
Chapter 9 

THE ORIGIN AND EVOLUTION OF THE 

MOON AND PLANETS 


9.1 In the Beginning 

The age of the universe, as it is perceived at present, is perhaps as old as 
20 aeons so that the formation of the solar system at about 4.5 aeons is a 
comparatively youthful event in this stupendous extent of time [I]. Thevisible 
portion of the universe consists principally of about 10" galaxies, which show 
local marked irregularities in distribution (e.g., Virgo cluster). The expansion 
rate (Hubble Constant) has values currently estimated to lie between 50 and 
75 km/sec/MPC [2]. The reciprocal of the constant gives ages ranging 
between 13 and 20 aeons but there is uncertainty due to  the local perturbing 
effects of the Virgo cluster of galaxies on our measurement of the Hubble 
parameter [I]. The age of the solar system (4.56 aeons), the ages of old star 
clusters (>10" years) and the production rates of elements all suggest ages for 
the galaxy and the observable universe well in excess of 10" years (10 aeons). 
The origin of the presently observable universe is usually ascribed, in current 
cosmologies, to a "big bang," and the 3OK background radiation is often 
accepted as proof of the correctness of the hypothesis. Nevertheless, there are 
some discrepancies. The observed ratio of hydrogen to helium which should 
be about 0.25 in a "big-bang" scenario may be too high. The distribution of 
galaxies shows much clumping, which would indicate an initial chaotic state 
[3], and there are variations in the spectrum of the 3OK radiation which are 
not predicted by the theory. Thus, the background radiation is surprisingly 
anisotropic and the question must be raised whether it is a relic of the big bang 
or the result of the superposition of many point sources (e.g., radiation from 
warm interstellar dust) [4-61. 

409 



There is some observational evidence that galaxies at the observational 
limits of about 101° light years do not show the expected less-evolved charac- 
teristics, but appear to be as mature as nearby galaxies. Thus, galaxies 3C13 
and 3C 427-1, at a distance of 10-1 1 billion light years do not contain the 
expected higher population of blue stars, which would be indicative of 
comparative youth 171. 

It seems possible that we are still looking at only a small fraction of the 
universe and that the "big bang" hypothesis, if correct, is a local phenomenon, 
superimposed in a larger universe. The local group of galaxies (17 members 
including the Andromeda galaxy, M3l) extend over 3 million light years. The 
expansion of the universe begins outside this group. Nevertheless, the local 
group is moving toward the Virgo cluster and this relative movement is 
superimposed on the general Hubble expansion. 

The chemical composition of the universe is dominated by hydrogen and 
helium. The heavier elements are produced in stars and supernovae and 
returned to the interstellar medium, both by supernovae explosions and by 
mass loss at the red giant stage. A slow enrichment of the heavy elements 
occurs, so that younger stars (Population I) contain higher concentrations of 
elements heavier than helium than the older "metal-poor" stars of Population 
11. The galaxies show abundance gradients so that the central areas contain 
higher concentrations of heavy elements than the outer regions with the 
globular clusters in the galactic haloes having the lowest concentrations. This 
seems consistent with an evolutionary sequence of collapse from spherical to 
disk form with time [8]. Some progress is being made in understanding the 
origin of the beautiful spiral structures in many galaxies, including our own 
[q.The spiral structure exists only in galaxies containing both gas and dust in 
addition to stars (typically, there are about 10" stars in a galaxy), and is 
ascribed in current hypotheses to the passage of "density wave." The resultant 
perturbation of the grav~tational field causes a shock wave to impinge on the 
gas and dust clouds, which collapse to form stars. The spiral arms are outlined 
by the production of massive young stars which soon evolve to a supernova 
stage (of which more later). 

Typical interstellar clouds have densities ranging from 10 to 1000 hydro- 
gen atoms/cm3 and temperatures of 100°K [9]. Such gas clouds with masses 
from a few hundred to a few thousand solar masses will begin to collapse 
when the cloud enters the increased pressure regime of a galactic spiral arm. 
Thus, many stars will form in rather restricted regions. The collapse of the 
diffuse clouds into ones with densities typically lo4 times that of the diffuse 
clouds leads to  conditions favorable for the production of complex mole- 
cules. They are accordingly often labelled "molecular clouds" [lo]. About 50 
molecular species have been identified, with up to 1 1 atoms. Species as diverse 
as ethyl alcohol (CH,CH,OH), acetaldehyde (CH,CHO), and propionitrile 
(CH,CH,CN) exist, as well as the simpler molecules of cyanogen (CN), 
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hydroxyl (OH), ammonia (NH,), water (H,O), carbon monoxide (CO), SiO, 
SO, SO2 and SiS [I 11. Dust grains typically comprise 1% of the dense clouds. 
The molecular/atomic hydrogen ratio is high, so that ionization is low and 
the clouds do not behave as a plasma. The effects of magnetic fields on 
element abundance and distribution may therefore be low. Masses in dense 
clouds range from 20 to 10' solar masses and temperatures from 10 to 70" K. 
The cores of some dense clouds may have strong infrared sources, indicating 
an early stage of stellar formation. 

The classic example of recent stellar formation is the Orion Nebula where 
star clusters are less than lo6 yr. old and where star formation as revealed by 
infrared sources is probably occurring at present. A significant point is that 
star formation is not an isolated phenomenon. The neighborhood of a star of 
solar mass will also be populated with a large number of stars of larger mass 
(about 10-30 times solar mass). These massive stars will evolve on time scales 
of lo6-10' years, finally exploding as Type I1 supernovae with an energy 
release of the order of lo5' ergs [12]. The supernovae produce two effects. 
Shock waves impinging on nearby dust and gas clouds (Fig. 9.1) will assist or  
trigger collapse into stellar and perhaps planetary systems. A second effect is 
that the supernovae will contribute newly formed (particularly r-process) 
isotopes, which may be incompletely mixed into the relatively homogeneous 
dust and gas clouds, at least on a short time scale. 

The diffuse and the molecular clouds are expected to be broadly homo- 
geneous for most elements and the isotopic heterogeneities which existed in 
the solar nebula are considered to result from supernovae occurring just 
before condensation of the solar system. Mixing times are uncertain, but are 
probably on the order of lo6 years [13, 141. 

