
CHAPTER 1 

The Moon as a Planet 

Introduction 

Even though a satellite of the earth, the moon is a planet and is not 
much smaller than most of the terrestrial planets (Table 1.1). The Apollo 
missions thus returned with the first rock samples from another planetary 
body and provided us with a second data point in our study of the solar 
system. These samples tremendously increased our knowledge and under- 
standing of the evolution of planetary bodies. Possibly just as significant as 
the returned samples was the variety of instruments set up on the lunar 
surface to  monitor the moon's surface environment in real time. Particularly 
important in this respect were the lunar seismometers, magnetometers and 
the heat flow experiments. Also of importance in the synoptic view of the 
moon are a series of orbital experiments, particularly the orbital measure- 
ment of X-rays excited by solar radiation and y-rays produced by natural 
radioactivity on the lunar surface which provide data on the areal 
distribution of some elements. 

The Apollo program has left us with a picture of the moon as 
essentially a dead planet with most of its internal energy having been 
expended in the first 1.5 aeons (1  aeon = 109 yr) of its history. However, 
during this early period the moon appears t o  have been very active. As its 
internal structure evolved its face was dramatically altered by giant 
meteoroid impacts that created an extensive and complex crustal strati- 
graphy. Finally, the basins excavated by these impacts were themselves 
flooded on a large scale by basaltic lavas to  form the familiar lunar nearside 
mare. 

Gilbert (1893) and Shaler (1903) were perhaps the first to  seriously 
consider the geology of the lunar surface and to  attempt to  explain what 
they saw in terms of natural processes. However, it was not until Shoemaker 
and Hackmann published their studies in 1962 that the geology of the moon 
was established on a firm foundation. For the first time the moon was seen 
as being somewhat similar to  the earth in that it had a stratigraphy in which 
at least the later history of the development of the planet was recorded. 

As a result of the Apollo program, the structure of the moon is now 



TABLE 1 .l. 

Physical parameters of the moon compared t o  the sun and planets. 

Distance from sun 
(millions of km) 

Mass 
(units of 1027 g) 

Density (g cm-3) 

Volume 
(units of 1027 cm3) 

Radius (km) 

Gravity (cm s-2 ) 

Distance from sun 
(millions of krn) 

Terrestrial Planets 

Moon Sun Mercury Venus Earth Mars 

Mass 
(units of 1027 g) 

Density (g cm-3) 

Volume 
(units of 1027 cm3) 

Radius (km) 

Gravity (cm s-2) 

1738 696,000 6,100 6,371 3,400 2,400 

162 - 360 850 982 376 

Outer Planets 

Jupiter Saturn Uranus Neptune Pluto 

778 1,430 2,860 4,490 5,910 
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Zone, I 

Fig. 1 .l. A cutout view of the moon illustrating the various zones described in the text and showing 
the locations of moonquakes. (from Nakamura et al., 1974). 

known in considerable detail. The following sections briefly consider the 
overall structure of the planet and its possible origins. Later chapters look 
more closely at the stratigraphy of the lunar crust. 

Internal Structure and Chemistry of the Moon 

The accumulated geophysical and geochemical data resulting from the 
Apollo missions places constraints on the structure and composition of the 
moon and ultimately on its origin and evolution (Table 2.1). On the basis of 
the lunar seismic data Nakamura et al. (1974) proposed a lunar model 
consisting of five distinguishable zones (Figs. 1.1, 1.2 and 1.3). 

The Crust (Zone I )  

The moon possesses a differentiated crust which varies from 40  km 
thick at the poles to  more than 150 km thick on the lunar farside (Wood, 
1972). On the lunar nearside the crust is 50 to  60  km thick and is 
characterized by relatively low seismic velocities (Fig. 1.2). The outer 
kilometer of the crust has extremely low velocities, generally less than 1 
km-1, that correspond to  lunar soil and shattered rock. The velocities 
increase rapidly to  a depth of 10 km due to  pressure effects on the fractured 
dry rocks (Latham et al., 1972). Seismic velocities to  a depth of 25 km in 
Oceanus Procellarum coincide with measured velocities of mare basalts. 
Below 25 km the velocities increase slightly suggesting a transition to  the 
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Fig. 1.2. Seismic velocity profiles of the lunar interior. (from Nakarnura et a]., 1974). 

