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ABSTRACT

The origin of Apollo 1l basalts is discussed in terms of‘two

_ hypotheses: (i) formation by a small degree of partial melting in
the lunar interior and (i1) formation by prolonged near-surface
crystallization differentiation in a lava lake. The second hypoth-
esis is rejected on the following grounds: Most Apollo 1l magmas |
are far removed from the plagiéclase—pyroxene—ilmenite cotectic;
fractional crYstallizatiqn cannot explain the large variations in
concentrations-of incompatible trace elements in conjunction with
the small variations in mgjor element compositiéns, particﬁlarly,

Mg . . . . <
=3 ratios; experimentally determined partition coefficients show

Fe rocks
that the high abundances of Cr and V in Apollo l%«cannot be reconciled



with the previous separation of large quantities of ore minerals and
pyroxenes. On the other hand, the mgjor element and trace element
readily )

contents of Apollo 1l rocks can b%Aexplained by partial melting of
sourg material which bu?fers the major element compositions and
causes enrichments of incompatible elements according to the degree
of partial melting(f&ﬂ honudJ

Two alternative sources have been suggested for Apollo 11
basalts formed by éartial melting: (i) unfractionated pyroxenite
source region ét depths of ZOO—GQO_km, (ii) f?actionated source region
with incompatible elements (e.g. ﬁa, U, rare:earths) strongly enriched
over chondritic abundances and containing plagioclase (approximate
eucritic composition). Mass 5alance calculations and plagioclase
stability conditions show that the second hypothesis requires
Apollo 11 .basalts to be generatéd by partial melting in the outer
150 km of the moon. This is very difficult t6 achieve one billion
years after the moon's formation, since the outer 200 kmvwill have
~cooled well beiow the solidus by cqnduction.- Furthermore, magﬁas
generated by partial melting,of a plagioclase-bearing source region
should have plagioclase on the liquidus, wﬁich is contrary to cbser-
vation. The second hypothesis accordingly appears improbable. The

first hypothesis is capable of explaining the major element chemistry
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and the trace element abundances (Eu~see below) in terms of a simple,

‘ with
single stage model which is consistenoAthe moon's density, moment of
inertia and inferred thermal history. A possible explanation of the
europium anomaly is suggested on the basis of the first hypothesis.
It Qill be necessary to determine the appropriate partition coefficients
in order to test this explanation.

If the lunar highlands are anorthositic, extensive differentia-
tion of the outer 150 km of the moon is’required. This may have
been caused by heating arising from partial conservation of gravita-
tional potential energy during the final stage of accretion. =~ Forma-
tion of Apollo 11 basalts by partial melting 3.7 billion years ago
was probably the result of.radiocactive heating (U, Th) in the deep
ihterior'of the moon. A two-stage magmatic history for the moon is
“thus required.

Similarities between Compositions of Apollo 1ll.and terrestriai
basalts and between their respective source regions are suggestive
of a genetic relationship between moon and earth. Nevertheless,
importaot'differences in trace element abundances, major element
compositions and oxidation states exist. These abundance patterns

are unfavourable to the traditional fission, binary planet and

capture hypotheses of lunar origin. However, they may be explicable



in terms of the precipitation hypothesis proposed by the author.
This maintains that during the later stages of accretion of the earth,
a massive primitive atmosphere developed which was hot enough to

evaporate selectively a substantial proportion of the silicates

°
-

which were accreting upon the earth. Subsequently, the atmosphere
was dissipated and the rélatively'non—volatile silicate components

were precipitated to form a swarm of planetesimals or moonlets, from

which the moon accreted.
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" PETROGENESIS OF APOLLO 11 BASALTS AND IMPLICATIONS FOR LUNAR ORIGIN

©

l. INTRODUCTION .

it can scarcely be denied that the revelations from the Apollo
11 Lunar Science Conference in Houston, Ja;uary 1969, were something_
of a disappointment to the world at large. Instead of finding a
consensus among experts as to the broader significance of the Apollo
11 rocks‘and their bearing upon the nature of the lunar interior and
on the origin and evolution of the moon, nearly all intefpretative
aspects (as distinct from the descriptive) were submerged in contro-
versy and the overall impression obtained by non-scientists Was one
of considerable confusion. This was unfortunaté in view of‘the
intense worldwide public interest shown in the Conference.