9.2 Initial Conditions in the Solar Nebula 

The concept of a well mixed and homogeneous solar nebula dominated 
cosmochemical thinking until about 1974. Models of the composition of the 
nebula at that time generally specified that it had an overall composition 
equivalent (except for H, He and the rare gases) to that of C1 carbonaceous 
chondrites. The basis for that assumption was the equivalence in composition 
between the solar and C1 abundances (Section 8.2, Fig. 8.1). Most models also 
considered the solar nebula in isolation, containing enough material from 
which to form the sun and the planets, but otherwise separate from, and not 
interacting with, other stellar systems. From the preceding section, it is clear 
that star formation is not a solitary event, but occurs in association with many 
other such events. The problem of segregating the local solar nebula may be 
due to  localized shock waves from nearby supernovae. 
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The clearly established evidence that the solar nebula was not isotopically 
homogeneous dates principally from the discovery of the 160anomaly [15]. 
This and other isotopic anomalies led to the concept that these were supplied 
by a nearby supernova, which acted as a trigger for condensation of the nebula 
and formation of the solar system. There is no shortage of such supernovae, 
but rather an oversupply in young stellar systems. A typical OB stellar 
association has 20 supernovae occurring within a period of lo7 years or one 
each lo5 years. Supernovae remnants fade into the interstellar background at 
about 30 parsecs ( -100 light years) [16]. 

The concept of a supernova trigger to initiate condensation can supply 
the observed isotopic anomalies for 160and 2 6 ~ g  with a (derived from 2 6 ~ 1  
half-life of 7.2 X lo5 years) [17, 181. In addition, the presence of excess I o 7 ~ g  
due to lo7pd (half-life of 6.5 X lo6 in iron meteorites indicates that Io7pd 
was available for incorporation in a metal phase within a few million years of 
formation, placing stringent new time limits on meteorite formation [19]. One 
problem with the supernova trigger model is that the evidence for r-process 
[20] isotopes produced during the supernova explosion (except for 2 6 ~ 1  and 
160 )  appears to be lacking [21, 221. 

For this reason, the alternative model has been proposed in which the 
isotopic anomalies were contained in "pre-solar grains" produced in expand- 
ing supernova shells, unrelated to the condensation of the solar system or to 
the local solar nebula [23, 241. A more generally accepted model favors two 
supernovae. It has been known for a long time that the ' 2 9 ~ e  excess in 
primitive meteorites is due to the existence of ' 2 9 ~(half-life of 16 X lo6 years) 
1251. Likewise, 2 4 4 ~ ~(half-life of 82 X lo6 years) produces detectable fission 
Xe [26]. Along with other longer-lived radionuclides ( 2 3 8 ~ ,  2 3 2 ~ h ,2 3 5 ~ ,  18'~e), 
these are produced by the r-process. 2 6 ~ 1  is not SO produced. Accordingly, 
models involving two supernovae events have become popular. s hefirst, -10' 

129 years before condensation, adds 2 4 4 ~ ~ ,I and a spike of other r-process 
nuclides. A second supernova, which injects 2 6 ~ 1 ,  and 1 6 0 ,  triggers the 1 0 7 ~ g  

condensation 10' years later. The time interval for the rotation of the galactic 
density wave is about 10' years, which has led to models in which the solar 
nebula was successively in two spiral arms 1271. All these models are consistent 
with the observed conditions in the Orion nebula and other similar situations 
(e.g., Canis Major)[28]. 

The next question to be addressed concerns the thermal state of the 
nebula. Was the early nebula hot (1800°K) with the dust grains completely 
vaporized? Did it then condense, providing the sequence of condensation 
products observed in some meteorites (e.g., Allende [29]). Alternatively, was it 
never much hotter than perhaps 300° K? This important question is funda- 
mental to our interpretation of the chemical evidence from the meteorites and 
has been the cause of much controversy [30-321. 
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The early assumptions of cosmochemists that the nebula was homoge- 
neous led naturally to the assumption that an overall high temperature stage 
was needed to account for the presence of high temperature minerals. Mixing 
in a gas phase will smooth out isotopic heterogeneities in gas clouds on a time 
scale of lo6 years and the heterogeneities which we observe could not be 
preserved for 10' years (the rotation period for the galaxy) [13]. If solid phases 
condensed from supernova ejecta on short time scales (I year) such isotopic 
heterogeneities could be preserved and would not be modified by equilibra- 
tion with the interstellar gas. 

The general evidence from the meteorites is that the solar nebula was not 
well mixed, as attested by the survival of the isotopic anomalies. Accordingly, 
the whole nebula could not have been at high temperatures, a verdict in 
accordance with the astrophysical evidence. The most primitive meteorites, 
the C1 carbonaceous chondrites, with solar elemental abundances, contain an 
agglomeration of particles which have not been heated since they were aggre- 
gated. The evidence for high temperature phases in meteorites is attributed to 
melting or metamorphism within parent bodies [32]. The likely heat source 
was 2 6 ~ 1 .  anomalies in iron meteorites indicates that The presence of ' 0 7 ~ g  

metal phases capable of incorporating Io7pd were present on the extremely 
short time scale of lo6 years following the supernova production of Pd. High 
temperatures capable of vaporizing the whole nebula would have equilibrated 
the 1 6 0  anomaly. Oxygen has the property that it can exist both within mineral 
lattice sites and as a gas in the nebula. A gas phase might be expected to  
equilibrate quickly, so that the continued presence of 1 6 0  anomalies favors 
their addition to the nebula in solid phases. 

In this context, the Neon-E ( 2 2 ~ e )  anomaly may be mentioned [33, 361. 
Meteoritic Neon contains three components: 

(1) The primordial or "planetary" component from the solar nebula (see 
Section 4.13) 

(2) A solar wind implanted component 
(3) A component produced by interaction with cosmic rays ( = cosmogenic). 

Primitive low temperature meteorites also contain a component (E) with 
an excess of "Ne, possibly derived from "Na (half-life of 2.6 years). Possibly it 
is derived from the triggering supernova, or is carried within pre-solar dust 
grains from previous events. Its presence attests to incomplete mixing or 
vaporization in the nebula, and probably indicates the survival of at least 
some interstellar grains [34, 351. It should be noted that the supernova 
additions of "anomalous" isotopes do not have a discernible effect on the bulk 
composition of the nebula, but provide evidence in favor or a low tempera- 
ture, heterogeneous, not well-mixed nebula, with an important short term 
heat source in the form of 2 6 ~ 1 .  