anorthositic gabbro which is characteristic of the highland lithologies. 
The lunar crust consists of an anorthositic gabbro ( = 70 per cent 

plagioclase) together with smaller amounts of a second component which is 
essentially a high alumina basalt enriched in incompatible elements and 
referred to as Fra Mauro basalt or KREEP (indicating an enrichment in 
potassium, rare earth elements and phosphorous). Locally, the crust is 
overlain by a variable thickness of mare basalt. The outer portions of the 
crust are extremely inhomogeneous due to  differentiation at shallow depths 
and the fact that large segments have been overturned by the 40 or more 
ringed-basin forming events (Stuart-Alexander and Howard, 1970; Cadogan, 
1974). 

The source of the highland crustal rocks is considered to be an 
alumina-rich layer at shallow depths. Two hypotheses are available to  
account for this chemical zonation (Taylor et al., 1973): - 

1. The outer 200-300 km was accreted from more refractory 
alumina-rich material than was the interior. 

2. An alumina-rich outer crust was formed by melting and 
differentiation early in the history of the moon, following 
homogeneous accretion. The well developed positive K/Zr 
and K/La correlations observed both in mare basalts and 
highland samples supports this argument (Erlark et al., 197 2 ; 
Duncan et al., 1973 ; Church et al., 1973 ; Wanke et al., 197 3). 
In the outer layers of the moon were accreted from more 
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refractory material than the interior, it is difficult to  account 
for this correlation between the volatile element, potassium, 
and the refractory element, zirconium; and the hetero- 
geneous accumulation model faces a serious problem. 

~xperimental  investigations (Green, 1968 ; Green et al., 197 2) show 
that the formation of anorthositic gabbroic magmas requires rather extreme 
conditions. It appears likely that the uppermost plagioclase-rich layer of the 
lunar highlands represents a cumulate and is underlain by a layer relatively 
depleted in plagioclase - possibly a pyroxene-rich gabbro. The average 

of the lunar crust would thus be gabbroic of composition which 
could form by advanced partial melting of source material, estimated to  
contain 4 per cent to  5 per cent of A12 O3 (Ringwood, 1970a). Assuming a 
content of 13 per cent A12 0, for the parental cotectic gabbro, the existence 
of a crust some 65 km thick would require complete differentiation of a 
layer at least 200 km deep (Duba and Ringwood, 1973). The Fra Mauro 
basalt or KREEP component is interpreted as formed by a very small degree 
of partial melting at even greater depths (Ringwood and Green, 1973). 
Whilst the thickness of the crustal layer may vary, it is difficult to  avoid the 
conclusion based on abundances of A1 and U in the lunar highlands that the 
differentiation event which took place .= 4.6 aeons ago involved 3 0 t o  5 0 per 
cent of the moon's volume. 

The Upper Mantle (Zone  II)  

The upper mantle is approximately 250 km thick and is characterized 
by P wave velocities of about 8.1 km s-1 at the top and possibly slightly 
decreasing velocities at depth. 

Experimental petrology indicates that the mantle is the probable source 
region for the mare basalts and that it was probably composed largely of 
orthopyroxene and sub-calcic clinopyroxene together with some olivine 
(Ringwood and Essene, 1970; Walker et al., 1974). An olivine-pyroxene 
TABLE 1.2. 

Composition of the Moon (adapted from Taylor and Jakes, 1974). 