In retrospect, it is difficult to see how this situation could
have been avoided. With ovér 130 scientific teams working on special-
ized problems and ignorant of the findings being made by their
colleagues (and rivals), it is not surprising that broad interpreta-
tions which were frequently based upon inveétigations‘with ﬁarrow
scientific perspectives should have been so often in conflict. Now

that the detailed scientific results on Apollo 1l rocks have been



published, there is no longer any excuse for this degree of con-
fusion. It is important that the broad scientific conclusions'which
can reasonably be drawn from the study of Apollo 11 rocks with accépt-
able degrees of probabiliity should be defined so that they can.be

used és boundaxy conditions for further investiéations. It is

equally important that unsolved problems Qﬂich remain the subject

of legitimate scientific controversy should be clearly definéd, so
that the investigations and data needed to secure soluﬁions can be
characterized.

In this paper, certain aspects of the petrogenesis and chemistry
of Apollo 11 basalts are discussed with the above considerations in |
mind, and an attempt is made to critically assess existing informa-
tion and hypotheses relative to the ori;in‘and significance of the

Apollo 1l basalts. The bearing of data and interpretations derived

from the basalts upon theories of lunar origin is then considered.

2. PETROGENESIS OF LUNAR BASALTS

The first order discovery from the Apollo 1l mission was that
"rocks from the Sea of Tranquility were cleérly recognisable as
members of a class of basaltié-type rocks. This is 'also true of

Apollo 12 rocks and is inferred from compositions elsewhere on maria



sites obtained from Surveyors 5 and 6. ,Furthermore, detailed studies-
of lunar soil containing_material of much wider provenance than the
sites studied so far reveal that about 95% of recognisable rqck
fragments are c0mposeé of the same mineral assemblage as occurs in
the rocks of local origin. Tﬁese observations justify the conclusion
that the maria generally are almost certainly composed of basait— |
like rocks.

High-pressure phase relationshiés of Apollo 11 focks and basalts
show that they cannot be repfesen;ati&e of the lunaf interior. |
(Figure 3). At a relatively shallow depth, they would transform to .
eclogite with a. density of 3.74 g/am3, compared to the moon's
density of 3.36 g/am3. It follows that Apollo 11 rocks and the maria
generally are differentiates of a less dense (lower Fe/Mg), more
primitive material which comprises the bulk of the moon. (Ringwood

and Essene 1970 a, b; O'Hara et. al., 1970 a,b).

This is confirmed by the very high concentrations (up to 100

times the chondritic abundances) of incompatible elements, found in
Apollo 11 basalts. These elements(ég, U,-Th;vBa, rare earths) poésess
ionic radii and charges which inhibit their ready entry into the

major rock-forming silicatesr Aécordingly they are very strongly
partitioned into the liquid phase during fractionation processes
involving common silicates and magma. The observed concentrations 0-f
incompatible elements imply the operation of highly éfficient crystal=-
liquid fractionation processes. | |

"
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o '”5‘A . Two mechanisﬁs have been proposed.
The first maintains that Apollo .11 magma was primarily derived by a
small degree (1 to 5%) of partial melting in the lunar interior during
which the incompatiﬁle elements were almost totally partitioned into
the liquid phase (eg.'ﬁingwood and Essene (1970 a,b). According to
- the second hypothesis, the Apollo 11 magma is a highly residual liquid.
resulting from extensive crystallization differentiation in near- '
surface regions, probably in large lava lakes (eg. O'Hara et. al.,
1970 a,b; Smith et. al., 1970 a,b), It is of the utmost importance
to many brqader problems of lunar origin and evolution to determine
which of these two hypothesés is correct. I believe that sufficient,
evidence is now available to pexrmit a firm-.conclusion to be drawn.