In summary, the initial state of the nebula is assumed to be a cold cloud of 
dust and gas, injected with debris from at least two supernovae events, lo8 
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years apart. The latter did not produce r-process elements, but triggered the 
condensation of the nebula. Such models do  not allow a major role for 
condensation sequences. The evidence for high temperature is attributed to 
local evaporation and condensation in supernova shock waves, with the high 
temperature grains injected into the nebula. A subsequent complex history 
involves melting in condensed bodies (e.g., [37]). 

Our present understanding is well summarized in the statement by 
Wetherill: "Many of the isotopic anomalies in the early solar system 
. . . probably have their origin in supernova ejecta, heterogeneously mixed 
into the solar system during its formation, probably including material from a 
supernova which triggered the collapse of the interstellar molecular cloud that 
evolved into the sun and other stars" [38]. 

9.3 	 Primary Accretion Models and "Condensation" in the 
Nebula 

The origin of the solar system is one of the basic scientific questions, and 
most societies, mythologies, religions and philosophical systems have ad- 
dressed this problem. Historical treatment of the various hypotheses is well 
beyond the scope of this book (see [39] for a recent review). In common with 
other areas of human knowledge, this field was dominated by deductive 
methods of inquiry until the Renaissance, and this style, so common in 
medieval thinking, occasionally still appears in modern hypotheses. Most 
progress is made, however, by inductive methods of inquiry and the appear- 
ance of unanticipated new data, of which the oxygen isotope evidence for 
heterogeneity in the nebula and the atmospheric rare gas data for Mars and 
Venus provide recent examples. 

Two basic models are currently proposed to derive the final form of the 
solar system from the initial dispersed solar nebula. These may be referred to 
respectively as the protoplanet and the planetesimal hypotheses. The first 
suggests that collapse into large massive protoplanets is caused by gravita- 
tional instabilities in the nebula (e.g., [40-421). The second hypothesis begins 
with dust grains, which form larger aggregations, growing in size from mil- 
limeter to meter, to kilometer sized objects, to  asteroids, and finally accumu- 
lating into lunar and planetary-sized bodies (e.g., [43-451). The mechanics of 
neither process are well understood, but the weight of the evidence as assessed 
in this chapter appears to favor the planetesimal hypothesis for the formation 
of the inner planets. Some portions of the giant gaseous protoplanet hypothe- 
sis may be applicable to the formation of Jupiter and Saturn, while the 
planetesimal hypothesis accounts for the smaller planets and satellites. 
Among other evidence in favor of the latter hypothesis, large-scale impacts 
(Chapter 3) are common throughout the solar system at least out to Saturn 
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(e.g., Mimas, Dione) and probably account for the well-known obliquities of 
the planets. The extreme case is Uranus, inclined, along with its equatorial 
ring and satellite system, at 90" to the plane of the ecliptic. 

Various attempts have been made to simulate the mechanism by which 
grains stick together in the initial stages of accretion (e.g., [46]). It is now 
generally supposed that weak electrostatic forces (Van der Waal forces) are 
probably adequate to accomplish the initial accretion of dust grains into 
centimeter-sized objects. The evidence from meteorites is particularly critical 
at this stage [47]. The meteorites do  not appear to have formed by aggregation 
of equilibrium condensation products, but display much evidence of non- 
equilibrium processes. Even the most primitive of the C1 chondrites contain 
over 20 minerals in disequilibrium relationship. The bulk composition of the 
C1 chondrites reflects the overall uniformity of the nebula for major elements. 
The complex mixtures observed must be due to repeated recycling of material, 
possibly during impact processes on asteroidal surfaces. The uniformity of 
composition of the primitive meteorites on scales of a centimeter or so rules 
out direct formation of planets by accumulation of material, such as the 
Allende inclusions, into planetary-sized bodies. Instead, a complex hierarchy 
of growth, disruption, and reaggregation appears to be needed [45]. 

Many collisional episodes also appear necessary, as was emphasized by 
Urey [48]. Primary aggregation into small bodies (up to I km) seems an 
adequate process to account for the evidence. Rather than favoring condensa- 
tion from a gaseous nebula, the evidence is consistent with an agglomeration 
of material with various histories. Most of the information has been destroyed 
as the small bodies are aggregated into larger objects. This primary stage of 
accretion into objects of about one kilometer in size probably proceeds 
quickly. No chemical fractionation occurs, and objects resemble the C1 
meteorites in composition: a complex aggregate. Accretion to meter and 
kilometer-sized objects may not need a special sticking mechanism, but may 
be a natural consequence of low velocity collisions [49]. 

Before considering the second and subsequent stages of the accretionary 
process, it is necessary to revisit the chemical evidence for fractionation within 
the solar system. There is abundant evidence in the meteorite record of a wide 
variety of conditions which include condensation from high temperatures, 
gas-solid equilibria, and variations in oxidation and reduction. These effects 
have been discussed for many years (e.g., [50]). Difficulties with the concept of 
simple equilibrium cooling of a gas from temperatures greater than 1 750° K 
and pressures of to atm have frequently been noted [50-521. The 
observed heterogeneity of the nebula in 160which would rapidly equilibrate at 
high temperatures has already been commented upon. If 160excess had been 
added as a gas, it would have equilibrated. Accordingly, it was probably 
added as a solid condensate. The observed condensation sequences in meteor- 
ites and the isotopic anomalies are consistent with a complex scenario involv- 
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ing the injection of supernova debris, the passage of a shock front, localized 
high temperatures, and selective evaporation and condensation, both of 
grains with 160excess and other dust grains originally present in the nebula. 
The complex relationships among the REE [53] record several episodes of 
condensation and separation of grains and gas. This indicates a chaotic state, 
rather than a simple equilibrium cooling. Such turbulence might be expected 
to  occur, with the development of convection, during the passage of successive 
shock waves during the supernova event and the dissipation of lo5' ergs. No 
other process appears capable of providing adequate energy sources, particu- 
larly at distances of a few astronomical units from the developing sun. This 
model calls for very early (pre-solar) formation of the "condensation" 
sequences observed in meteorites. Whether the evaporation and recondensa- 
tion occurs outside the present solar system, or in the nebula (induced by the 
passage of the supernova shock waves), is not clear. 

Complex evaporation and recondensation scenarios of this type proba- 
bly account for the selective depletion of volatile elements, addressed in the 
next section, which are typical of meteorites and planets in the inner solar 
system. If the volatile elements failed to re-condense following evaporation, 
such material might be able to be swept out of the inner solar system along 
with H, He and the rare gases during the T Tauri phase of solar evolution, and 
thus not be available to be incorporated in the Earth, Moon, Venus or Mars. 