SiO2 Ti02 A1203 FeO Mgo CaO 

Bulk Moon 44.0 0.3 8.2 10.5 3 1.0 6 .O 

Crust 44.9 0.56 24.6 6.6 8.6 14.2 

Upper Mantle 43.3 0.7 14.4 12.6 17.7 11.3 

Middle Mantle 42.9 -- 0.4 13.5 42.7 0.5 
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I I I ,Element Distribution REE In Melts 

Partialy Molten Zone 
Primitive Unfractionated . Fe - FeS Dispersed Liquid 
Lunar Material; K,U,Th, Grading Into Fe-FeS Core 
Causes Partial Melting Contains Siderophile And 

Possible Core, 
1738 No Core Chalcophile Elements 

Fig. 1 .3 .  Geochemical model of the lunar interior at about 4.4 aeons (Taylor and Jakes, 1974, Proc. 
5th Lunar Sci. Conf., Suppl. 5 ,  Vol. 2,  Pergamon). 
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mineral assemblage is consistent with the seismic data although compositions 
richer in olivine near the top of the zone are more probable (Nakamura et  
al., 1974). The total volume of the mare is estimated to be only 0.2 per cent 
of the moon (Baldwin, 1970). If the mare basalts represent liquids formed 
by 5 per cent partial melting of their source regions the total volume of 
differentiates would be 4 per cent of the lunar volume (Duba and Ringwood, 
1973). If the moon was completely differentiated 3 aeons ago the mare 
basalts represent only a small proportion of the liquids formed. A large 
volume of magma thus failed to  reach the surface and crystallized as plutonic 
intrusions in the outer cool lithosphere of the moon (Baldwin, 1970; 
~ ingwood,  1970; Duba and Ringwood, 1973). This is predictable since the 
density of molten mare basalt is similar to  that of the lunar crust. 
Consequently an excess is necessary for lava to  be extruded at the surface. 
Most of the magma will be extruded as sills, laccoliths and batholiths in the 
crust or as large plutons at the crust-mantle boundary. 

Upon cooling the lunar mare basalts pass into pyroxenite and eclogite 
stability fields at lower pressures than terrestrial basalts (Ringwood and 
Essene, 1970; Ringwood, 1970a; Green e t  al., 197 1 ) .  Consequently large 
plutons emplaced in the upper mantle were probably transformed into 
pyroxenite (p = 3.5 g cm-3) and eclogite (p = 3.7 g cm-3 ) resulting in a 
non-uniform density distribution in the outer parts of the moon and possibly 
explaining the existence of mascons. 

The Middle Mantle (Zone III)  

The middle mantle corresponds to a zone of reduced S wave velocities 
from 300 to  800 km in depth. Deep moonquakes occur at the base of this 
zone suggesting that the moon is relatively rigid to  the base of the middle 
mantle. This zone may consist of primitive lunar material that lay beneath 
the zone of initial melting that resulted in the formation of the crust and 
upper mantle. Conductivity studies suggest that large volumes of the lunar 
interior at depths of several hundred kilometers are at temperatures close to  
the solidus for lunar pyroxenite (Fig. 1.4) (Duba and Ringwood, 197 3). 

The Lower Mantle (Zone IV) 

The zone below 800 km in depth is characterized by high attenuation 
of shear waves. The lower mantle thus may be partially molten and similar to  
the asthenosphere of the earth (Nakamura e t  al., 1974). 
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Fig. 1.4. Selenotherms based on conductivities (Duba and Ringwood, 1973; Sonett et al., 1971). The 
solidus of a lunar interior model (Ringwood and Essene, 1970) is plotted for reference. Selenotherms 
calculated from data on pyroxene conductivity fall within the stippled area, those calculated from 
data on the conducitivity of olivine fall within the lined areas. 

The Core (Zone V )  

There is an inner zone of reduced P wave velocities between 170 and 
360 km in diameter which, by analogy with the earth, could be an iron-rich 
core. Iron is the only abundant element that can be expected to occur as a 
metal and it satisfies the requirement for a dynamo within the moon (Brett, 
1973). A lunar core might also be expected to contain nickel otherwise the 
moon must be depleted in nickel with respect to chondritic abundances. 
However, the thermal restraints imposed by a molten core of pure iron or 
nickel-iron mixture are not consistent with other lunar data (Brett, 
1972,1973). By extrapolating from experimental data it can be shown that 
the melting point of metallic iron at the center of the moon is approximately 
1660°C (Brett, 1973 ; Sterrett et al., 1965). The presence of nickel lowers the 
melting point only slightly. Temperatures of this order at the center of the 
moon early in its history are not consistent with current thermal models 
(Toksoz et al., 1972 ; McConnell and Gast, 1972; Hanks and Anderson, 1969; 
Wood, 1972). The melting curve for a pure-iron core lies close to or below 
the solidus curves for most reasonable models of the lunar mantle (Fig. 1.5). 
A molten iron core would require that a large proportion of the moon be at 
or close to  its melting point at least 4.1 to 3.1 aeons ago. 