(a) Fractional Crystallization versus Partial Melting

O'Hara et. al., (1970b) state: "Tranquility Base rocks have

" compositions similar to those of liquids in equiiibrium simultaneously
with‘crystals of olivine, two clinopyroxenes,. feldspar and iron- -
titanium Qxide} This remark;ble sifuation must be attributed to
coincidence if the Tranquility samples are primary magma (i.e. formed
directly by partial melting). However, if the samples are the

product of extensive low pressure fragtional_crystailization,.their
cotectic character is not only unremarkable: it is mandatory".

These authors also cite the small liquidus=solidus temperature

%

interval (60=l40°c),énd'the'depletion of Apollo 1l magma in europium



as evidence that Apollo 11 basalﬁs are the "residual liquids of
advanced near-surface crystal fractionation,lmost probably in a
Qast'lava }ake".; |

The experimental phase equilibrium data on which these con-
clusions are based are very limited -— 3 runs at atmospheric
pressure above the solidus .on an Apollo:FOCk.and some near-
liguidus runs in simplified analogue systems lacking Na,0 and‘Cr203.
Half of these latter runs were carried out at an oxygen fugacity
of 10—8 bar and are not directly relevant to the crys£allization
of Apollo 11 basalts whiéh occurred at an oxygen fugacity of

lO—lB'S_bar (1200°C). When one examines the remaining data, it

becomes evident thaé*;if;::much too sparse to justify the conclusions
reached.

It is true that the temperature.interwal between solidus and
ligquidus {.( -1.3”a for different Apollo 1l rock compositions is
not large and is in the same range as for terrestrial basalts.
This property, however, does not permit firm conclusions to be
drawn concerning the closeness of the liquid to a multiphase cotectic.
It could also arise in situations where the liguidus. temperatures
in primary phase volumes were not strongly dependent upon composi—

tion of the melt. Examples of this kind of behavior are not

uncommon in complex systems. vos



The closeness of a crystallizing liquid to a cotectic of major

phases is to be measured not in terms of crystallization temperature

intervals, but by the amount of crystallization necessary to bring
the liquid from its observed compositioen to the cotectic composition.
One.of the most important observations made upon Apollo 1l basalts
at atmospheric pressure was the late crystéllization of plagioclesg
which did not appear as a primary phase until 30 to 50 percent of
the liquid had crystallized as'olivine,'pyroxené and ore minerals
(Ringwood and Essene, 1970 a,b; Roedder and Weiblen, 1970; Smith
et. al., 1970 a,b; Weil et. al., 1970). This observation shows
decisively that Apollo 11 Basélts were not close to the cotectic
composition and sharply contradicts the conclusions (above) of
;O'Hara et. al. It has been suggested by Smith et. al.;(l970b) that
at higher pressures in the lunar interior, Apollo 1l basalts may
represent a cotectic composition.in equilipriUm with pyroxene,
plagioclase and ilmenite. .This is quite impossible, since pressure
has exactly the opposite effect to that required, further depressing
‘the crystallization field of plagioclaselrelative to pyroxene..
(Green and Ringwood, 1967;43ingwood and Essene 1970b).

The‘fact that most Apollo 11 basalts are so far from the
‘cotectic composition is a strong argument that the converse of

O'Hara et. al.'s conclusion holds - namely that the parent magma-°&‘

%



had not undergone extensive, near-surface fractionation. This would
lead to saturation with plagioclase which should, therefore, appear
on the liquidus in cotectic relationship to otlier major phases.

Further arguments showing that fractional crystallization

o

-

has not been a dominant factor in producing the abundance patterns
characteristic of Apollo 11 rocks, but to the contrary, these have
been produced dominantly by partial melting, are given below. See-

also, Ringwood and Essene (1970b).