The scenario described in this section can account for the primitive 
meteorites, the ordinary and enstatite chondrites. The differentiated meteor- 
ites form a little later. 

9.4 	 Variations Among Refractory, Volatile, Chalcophile and 
Siderophile Elements 

The principal differences among the planetary and satellite compositions 
noted in Chapter 8 lie among variations in these groups of elements. Proper- 
ties based on relative volatility and siderophile character dominate. The 
meteorite compositions show similar differences. The diversity among aster- 
oid compositions is considerable and indicates the complexity of processes 
which have operated in a local portion of the solar nebula 1541, a region 
thought to be uniform in most early theories. Many distinct parent bodies of 
differing composition are required by the meteorite evidence. Clearly, sub- 
stantial element fractionation has occurred at some stage between the pri- 
mary accretion and the final state of the solar system. The ordinary chondrites 
show depletion in volatile elements and variations in siderophile element 
content. Such differences among meteorites could be due to  small scale 
phenomena, but the bulk earth is depleted in K and Rb by a factor of four 
compared to the chondritic abundances, while the Moon shows both an 
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enrichment in refractory elements and a depletion in volatile and siderophile 
elements. None of these elements can be lost once the planet is assembled so 
that the relative refractory/volatile element ratios (e.g., K /  U) are fixed for the 
bulk planetary composition. Other planets show differences in bulk composi- 
tion which are compatible with this scenario. The differences cannot be 
reconciled with distance from the sun or initial condensation compositions 
although much effort has been expended in such studies [55].  If the nebula 
was never hot enough for total vaporization, mixing and homogenization to 
occur, then such sequences, although important perhaps locally, cannot be 
the primary cause of the major element fractionation. The variations are most 
readily demonstrated by K / U  and similar ratios (Fig. 8.4). The variations 
discussed in Chapter 8involved fractionation in small bodies, selective breakup 
and reaccumulation. No adequate mechanism to heat the solar nebula to 
temperatures above 1000°C appears to exist, on the scale necessary. The 
major difference in refractory to volatile element ratios between the Earth and 
the Moon, despite the similarity in oxygen isotopic abundances, seems to 
require that local conditions dominated over those based on heliocentric 
distance. This is also apparent from the planetary atmospheric rare gas data 
(Section 4.13). The variations in siderophile element abundances are not 
explicable by volatility differences, although they are mainly responsible for 
the density differences. This indicates that metal and silicate fractions were 
already present at an early stage in nebula history and were accreted in 
varying proportions. 

9.5 Early Solar Conditions 

At some stage during the accretion process, the sun forms and begins to 
radiate. It does not exist earlier than disk and planetary formation since it 
clearly did not sweep up or accrete all the material in the original nebula. 
Solar material, in turn, is not subsequently returned (except in minor 
amounts in the solar wind) to the planets and meteorites, which contain, for 
example, Li and Be abundances in excess of those in the sun (Fig. 8.1). 

Most mass loss from stars occurs late (post-main sequence) in stellar 
evolution during the red giant stage, or later in supernovae events [56]. The 
most important effect in the context of this review is the heating and dissipa- 
tion of the solar nebula out to a few astronomical units. Jupiter and Saturn 
contain near solar proportions of hydrogen and helium, and have satellites 
withlarge proportions ( -50%) of ice, so that temperatures in that portion of 
the nebula never rose above perhaps 300°K. Closer into the sun, H, He and 
the rare gases have effectively vanished, consistent with removal before they 
could be trapped in terrestrial or moon-sized objects. The most important 
process is usually ascribed to the so-called T Tauri stage of stellar evolution, 
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in which a strong solar wind sweips at least the inner portion of the solar 
nebula clear of H, He and the rare gases, and sometimes removes early 
planetary atmospheres as well. Such scenarios imply that most of planetary 
formation has occurred before the T Tauri stage of stellar evolution had been 
reached. T Tauri stars are pre-main sequence objects, typically lo6 years old 
[57] with strong infrared radiation, assumed to indicate a warm gas and dust 
disk ( -700°K) surrounding the star. In these objects it is probable that 
planetary formation has already occurred since the nebula is thin enough to 
permit stellar radiation to be observed. "If the planets are largely formed 
before theT Tauri stage, then they must do so within the first 10' or so years of 
their lifetimes" ([57], p. 705). The T Tauri stage might thus assist in the 
post-planetary cleanup of the nebula, but many current models require much 
longer times for planetary formation (e.g., 108years) [44]. A possible reconcil- 
iation is that primary accretion into kilometer-sized objects, resistant to  
sweep-out, occurs before the T Tauri stage, but that accretion into larger 
objects does not occur until after clearing of the solar nebula. Volatile 
elements present in finely dispersed phases might be so lost. 

There is some question among astrophysicists of the efficiency or indeed 
the ability of a T Tauri enhanced solar wind to sweep away the nebula (Fig. 
9.2) but observational evidence appears to support the concept that strong 
stellar winds can remove interstellar gas [58]. 

9.2 The Rosette Nebula. The cavity in the center has a diameter of a few light years 
and may be due to strong stellar winds from the OBstars in the center. This should not 
be confused with the effects due to supernova shock waves [58]. The Cerro-Tololo 
Inter-American Observatory. 
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9.6 Secondary Accretion Process 

In this stage, the gravitational effects cause the small (kilometer-sized) 
objects to accrete into bodies of a few hundred kilometers radius. Melting due 
to  the presence of 2 6 ~ 1causes some of these bodies to  differentiate into silicate 
mantles and metallic cores, while repeated breakup and reaccumulation 
occurs. The length of this process, which finally results in the accretion of the 
inner planets, may be as long as 10' years [44]. Selective melting and evapora- 
tion during impacts, followed by recondensation, may mimic theoretical 
condensation sequences from an initially hot nebula. The material at  the 
primary accretion stage is likely to be highly reduced, in the presence of excess 
hydrogen. As the nebula clears, oxidizing conditions will predominate. Pos- 
sibly to this stage belongs the formation of the magnetite platelets, which, 
together with the phyllosilicates, comprise a large proportion of the primitive 
carbonaceous chondrites. 