One alternative to  a nickel-iron core is a molten Fe-Ni-S core (Brett, 
1972,1973). Sulfur alloys readily with iron and it has been found that sulfur 
and other volatile elements are strongly depleted in lunar basalts. The Fe-FeS 
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eu tec t i~  temperature at 1 atmosphere is 988°C (Hansen and Anderko, 1958). 
The eutectic temperature appears to  be changed little by increased pressure, 
but the eutectic composition becomes more Fe-rich. The eutectic temper- 
ature at  50 kbars (the approximate pressure at the center of the moon) is 
approximately 1000°C at a composition of Fe7 S25 (weight per cent) 
(Brett, 1973). The pressure of sulfur in the core thus allows a mcdten core to 
exist at temperatures close to  1000°C (Fig. 1.5). This would be further 
lowered by the presence of nickel. A core containing pure sulfur would also 
contain other chalcophile elements such as Pb, Cu, Bi, Se, Te and As, many 
of which are also depleted in the lunar basalts. A core containing sulfur has a 
lower density than a pure iron core and is much more consistent with the 
constraints imposed by the moons moments of inertia. A core occupying 20 
per cent of the moon's radius would require a bulk sulfur content of only 
0.3 weight per cent. A core of these dimensions could be derived during the 
major differentiation of the moon from one half of the moon's mass (Duba 
and Ringwood, 1973). The molten metallic phase may have segregated 
during the major differentiation of the moon that occured 4.6 aeons ago 
(Duba and Ringwood, 1973). It probably collected in a layer at a depth 
where the silicate mantle was viscous enough to  impede the fall of this dense 
metal phase toward the center. This layer was gravitationally unstable and 
any irregularity in the metal-silicate interface may have served as a 
nucleation point for the formation of a drop of metal. This drop grew 
expotentially and eventually fell to the center. 

Depth, km 

Fig. 1.5. Melting temperatures versus lunar depth for Fe, Fe-FeS eutectic and solidus curves for 
hypothetical lunar mantle (solidus 1) and dry basalt (solidus 2) (from Brett, 1973). 
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The Moon's Magnetic Field 

There is now considerable evidence that lunar surface materials have 
been magnetized. Most of the current literature holds the general view that 
part of the magnetization is thermoremanent. The paleofields which 
magnetized the lunar basalts may have decreased from 1.2 oersteds at 3.95 
aeons to  0.3 3 oersteds at 3.6 aeons (Stephenson et al., 1974). Breccias have 
also been shown to be magnetic but the origin of their magnetization appears 
much more complex. The moon's magnetic field was measured directly at 
several of the Apollo landing sites and the field strengths were found to 
range from the instrumental threshold of several gamma to  more than 300 
gamma. Orbital observations of the surface magnetic field indicate that the 
radial component is typically less than 0.1 gamma. This indicates that very 
local sources cannot be the origin of these fields, however, regional 
magnetization is present perhaps associated with regularly magnetized 
fractured basement rocks (Russell et al., 197 3). 