Major element and trace element abundances: An important measure

of the degree of crystallization undergone by a magma is given by

Mg ) .
the Mg + Fe ratios of derived rocks and minerals. This is a

particularly useful parameter (eg. Figure 2) in Apollo 1l rocks
which show the effects of very strong crystal fractionation on a
microscopic scale)with Mg + Fe ratios varying from 0.74 to 0.02

(eg. Essene et. al., 1970 a). It is most significant that despite

very different cooling histories as indicated by textural varia~

' Mg
tions from basaltic to gabbroic (LSPET, 1969), the Mg + Fe ratios -
) _ . Mg. .
of individual rocks are very similar and the Mg <+ Fe ratios



1of the earliest pyroxenes to crystallize are also similar and

close to 0.74 (eg. Essene et. al., 1970). Thus, the variations

©
-

of tofal rock compositions do not provide any evidence of the
operation of extensive fractional crystallization.

In contrast to the relative constancy in abundances of major

elements.between individual rocks, the abundances of incompatible'

trace elements vary systematically over a five-fold range among
different Apollo 1l rocks (eg. Compston et. al., 1970; Gast et.
al., 1970; Haskin et. al., 1970; Phiipotts and Schnetzler, 1970).

If these five-~fold variations in the abundances of incompatible

elements are to be explained in terms of fractional crystallization,

it would be necessary that the degree of fractional crystallization

ES



Apollo 1l rocks has varied

experienced by different Apciizs
"by a factor of five or more. This would cause corresponding major

variations of Mg ratios which are not observed. The relative
Mg + Fe

constancy of Mg ratios of Apollo 1l rocks and the small varia-
' Mg + Fe

~tion in the abundances of other major elements cannot be reconciled
with ;n explanatibn of the variations of incompatible'elemenﬁ

¢
abundances in terms of fractional crystallization.

In contrast, this general pattern is exactly whaé,might bé
expected for small but variable degrees of partial melting whére
the major elements ip the liquid are buffered by equilibrium with
residual unmelted phases and are present ih relatively constant
proportipﬁs,whereas the incompatible elements are almoét totally
partitioned into the liquid phase and ‘display wide variations in
améunt according to the degree of partial melting. .(Section 24d)

This conclusion is further supported by detailed studies of
: H

the fine,structﬁre of rare earth abundances, including the europium
anomaly. In their latest papers, Haskin et. al., (1970 a,b), Philpotts
.and Schnetzler (1970) and Gast and Hubbard (1970) all favour the
interpretation that rare earth patterns were causedlby partial
’mélting rather than by fractional crystallizétion. Results of

Gast and Hubbard (1970) comparing rare earth abundances in basaltic .

w3



Fig. 1. Rare earth and barium abundances from Apdllolll and:lz
lunar samples and frpm some basaltic achon@rites. The H1-Rb
group and sample 10020 represent Apollo 1l rocks. ‘Most other .
‘Apollo 11 rocks'fall between thése samples as does the Apollo
11 soil, 10084. 1In contrast, the Apollo 12 rocks, 12051,
12053 and 12002 §ccupy’é generally inte;mediate position
~between the Apollo 11‘rocks and the basaltic achondrites.
Apollo 12 s@ils 12070 and 12044 have much-higher rare earth
abundances than the corresponding rockswéﬁd.fall within the

_Apollo 11 range.

|

(After Gast and Hubba;d, 1970)
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achondrites, and in Apollo 1l and 12 rocks are of particular interest

(Figure 1). The Apollo 12 rock abundan;es.are generally intermediate
‘between those of Apollo 11 rocks and the achondrites,‘and a system-
atic relationship exists"between the absglute abundances of the rare
earthg and the magnitudes of the europium anomalies, strongly
suggesting a genetic relationship between t£e achondrites and the
iunar.baSalts. Despite variations in the absolute abundances of

- rare earths by a factor of 15, the majorAelement composiﬁions of

the Apollo 11, 12 and basalticvachondrites are generally similar.
(Some Apolio 12 rocks display evidence of moderate major element

. on :
fractionation, butAa negligible scale compared to the trace element

out
variations). Gast and Hubbard (1970) poinﬁﬂthat the patterns are

readily interpreted in terms of a model which has Apollo 11, 12

rocks and basaltic achondrites formed by inc?easing degrees of n
partial melting of a common source material. This hypothesis had
been suggested eariier by Ringwood (19753 and Ringwood and Essene
(1970 a,b).