At the secondary accretion stage, the differentiated meteorites are pro- 
duced in asteroid-sized bodies. These include the basaltic achondrites 
(eucrites, diogenites, howardites, mesosiderites, ureilites, pallasites, shergott- 
ites, etc.) [45, 471. Thus, the sequence for meteorite formation is enstatite 
chondrites (reduced) in the inner solar system, carbonaceous chondrites 
(oxidized), followed by the ordinary chondrites. Chondrule formation is not 
primary, but secondary in this scenario. Formation of chondrules as primary 
nebula condensates has been generally abandoned as a hypothesis. Current 
models propose an origin for these enigmatic objects by melting of pre- 
existing dust [59]. Accretion into meter- and kilometer-sized objects occurs at 
this stage. Clearing of the solar nebula also occurs, causing depletion of the 
volatile elements. The secondary accretion to objects about 1000 km in 
diameter occurs from varying mixtures of free metal and silicate depleted to 
varying degrees in volatile elements. 

The growth of large planetary objects from this material in the inner solar 
system has been addressed by many workers (Fig. 9.3). We see abundant 
evidence for the final stages of the accretionary process in the form of large 
impact craters and basins [60]. Accretion of large objects in this manner 
explains many observations. Two criteria appear to  apply, based on the lunar 
example. First, intense early cratering episodes were endemic in the solar 
system (Chapter 3), and second, initial melting and differentiation was a 
common feature of the accretional process. 

Clearly, the bombardment extended from Mercury to  the Saturnian 
satellites and probably to Uranus. The obliquities of the planets, which form a 
classical small statistical population (all planets and satellites differ in size, 
density, composition, inclination to the plane of the ecliptic, and subsequent 
evolution), are readily explained by massive late collisions [43]. This involves 
heterogeneous accretion since the planetesimals are not uniform in chemistry 
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9.3 A simulation of an intermediate stage in the formation of the inner solar system, 
according to the planetesimal hypothesis. From an initial starting condition of 100 
planetesimals (with mass totalling that of the inner planets), this diagram represents 
conditions after 30 million years, when accretion has resulted in the growth of 22 
bodies. Total sweep-up to form the four planets takes about lo8years. From "The 
Formationof the Earth from Planetesimals" by George Wetherill. Copyright 01981 by 
Scientific American, Inc. All rights reserved. 

or isotopic signatures. Numerous distinct parent bodies are required to 
account for the presently observed meteorites [18]. These come mainly from 
the asteroid belt. N o  stony meteorite has an exposure age greater than 100 
million years, indicating that a continuing supply of objects was available. The 
recent discovery of a probable H group chondrite in Ordovician limestone 
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[61] indicates that ordinary chondrites have been in Earth-crossing orbits for at 
least 500 million years. 

The overall evidence thus favors a brick-by-brick buildup of the planets. 
The physical details of this process cannot be addressed here, but certain 
chemical consequences can be outlined. In the succeeding sections, the initial 
states of the Moon, Earth and other planets are considered, as well as their 
subsequent evolution. The concept that the planets are built from objects 
which have already undergone chemical fractionation (so that varying 
amounts of siderophile, refractory and volatile elements are accreted), is a 
central theme for explaining the varying compositions of the planets. 

Heterogeneous accretion models in the general sense are required by the 
data, but within individual planets or satellites, this evidence may be largely 
lost if melting subsequently occurs. The curiously colored surfaces of some of 
the Saturnian satellites may be a relic of heterogeneous accretion. On the 
Moon, the chemical evidence indicates homogeneous accretion, or homoge- 
nization following this event, due to moon-wide melting, so that primary 
evidence for heterogeneous accretion is missing. 

The presence of the giant planets, Jupiter and Saturn, comprised mainly 
of hydrogen and helium, accreted on to rocky cores, may indicate that they 
were once giant gaseous protoplanets, but they can also fit the accretion 
model. Once a planet growing by planetesimal accretion reaches a certain size 
(10-50 Earth masses), it will be able to accrete Hand He from the nebula and 
grow to the size of Jupiter and Saturn. This scenario requires that H and He be 
present at 5 astronomical units during this stage 162, 631. The outer planets, 
Uranus and Neptune, either did not grow large enough to accrete H and He, or 
else the nebula had lost much of its H and He by the time they did so. Clearly, 
time constraints are quite critical for the large planets with respect to accretion 
and clearing of the nebula. Possibly the early sun and the T Tauri stage were 
effective in removing gases out to about the asteroidal belt, and protoJupiter 
received a massive amount of H and He from the region of the inner planets. 
Condensation and accretion of the sun in relation t o  this sequence of events 
are dimly understood (except that it cannot form too early), but may have 
contributed toward the clearing of the inner solar system. It is clear that both 
Jupiter and Saturn grew in the presence of a gas phase. If this had been present 
during the accretion of the Earth, then it is reasonable to suppose that the 
Earth would contain somewhat larger amounts of trapped rare gases (e.g., Ne, 
Xe). Accordingly, the giant planets probably formed somewhat earlier than 
the inner planets. Such a scenario is consistent with the commonly held view 
that both the small size of Mars and the absence of a planet at the location of 
the asteroid belt are due to preferential accretion of material in this region by 
the growing Jupiter. 

The low abundance of material in the asteroid belt is thus probably due to 
the effect of Jupiter in sweeping up material. The entire mass of the present 
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asteroids is only about 0.3 lunar mass. It is sometimes suggested that collisions 
in the belt have destroyed larger objects. However, planetesimals larger than 
1000 km diameter would still survive, if originally present [64]. 

9.7 Formation of the Moon 

This book emphasizes lunar research, and its impact on our understand- 
ing of the inner solar system. For this reason, the question of the formation of 
the Moon rather than that of the Earth is treated first, followed by considera- 
tion of the Earth and the other bodies in the solar system. This displacement of 
the Earth from its usual central position is deliberate. Our understanding of 
the evolution of the Moon is better than that of the Earth, and has led to new 
insights into Earth history. The bulk composition of the Moon is probably 
somewhat better understood than that of the bulk composition of the Earth, 
where some major problems remain. The composition of the lower mantle, for 
example, is not yet well constrained, while that of the lower crust is also 
model-dependent. The role of the refractory, volatile and siderophile elements 
in determining planetary and meteoritic compositions was properly appre- 
ciated only after studying the lunar samples. Accordingly, the constraints on 
lunar origin provide useful information about the other planets. It is some- 
times asserted that the Moon is an anomaly in the solar system. This view 
received some credence when the Moon could not be fitted into systems which 
equated planetary compositions with distance from the sun. When the best 
understood object fails to fit into the theoretical sequence, then some re- 
examination of the basic assumptions in the hypothesis is called for. 