The origins of the moon's magnetic field is not known. The most 
obvious mechanism, an internal dynamo, would require the moon to  have a 
hot core and a high spin rate at the time the lunar surface materials cooled 
through their Curie temperature. The moon's core, as we have seen, is small 
and some mechanism must be invoked to slow the moon's spin. If the moon 
had a planetary spin at birth it is likely that the spin was damped by tidal 
forces perhaps at the time of capture by the earth. But as discussed in a 
following section the capture of the moon by the earth would have left a 
well-defined record in the earth's stratigraphy. Capture, if it occured at all, 
must have taken place prior to 3.2 aeons ago which appears to be the time of 
the most recent magnetization. Since the highlands appear to  be magnetized 
a dynamo source field should have operated from nearly the time of 
accumulation of the moon. The requirements for early differentiation and 
dynamo action can be met but it is much more difficult to  understand how a 
high lunar spin rate could be maintained after 3.2 aeons unless current views 
of the earth-moon dynamic history are considerably revised (Sonett and 
Runcorn, 1973; Sonett, 1974). Since it is difficult to account for a late stage 
internal dynamo, mare magnetization seems to require a two stage 
magnetization (Runcorn and Urey , 197 3 ) .  

It has been proposed that at least part of the lunar field could be 
provided by impact magnetization (Sonett et  al., 1967 ; Russell et al., 197 3). 
Experimental studies have produced 35 gauss fields with simulated hyper- 
velocity impacts (Srnka, personal communication). Although the dwell times 
for these events are small, it is likely that magnetization would occur on a 
regional scale (Sonett, 1974). Impact generated magnetic fields are very- 
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poorly understood and the mechanism has considerable potential, partlcu- 
larly in the magnetization of soil breccias. 

Origin of the Moon 

The main hypotheses regarding the origin of the moon fall into five 
broad groupings (1) Binary Planet Hypothesis, (2) Capture Hypothesis, ( 3 )  
Fission Hypothesis, (4) Precipitation Hypothesis and (5)  Sediment Ring 
Hypothesis. All have good and bad points - none completely explains the 
body of observational data although in the light of the Apollo missions some 
hypothesis are more likely than others. 

Binary Planet Hypothesis 

The binary planet hypothesis argues that the earth-moon system 
accreted from a common mixture of metal and silicate particles in the same 
region of the solar nebula. The differences in chemistry and density observed 
in the two bodies are not easily accounted for in this model in that it 
requires either that there be inhomogeneities in the solar nebula or that some 
differentiating process occurs at low temperatures. However, differentiation 
could occur because of the different physical properties of the metal and 
silicate particles (Orowan, 1969). During collisions in the solar nebula brittle 
silicate particles will break up, whereas ductile metal particles could be 
expected to  stick together as they absorb kinetic energy t o  some extent by 
plastic deformation. Once metal particles have gathered to  form a suffi- 
ciently large nucleus, silicate particles could accumulate first by embedding 
in the ductile metal and later by gravitational attraction. This mechanism 
produces a cold planetary body with a partially differentiated metallic core 
already in existence. In terms of the binary planet hypothesis, this simply 
implies that the earth began nucleating earlier than the moon. The moon is 
thus less dense and has a smaller metallic core. This also implies that the 
earth's mantle and the moon have accumulated from the same well-mixed 
silicate component. Thus basalts formed by partial melting of the earth's 
mantle and the moon should display a similar compositional range 
(Ringwood and Essene, 1970). The observed major chemical differences 
between lunar and terrestrial basalts are not readily explained by this 
hypothesis. The viability of the hypothesis is further complicated by the fact 
that the moon does not lie in the plane of the ecliptic as is required if it 
accreted simultaneously with the earth (Kopal, 1969). 