Abundances of chromium and vanadium: The high abundances of

chromium (av. 2000 ppm) and vanadium (av. 75ppm) in Apollo 11 basalts
are particularly notable. These elements are present at levels of
0.5 and 0.8 of the chondritic abundances. Essene et. al., (1970b)

have determined the crystal-liquid partition coefficients for Cr, N

"-‘lO -



V and some other elements for the principal phases crystallizing
from Apollo 1l magma. (Table 1) Note the very high partition
coefficients of Cr and V in the.ore minerals which are observed

ov near ) '
onAtﬁe liquidus of Apollo 11 basalts at atmospheric pressure.
These show that extensive near-surface fractional crystallization
with accompanying precipitation of ore minerals and clinopyroxenes
would caﬁse drastic decreases in Cr and V abundances, leading to
the effecti&e removal of these elements from the magma. The high.
average abundances of chromium and vanadium remaining in Apollo 11
rocks severely limit the amount of previous low pressure fraction-
ation which may have occurred, and are totally incompatible with the
amount of fractionation which has to be postulated in order to
explain the abundances of incompatible trace elements. They also
contradict O'Hara et. al.'s (1970 a,b) hypothesis that mascons
are caused by massive accumulations of ore mineréls which have
crystallized from the Apollo 1l lava near the surface of lava lakes
and sunk to the bottom.

On the other hand, the magnitude of the chromium and vanadium
abundances are readily explicable‘in terms of the exberiméntal
partition coefficients (Table 1) if Apollo 1l basalt had formed
by direct partial melting from parental material possessing the
chondritic Cr and V:abundances, leaving behind a refractory

residuum of pyroxenes and oliving. (Esggne et. al., 1970b);

1] ] e



Table 1

Crystal - liquid partition coefficients (K)'for phases on or

near liguidus of synthetic Apolld 11 basalts* containing (A)

0.1% V.and (B) 25% additional normative anorthite

plus 0.5% each of Ba, Sr,aEﬁ; and Yb.

(a) p

Phase K Vanadium K Chromium
Armalcolite 18 7
Spinel 38 77 -
Ilmenite 12 6

Sub-calcic
clinopyroxene 3.4 3.5

Olivine 1.3 0.9 -

(K) Plagioclase = Ligquid (B)

Ba . 0.16 * 0.04
Sr 1.5 # 0.1
. Eu 1.0 ® 0.1
o £0.04 |

* The basalts were enclosed in sealed iron capsules and the

oxidation states were similar to those of natural Apollo 11

_basalts. Composition of basalt is given by Ringwood et. al.,

(1970a,b) .



Fig. 2. Cr203 contents plotted égainst. Mg ratios for
: Mg + Fe

pyroxenes from Apolloyll basalt sample 10047. Data were

obtained by electron microprobe analyses.

(After Essene et al, 1970a)
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The chromium contents of most Apollo 11 rocks fall between
rather narrow limits (2000 + 700 ppm Cr). In Figure 2 (Essene

et. al., 1970) the.CrzO3 contents of pyroxenes from rock 10047

o

are plotted against corresponding Mg ratios. The strong decrease
Fe + Mg .

of chromium with increasing degree of differentiation as indicated

by Mg ratios is notable. The initial shérp decrease from 0.6
Mg + Fe

to 0.3% Cr203 is probably cagsed by crystallization of armalcolite,
spinel and ilmenite from the magma. (Table 1) These minerals
commenced crystallization before pyroxene. The continuous depletion
from Cr203 values of 0.3 to less than 0.1 is probably caused by
pyroxene fractionation (pyroxene-ligquid partition coefficient 3.5)"
combined with late separation of plagioclese.