Comprehensive accounts of the many ideas about planetary origins have 
appeared recently [39, 65, 661 and will not be repeated here in detail. 

The equilibrium condensation theory, which starts with an initial hot 
nebula, and which forms the planets at successive distances from the sun, 
encounters many objections. Although there is a superficial and facile attrac- 
tion, the lack of evidence of an initially hot nebula is a fatal flaw. No hydrated 
minerals should be present in the Earth, Venus or Mars. The Moon is an 
anomaly in this scenario. 

Variations on this theme, which accrete the Moon from mixtures of high 
and low temperature condensates, suffer from other difficulties. The high 
temperature condensates are enriched in the refractory siderophile elements 
such as Re, Os, and Ir. To dispose of these, it is necessary to accrete iron (at a 
lower temperature!) so that they may be removed by a core. A second 
incompatible situation arises from the oxygen isotope data. A substantial 
amount of low temperature condensate must be added (with a high compo- 
nent of volatile elements) to  satisfy the oxygen values. Although the REE are 
refractory, both Eu and Yb are relatively volatile and the Allende inclusions 
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frequently display enrichments or depletions of these two elements. Although 
Eu anomalies, ascribed to crystal-liquid fractionation, are ubiquitous on the 
Moon, Yb anomalies are not observed, thus constraining the amount of high 
temperature condensates. 

The heterogeneous accretion model sweeps up each component as it is 
condensed. This model also requires total vaporization and recondensation. 
The Moon, although comprised of refractory components, lacks the evidence 
of high iridium concentrations as required by the model. Neither theory 
accounts for the isotopic anomalies. 

The reduction-during-accretion model faces the dilemma of removing 
the H 2 0  and C 0 2  produced, if carbon is the reducing agent. An alternative 
process involving hydrogen requires special timing which seems unlikely. It 
was noted earlier (Section 9.6) that Jupiter and Saturn most likely formed in a 
gas-rich nebula before the inner planets, and certainly before Mars and the 
asteroids, although the time interval may be short. For this reason it seems 
unlikely that the inner planets accreted in a hydrogen-rich atmosphere [44]. 
Accordingly, models which sweep up a heterogeneous collection of differen- 
tiated planetesimals seem best to account both for the varying properties and 
chemistry of the planets and for the meteorite evidence. 

The classical attempts to explain the origin of the Moon fell traditionally 
into three types of theory, which were labelled as capture, fission, or double 
planet. It has been realized more recently that such an approach is an over- 
simplification, and that probably elements of all three theories may contrib- 
ute. However, some constraints on theories may be applied from the chemical 
evidence and some hypotheses may be ruled out as major contributors to  
lunar origin. Capture of an already formed Moon has been deemed "horren- 
dously improbable" and has a deus ex machina flavor [67]. Apart from the 
dynamical difficulties, the observed heterogeneity of the nebula could be 
expected to contribute distinctive isotopic or chemical signatures. The similar- 
ity in oxygen isotope characteristics among the Earth, Moon, enstatite chon- 
drites and aubrites [I81 indicates that these objects accreted from a similar 
reservoir. An unknown aspect is that large objects in the solar system might all 
contain similar oxygen isotope signatures, having accreted a broad enough 
range of material to fall on the terrestrial line (Section 8.1). However, the 
carbonaceous chondrites are displaced, despite their resemblance to  solar 
compositions, so that large-scale (-1-2 A. U.) differences may be present in 
addition to the smaller scale features preserved in the various meteorite 
classes. 

The fission hypothesis has been extensively debated, since in principle, it 
is the most readily tested of the competing hypotheses. In the simplest version, 
the bulk composition of the Moon should resemble that of the terrestrial 
mantle. We have seen in Chapter 8 that there are substantial differences in 
composition, not only for the volatile elements, but also in major elements. 
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A number of critical objections appear to  rule out the fission hypothesis 
for the origin of the Moon from the Earth. Those include: 

(a) The Mg/Si ratio for the bulk moon appears to be outside the range of 
possible Mg/Si values for the mantle of the Earth. 

(b) There is 4.6 aeon lead on the Moon, indicating that the Moon formed 
from material which had not participated in the core-forming event on 
the Earth. 

(c) The Al, U, Ti, Ca and other refractory elements are enriched by a 
factor of two in the Moon relative to  the Earth. 

(d) The volatile elements and highly volatile elements are depleted. 
(e) Vaporization of the terrestrial mantle could have caused fractionation 

of the oxygen isotopes, with enrichment of 1 6 0 .  This is not observed. 
(f) 	The Ni and Nil Fe ratios in the Moon are too low to be derived from 

the terrestrial mantle. The complex history of the mantle with respect 
t o  the distribution and abundance of the siderophile elements proba- 
bly makes comparisons invalid for the trace elements. Thus, there is 
good evidence that the abundances of Os, Ir, and Pd in the Earth's 
upper mantle have chondritic ratios. These are probably due to  a late 
addition of material from meteorites. Accordingly, there is not a 
unique terrestrial siderophile element signature. 

(g) The volatile elements (Au, Sb, Ge) are depleted by factors of about 100 
in the Moon, while the very volatile elements Bi, T1 and Snare depleted 
rather uniformly by factors of about 50 in the Moon relative to  the 
Earth. Chromium, a relatively volatile element is enriched on the 
Moon relative to the Earth. The alkali elements K, Rb and Cs are 
depleted by a factor of about two between the Moon and the Earth 
(Section 8.5.4). All these differences call for such a complex scenario as 
to  make the hypothesis untestable. If the Moon was derived from the 
terrestrial mantle by fission, then the chemical evidence for such an 
event has been destroyed. 

Some limits may be placed on pre-accretion temperatures in terms of 
bulk lunar compositions. Lunar Th/  U ratios are 3.8, equivalent to chondritic 
and terrestrial values with no selective loss of more volatile U, as is seen, for 
example, in Group I1 Allende inclusions [29]. Lunar REE patterns are chon- 
dritic with variations which are explained by crystal-liquid fractionation (e.g., 
Eu anomalies, La/Yb ratios). The general tendency for some depletion in the 
heavy REE is explicable, in the cumulate model, by some preferential removal 
of the heavy REE by early orthopyroxene crystallization (see Section 6.5.2). 