Capture Hypothesis 

The capture hypothesis has been the most widely accepted hypothesis 
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in recent times because it can readily explain almost any anomalies in 
chemical or physical properties (Gerstenkorn, 195 5 ; Alfven, 196 3 ; Mac- 
Donald, 1964a, 1964b, 1966). This hypothesis argues that the earth and 
moon accreted in different parts of the solar nebula and that the two planets 
were brought together at some later date. MacDonald has also proposed a 
more complex capture hypothesis involving the capture of many small 
moons which later coalesced to form the present moon. Lunar tidal 
evolution studies suggested that the moon's orbit was very close to  the earth 
as recently as 2 aeons ago (Gerstenkorn, 1955), and that the moon's surface 
features were formed at the same time by heating and deformation during 
the time of close approach (MacDonald, 1964b, opik, 1969). The absolute 
chronology established as a result of the Apollo missions indicates that the 
major features of the moon are much older (Ringwood and Essene, 1970). 
Likewise a catastrophic event of this magnitude would appear in the 
Precambrian record of the earth and would perhaps mark its beginning (Wise, 
1969). A normal sedimentary record can be traced back to approximately 
3.2 to  3.4 aeons on the earth which suggests that if capture occured it would 
have to  be early in the earth's history. Urey (1962) proposed just that and 
suggested that capture occured 4.5 aeons ago. However, Urey's hypothesis is 
based on the idea that the moon is a primitive object with the elements, 
except for gases, in solar abundances. More recent work by Garz et a/. 
(1969) suggests that the solar Fe/(Mg+Si) ratio is closer to chondritic values 
than to  the moon's chemistry. 

The capture of the moon by the earth appears to  be an event of low 
intrinsic probability (Wise, 1969; Ringwood and Essene, 1970). Capture is 
most likely to occur when the two bodies possess similar orbits which 
requires that they accrete in the same solar neighborhood presumably from 
similar parent materials. 

Fission Hypothesis 

The fission hypothesis was first proposed by Darwin (1880) and has 
been elaborated by Ringwood (1960), Wise (1963) and Cameron (1966). 
This hypothesis suggests that the materials now forming the moon were 
separated from the earth's upper mantle in response to  an increasing spin 
rate driven by segregation of the earth's core. Wise (1969) refined this model 
by suggesting that the newly fissioned moon may have been baked by the 
adjacent tidally-heated incandescent earth, resulting in the apparent deple- 
tion of volatile alkali elements and enrichment of refractory elements 
encountered in lunar samples. The appeal of this hypothesis is that the low 
density of the moon simply relates to  the low density of the upper mantle of 
the earth. 
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Fig. 1.6. Sequence of events in the fission hypothesis. (from Wise, D. V., Jour. Geopbys. Res., 74. 
6034-6045, 1969 ; copyrighted by American Geophysical Union). 

Figure 1.6 is from Wise (1969) from which the following description of 
the process of fission is adapted: 

(A) The rapidly spinning primordial earth collected from the 
cooler solar nebula but was heated to incandescence by the 
9000-cal g-1 gravitational energy released by the collection. The 
surface was at temperatures adequate to volatilize and drive off 
some of the incoming silicates. Formation of the core (B) released 
an additional 400 cal g-1 of gravitational energy and drove the spin 
rate beyond stability. The last stable figure here is a density 
stratified Maclaurin spheroid of rotation with axial ratios of 
approximately 7 : 12 and a 2.65-hr day. Once stability was reached, 
the viscous earth passed rapidly through the unstable football- 
shaped Jacobian ellipsoid (C) and into the bowling-pin-shaped 
Poincare figure (D), which elongated up to the point of fission. 
Once fission was achieved, subsidence of the neck back into the 
earth accelerated the earth slightly, which placed the moon in 
prograde rotation and initiated its outward migration by tidal 
frictions. The tidal frictions, amounting to some 800 cal g-1, were 
concentrated in the outer shell of the incandescent earth and 
created a volatilized silicate atmosphere with an extremely high 
temperature (E). This atmosphere rotating with the planet and 
subjected t o  major atmospheric tides from the nearby moon, 
escaped in an amount equal to a few per cent of the mass of the 
earth, taking with it most of the angular momentum discrepancy 
with respect to  the present earth-moon system. As the now 
roasted moon was driven out t o  a more distant orbit (F), heat 
generated by tidal friction decreased, and the remains of the 
silicate atmosphere condensed. Lesser moonlets, formed as smaller 
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droplets from the fission or collected from the debris, were 
accelerated outward more slowly by tidal friction than the larger 
moon. Their orbits were perturbed by interaction with the larger 
moon, forcing the moonlets into more and more elliptical earth 
orbits until the semimajor axis of the moonlet's orbit 'caught up' 
with the moon, which was moving outward in its more circular 
orbit. They impacted into the moon to  form the circular mare 
basins. 

