formation of these satellites
in the neighborhood of their primary. The seven
moons of approximately lunar size in the solar
system, and all other satellites and the asteroids
having a combined mass of about 0.25 of one
lunar mass, suggest that lunar-sized objects were
favored in the solar system. The tilts of axes of
the planets hint that some large objects were
about and collided with the accumulating planets
during the terminal stages of accumulation. Pos-
sibly our Moon is not such a unique object as it
is often thought to be!
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