The absence of Yb anomalies indicates no selective loss of Eu and Yb due 
to selective volatilization, as is commonly observed in Allende inclusions [29, 
681. Palladium, more volatile than the other Pt group elements, does appear to 
be relatively depleted, but the data are extremely sparse. Silver and Au are 
likewise depleted, relative to the other siderophile elements. Conversely, Re, 
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one of the most refractory siderophile elements, is also depleted. These 
observations indicate that the pre-lunar fractionation occurred at lower 
temperatures than those experienced by the Allende inclusions. 

The timing of the initial lunar differentiation is of interest since it pro- 
vides a lower age limit for the accretion of the Moon. The most precise time 
comes from the lead isotopic systematics which indicate an age of 4.47 aeons 
[69]. Thus, there are tight time constraints on fission models, which have to 
extract the Moon from the Earth, following core formation. The number of 
objections to testable versions of the fission hypothesis make it unprofitable to 
consider this theory further at present. 

Direct accretion from the solar nebula of a refractory component is 
forbidden by the depletion in refractory siderophile elements, and indirectly 
by the 160evidence and the other isotopic evidence for heterogeneity. 

A number of events have to be fitted in between the collapse of the solar 
nebula, and the formation of the Moon. These include: 

(a) separation of siderophile elements, 
(b) loss of volatile elements, 
(c) accretion of the Moon, 
(d) melting most probably of the whole Moon, 
(e) formation of the highlands crust and the source regions of the mare 

basalts by 4.4 aeons or possibly by 4.47 aeons. 
All these events have to be accomplished within 100-200million years of 

the collapse of the nebula. The evidence reviewed in this book suggests that the 
inner planets accreted from a mixture of metal and silicate, which has pre- 
viously undergone varying degrees of volatile element loss. This takes place in 
the primary accretion stage (Section 9.3). 

In this scenario, the accretion of the Moon occurs simultaneously with 
that of the Earth, rather than sequentially. This conclusion follows from the 
lack of time to carry out all the steps outlined above. If the planets take about 
10' years to accrete, then there is no time to allow sequential formation of the 
Earth and the Moon. Accordingly, since capture is effectively ruled out, a 
simultaneous growth of the Earth and the Moon in association is required. 
This conclusion is in accord with other features of the solar system. Capture of 
small satellites appears to be a reasonably frequent event (e.g., Phobos, 
Deimos, and Jupiter 6-12) in the early solar system, and indeed follows from 
the planetesimal theory that there should be large numbers of 100-1000 km 
diameter objects formed. The larger satellites of Jupiter, Saturn, Uranus, and 
probably Triton, formed in equatorial orbits in a similar manner to that 
envisaged for the Moon. In this model, aspects of both fission and capture will 
play a role, although only a minor amount of the material necessary to form 
the satellites is knocked off the primary body. 

The scenario adopted here is one in which material is captured into orbit 
around the growing planet; it mainly comes from nearby and with only a 
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small contribution from distant parts of the solar system (Fig. 9.4). Occasion-
ally it is added to by debris ejected from the growing planet with escape 
velocity by extra-large impacts. A consequence of this hypothesis is that the 
planetary accretion results in single or multi-ring formation around growing 
planets. The absence of a Venusian moon may be accounted for if the 
proto-satellite forming in orbit around Venus crashed into the planet. If the 
retrograde motion of Venus, and its inclination to  the ecliptic, was caused by 
such an  event, the debris from the collision did not form a ring, or a new 
satellite, but was re-accreted. Mercury and Mars were too small to acquire a 
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9.4 Processes in and near a growing planet. An iron-rich core is growing from blobs 
sinking through a silicate mantle. The approach regions are tapered because of 
gravitational attraction. A circular region for head-on collision is surrounded by two 
annular regions for glancing collision and break-up of a weak body; the latter collec- 
tively form the zone in which debris can go into orbit by the collective processes of 
disintegrative capture. Moons and a debris ring increase the collision probability. 
(Adapted from Smith, J. V. [45].) 
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debris ring. Satellite formation about the larger planets was common. The 
Earth-Moon system is thus close to a double planet system. If Jupiter has a 
core of 25 Earth masses, then the ratio of primary silicate and metal mass to 
satellite mass in the Earth-Moon system is not unusual. The difference in 
density, and the lack of iron and other siderophile elements in the Moon, on 
this model, is thus due to several causes. The Earth accreted a greater share of 
the available iron possibly through a greater gravitational attraction, and 
possibly through disintegrative capture mechanisms of the type advocated by 
Smith [45]. 

Vaporization of material during massive impacts on the Earth, followed 
by condensation, is an unlikely scenario since the lunar composition, although 
refractory, does not contain Eu and Yb anomalies, indicating that tempera- 
tures did not exceed about 1400" K. Vaporization of mantle material would 
have produced Eu and Yb depletion as seen in the Allende Group I1inclusions 
[39, 681. 

Once the Moon has formed, the energy of accretion, possibly assisted by 
26A1 heating, melts at least half the body. The view is taken here that the whole 
Moon melted, for reasons discussed in Chapters 5, 6 and 8. Formation of a 
lunar core removes about 2% Fe (FeS) and some of the siderophile elements; 
crustal formation (Chapter 5) and the formation of a zoned interior occurs, 
with all phases being below the solidus by 4.4 aeons. 

"In general, the Sm-Nd isotopic data demonstrate that the mare basalts 
were derived from light REE-depleted sources, which formed close to the 
origin of the Moon and that the highlands crust represents the complementary 
light REE-enriched material. However, the only precise age for early lunar 
differentiation is 4.47 aeons and comes from the upper intersection of the 
U-Pb cataclysm isochron" [69,70]. The meteoritic bombardment continues 
down to 3.8 aeons, but no late spike in the cratering record appears to be 
required. 

There is no sign of a late veneer of volatile-rich C1 type material in the 
lunar chemistry (except for the later additions to the regolith, Section 4.5.3), 
so that models which propose such an event for the Earth must explain its 
absence on the Moon. Possibly the Moon is too small to retain impact debris 
from high-speed late collisions with material coming from the region of 
Jupiter [45]. The continuing addition of material from the last stages of 
accretion during crystallization of the magma ocean does not appear to have 
resulted in any discernible chemical trends (except for the late meteorite 
component). Note that 2 6 ~ 1  heating is not significant 10 million years after the 
supernova event, so that heating from this source is no longer available by the 
time that the final planetary accretion occurred. 