Density differences between the near- and farsides, reflecting the denser 
roots of the bulge in the fission origin, cause the center of mass to  be 
displaced slightly toward the earth with respect to the center of volume. 
Consequently, the level to which lava can rise hydrostatically is below the 
surface on the farside but is essentially at the surface on the nearside, 
resulting in much more complete volcanic flooding of the nearside basins. 

Many of the same objections raised for the capture hypothesis can be 
applied to the fission hypothesis. An event of such magnitude must 
profoundly affect the geologic record on the earth. Since there is no record 
of such an event it would have to occur very early in the earth's history. 
Also, if the moon formed by fission, a much greater similarity could 
presumably be expected between terrestrial and lunar chemistries. For 
example, the lunar basalts are much more depleted in siderophile elements 
than similar basalts on the earth. Further, large scale fractionation appears to  
have occured very early on the moon suggesting that fission, if it occured, 
must have been a very early event which seems unlikely. The early history of 
the moon is discussed in more detail in Chapter 4. 

Precipitation Hypothesis 

The most recently proposed hypothesis for the moon's origin is the 
precipitation hypothesis (Ringwood, 1966 ; Ringwood and Essene, 197 0). 
The hypothesis proposes that the earth accreted over a time interval smaller 
than 107 yr. This would lead to the development of sustained high 
temperatures, possibly in excess of 1500°C, during the later stages of 
accretion and to  the formation of a massive primitive reducing atmosphere 
(CO, Hz).  These conditions result in the selective evaporation of silicates 
into the primitive atmosphere while metallic iron continues to  accrete on the 
earth. With the segregation of the core close to  the time of the termination 
of the accretion process the earth's temperature was increased again resulting 
in the evaporation of some of the silicates in the outer mantle. 

Possibly the greatest weakness in this hypothesis is in explaining the 
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of accelerating the atmospheric materials to  orbital velocities. 
Ringwood (1966b) offers the following mechanisms for dissipating the 
atmosphere - 

1. Intense solar radiation as the sun passed through a T-Tauri 
phase. 

2. Interaction of the rapidly spinning terrestrial atmosphere of 
high-molecular-weight with the solar nebula of low- 
molecular-weight in which it was immersed. 

3 .  Magnetohydrodynamic coupling resulting in the transfer of 
angular momentum from the condensed earth to  the atmos- 
phere. 

4. Rotation instability of the atmosphere due to  formation of 
the earth's core. 

Once dissipated, the silicate components of the primitive atmosphere 
precipitated to  form an assembly of planetesimals in orbit around the earth. 
Further fractionation may also have occured during precipitation because 
the less volatile components precipitated first and at higher temperatures to  
form relatively large planetisimals whereas more volatile components 
precipitated at lower temperatures to  form micron-sized particles. The small 
particles are more likely to  be carried away by the viscous drag of escaping 
gases and lost from the earth-moon system. 

Sediment Ring Hypothesis 

Ringwood (1970) applied the name "Sediment Ring Hypothesis" to  a 
model proposed by Opik ( 196 1,1967). This hypothesis compliments both 
the binary planet hypothesis and the precipitation hypothesis. Opik's (1961, 
1967) model is an attempt to  explain the accretion of the moon in terms of 
lunar cratering and tidal evolution. According to  the model, the moon began 
as a ring of debris within Roche's limit (2.86 earth radii). Clumping of the 
primordial material resulted in the formation of about six separate rings of < debris containing a total of about 1080 fragments. Residual tidal interactions 
caused a gradual outward migration of the debris rings. As each ring of debris 
passes beyond Roche's limit it rapidly accreted to  form a moonlet 116 of the 
moon's mass and 1910 km in diameter and developed temperatures up to  
850°K. Gradually the separation between the moonlets decreased until 
partial tidal dissruption followed by merger occured. The final merger 
occured at 4.5 to  4.8 earth radii. Small fragments produced during the 
merger collided with the moon to  produce the dense pre-mare cratering in 
the highlands. 
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