These results,!particularl& the sharp decline between Mg
: Mg + Fe

ratios of 0.74 and 0.70 apparently caused by separation of spinei
and armalcoiite, demonstraté the large changes of chromium contents
which are ‘caused by moderate degrees of crystal-ligquid fractionation.
It is also significant that the chromium content 6f\most’Apollo 1L
rocks falls within such a narrow range despite the fagt that these
roéks have been subjected to very different cooling histories as
evidenced by textural variations from basaltic to gabbroic. (LSPET,‘iW

1969).

- 12 -



(b) Fractionation Mechanisms: Conclusions and Some Consequences

From evidence discussed earlier and also from additional
considerations (Ringwood and Essene, 1970b) it is concluded that
the chéracteristié abﬁﬁéance patterns of Apollo 11 rocks were not
established primarily by near-surface crystallization differentia~
tion processes. This does not rulé'out.the possibility that a small
amount of near-surface fractionation, probably less than 10 percent
in Apollo 11 rocks (and perhaps somewhat greater in Apollo 12 rocks)
might have occurred. This, however, would have a negligiblé effect
on the abundances of incompatible elements. It seems clear that
the high abundances of this 'group of elements is a primary character—-
istic of the Apollo ll.mégma, and can be explained only if the magma

appropriate

were formed by a small degree of partial melting oﬁAsource materia}.,
(Section 2d) Ringwood and Essene (1970b) demonstrated that the
partial melting hypothesié explained the major element abundances
of Apollo 11 basalts and fufthermore, that the composition and

minerology of the source region, as derived experimentally, provided

an explanation of the moon's density and moment of inertia.

A(i) Impact melting hypothesis
It has been suggested (eg. Urey, 1952; Opik, 1967) that the

maria were formed by impact melting caused by the collisions of .

L3
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large,planetesimals with the moon. It is difficult to reconcile
this process with the highly differentiated nature of Apollo 1l
lavas and “he conclusions that the differentiation was not the
result of ncar-surface fractionétion, but on the coﬁtrary was
caused by partial melting within the lunar interior. (Sections
2a,d). If impact events led to shock melting, it would be expected
that the melting was confined to near-surface regions and would
be non-selective and total (where it occurred). It is difficult
to envisage impact leading directly to par£iai melting in the
interior. It follows that if impact melting is assumed, the surface
rocks must have attained their highly differentiated nature prior
to impact. The impact hypothesis does not, therefore, explain the
Observed chemistry of Apollo 11 lavas;vit reiegates the problem to
an earliier episode of magma ‘genesis, which as we have seen, almost
certainly involved partial melting.

iapace melting on the séale necessary to produce the maria
is a ~ighly speculative pfocess which has yet to receive an adequate
theoretical or experimental justification. The conditions which

are recuired if the kinetic energy of an impacting planetesimal

is ©to be transformed efficiently into thermal energy, resulting in

the celatively uniform and restricted degree of heating required

- 14 -



to cause melting throughout a large volume, are very difficult to
fulfil. For this reason, advocates of impact melting, (eg. 8pik
1967, 1969) conceded that the process reqqﬁfs as a precondition
that the surface regions of thé moon were already very close to
the ﬁelting point before the impacts occurred.

However, this requirement is qbntradicted by the age of the
Apollo 11 basalts which are about one billion years younger than
the age of the moon. Even if the moon were originally at high
temperature, thermal calculaﬁions employhg a'widé range of boundayy
conditions (eg Urey, 1965) show that deep-seated cooling would
éccur to a depth of about”200 km, over a period of 109 years and
'that.the mean temperature of the outer 200 km of the lithosphere
would be about 500°C. This is not consistent with 5pik's require-
ment for impact melting. We conclude that this process appears
most improbable as an explanation of the maria.

The above arguments are not directed against the suggestion
(eg. Ronco, 1966) that impacts did not form the lavas directly, but
"triggered off" the subsequent volcanic activity by some sort of
tectonic‘action (eg. pressure release or thermal bIanketing)( Such
models are entirely consistent with deriving the lavas by partial

melting processes from a source region within the lunar interior.