The clear evidence from the Moon for early differentiation involving 
most of that body raises questions about the extent of early global melting on 
the other planets [71]. Several sources are available even if 2 6 ~ 1  has become 
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extinct. Another early source of superluminosity from the sun is restricted to 
periods of 10' years after contraction [72]. Heating can occur in a gas-rich 
nebula by adiabatic compression [71], and thus is available for gaseous 
protoplanets, but probably not for the mechanism of planetary growth by 
accretion of planetesimals. Tidal heating is important only for the Moon and 
Earth (and 10). 

Accretion energy has long been a popular source of heating, but it 
depends very strongly on the growth conditions [44, 73-75]. The general 
consensus appears to be that melting of planets definitely occurred if they 
accreted on short time scales (lo6 years), and probably occurred even on larger 
(10' years) time scales. 

9.8 The Formation of the Earth 

It is assumed that most of the core elements Fe, Ni, Co were accreted as a 
separate metallic phase. During melting and segregation of the core material, 
the evidence for equilibration with the mantle silicates is nebulous. This is 
shown by the large abundances of Ni and trace siderophile elements in the 
present upper mantle. These elements may have been added from post-core- 
formation meteorite bombardment. The refractory elements are not expected 
to be fractionated from one another during the accretion of the Earth. 
Accordingly, the ratio of these elements to those in the primitive solar nebula 
can be used to arrive at values for the refractory trace elements. 

It is assumed here that these abundances are typical of the whole mantle 
and that the lower mantle is not chemically different from the upper mantle 
but this is uncertain. No K, U and Th are assumed to have entered the core. 
The Earth is depleted by a factor of about four in potassium relative to the 
composition of the solar nebula. This depletion of the Earth in alkalis relative 
to refractory efements, and the slight enrichment of the latter relative to the 
solar nebula abundances, comprises a primary piece of evidence for the 
assembly of the Earth from a non-equilibrium mixture of components. These 
include metals and silicates depleted to varying degrees in volatile elements. 
The presence of free metal makes the reduced enstatite chondrites more 
attractive than the oxidized carbonaceous chondrites as possible representa- 
tives of the primary accreting material. The enstatite chondrites (E4) contain 
about the same abundances of the volatile elements as do the C1 meteorites, so 
that a more volatile-depleted source is needed. The presence of trace sidero- 
phile elements in the upper mantle in C1 proportions has been frequently 
addressed, and it is generally concluded that the mantle was not in equilibrium 
with the core. These questions are readily understood in a non-equilibrium 
accretion model, where metallic iron sinks to form a core at temperatures 
below that required to equilibrate with silicates. If non-equilibrium is 
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assumed, then it may be possible to accrete enough FeS for S to be the light 
element component in the core. The reduced enstatite chondrites contain the 
same sulfur concentration as the oxidized carbonaceous chondrites (as well as 
similar alkali contents). 

The question whether the Earth was melted and hence formed a magma 
ocean for which so much evidence exists on the Moon has been frequently 
debated, without any resolution of the problem. There is no geochemical 
evidence for an early crust, and a differing scenario to that of the Moon is 
required. Clearly the rate of accretion is important, so that the core might be 
insulated from later additions, explaining the high Ni content of the mantle. 

Any crust existing prior to 3.8 aeons would be massively altered by large 
scale meteoritic bombardment. The infall of the final one or  two percent of 
the accreting projectiles will completely destroy any preexisting planetary 
surface [76]. This has occurred throughout the inner solar system, from 
Mercury to Mars, while the surfaces of Ganymede, Callisto, Mimas, Rhea, 
Tethys and Dione bear witness to a probable extension to the neighborhoods 
of Jupiter and Saturn. The termination of the bombardment is dated only 
from the Moon, but the widespread morphological evidence for similar 
cratering and estimates based on crater counting and meteorite flux estimates 
encourages the view that such events were common in the period up to 3.8 
aeons. There is no reason to suppose that the Earth escaped the bombard- 
ment, a view consistent with the absence of identifiable crust older than 3.8 
aeons. 

Is there any geochemical evidence available to cast light on these early 
events? A primitive anorthositic crust, from analogy with the lunar highlands, 
appears improbable. There is no evidence for a large Eu or Sr spike, nor for 
the reservoir of very primitive " ~ r / ' ~ ~ r  ratios, which would result from the 
Rb/Sr  fractionation inherent in such an event. A plagioclase-rich crust will 
float over an anhydrous lunar magma ocean, but will sink in the wet terres- 
trial environment. Isotopic constraints provide the major argument against 
primeval sialic crusts, negative Eu spikes (as yet unobserved) might also be 
generated. Early basaltic crusts are less easy to disprove, but the Sm-Nd 
isotopic systematics appears to  rule out any major early mantle differentiation 
C771.--

The overall evidence for the Earth, in contrast to  the Moon, is of 
continuing formation of the continental crust, slow in the early Archean, very 
rapid between about 3 and 2.5 aeons, and proceeding since that time at a more 
sedate pace [78]. The degree of enrichment of an element in the crust depends 
on the difference between its ionic radius and valency, and those of the 
elements forming the major mantle minerals. This indicates that crystal-liquid 
fractionation is the principal factor responsible for the derivation of the crust 
from the mantle. The large percentage of elements such as Cs, Rb, K, Ba, U, 
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Th, La and Ce in the continental crust indicates the processing of at least a 30% 
fraction of the mantle to produce the crust. 

The question of the relative positions of the Moon and the Earth and the 
evolution of the lunar orbit cannot be addressed here [79]. It may be noted 
from the geological record that the oldest unmetamorphosed sedimentary 
rocks, the Archean Moodies Group in South Africa (older than 3.3 aeons), 
show clearly documented evidence of tidal effects, similar to those observed 
for example in the present estuary of the Elbe River [go]. Tidal ranges appear 
to  be about the same, constituting evidence that the Moon has been in Earth 
orbit, at about the present distance, throughout most of geological history 
[8 11. 

The amount of evidence needed to construct reasonable models for the 
evolution of the Earth and the Moon indicates that it is premature to con- 
struct similar scenarios for Mercury, Mars, and Venus, except in the most 
general terms. Detailed attempts must be postponed until appropriate chemi- 
cal and isotopic evidence is available. 
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later geological epochs, is due to aeolian conditions of deposition in desert-type 
environments, and has no significance for Earth-Moon evolution. 
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