’-]_5.a-



(ii) Total melting of moon

Smith et. al., (1970 a,b) propose that the moon was formed
from chondritic material (depleted iﬁ iron and volatile metals),
after which it was complétely meited; The entire iﬁterior was
subjected to crystallization differentiation and the Apollo 1l
basalts are regarded as the residuum of e#tensive and prolonged
near-surface crystallization differentiation. Their hypothesis
is the verxy antithesis of the one presented by Ringwood and Essene
(1970b) . .

The first problem encountered by the Smith et. al., model
is the mechanism which caused coﬁplete melting of the moon. This
is dismissed in one sentence "There is no difficulty in finding
sources of energy to melt the moon_(radioactive heating, gravitational
infall energy, compression)". It is a simple matter to show that
the second facﬁor is capable only of melting the outer regions of
the moon, whilst the third factor is trivial. For, radioactive
heating, the ad hog assumption must be made that a short lived

nuclide, eg. AL2®

was present in sufficient amount. However, a
chondritic moon heated internally by radiocéctivity\is incapable
_ of complete melting. The melting interval of chondritic material

is about 500° c. Melting commences at about llOOwlZOOOC and as

soon.as a significant amount of partial melting has occurred.

- 16 -



throughout the interior, probably less than 10 percent, convection
will occur accompanied by segregation of basaltic liquid from its
source region, forming a magma which rises to the surface. Since
the heat source is strongly partitioned into the liquid, further
heating of the depleted source region is greatly reduced. Transfer
of heat sources to near-surface regions bf this type of differentia-
tion permits the :adioactive heat to be removed by conduction.

Smith et. al., account for the uhéersaturation of the residual
liguid with plagioclase by postulating that the parent material of
Apollo 1l basalt consisted of a suspension of pyroxene and ilmenite
crystals_in a residual liquid which was at the plagioclase—pyroxene——
ilmenite cotectic. The unmelted.crystals had settled from an over-
lying body of crystallizing liquid. The suspension of crystals and
liguid was then completely remelted by subsequent meteoritic impact
to form the Apollo 11 magma. ;

Whilst this sequence of events may be capable in principle of
explaining the delayed crystallization of plagioclase, it is highly
contrived and entirely lacking in suppor£ing evidence.

The model encounters a fatal difficulty in connéctioﬁ with the
proposed time scale. If the moon were extensively melted 4.7 billion
years ago, it would solidify from the core outwards in a few million.

26 -
Yoo

years at most, depending upon the assumed heat source (e.g. Al

- 17 -



Smith et. al., maintain that fractional crystallization ultimately

&
led to the formation of a thin plagioclase-rich crust, 5 to 20 km

thick underlain by residual liguid magma containing suspended

pyroxene and ilmenite crystals. Meteoritic impacts I ‘3¢7 billion

years ago caused total melting of this magma-crystal mush to form
Apollo 11 basalts.
The time constant for thermal'conduction in a crust up to
20 km thick is much shorter than 108,years. Accordipg’to Smith
et. al.'s model, the ligquid magma which was the parent of Apollo 11
1avaé remained unfrozen at a depth of 20 km for 109 years waiting
to be tgpped by meteoritic impéct. This .is simply out of the questidn.
Smith et. al.'s hypothesis is subject to most of the earlierx
objections which have been raised against fractional crystalliza-
tion. To account for the incompatible trace element concentrations
in Apollo 11 basalts, from 95 to over 99 pefcent of a parental melt
possessing chondritic abundances would need to have crystallized.
At least half of the crystallizing phases would be pyroxenes, the
mostly
remainder beingholivine. The partition coefficients for chromium
and vanadium in pyroxene and olivine (Table 1) show ‘that this amount
of prior crystallization would have effectively removed Cr and V
from the residual iiquid. This does not‘agree with the observed
abundances (2000 ppm Cr, 75 ppm V) in Apollo 11 basalts. Smith

et. al.'s hypothesis fails entirely to explain the wide variations

r- 18 -



in abundances of incompatible elements observed within Apollo 1l
basalts (and also within Apollo 12 basalts — Figure 1) as contrasted
with the very restricted degree of major element fractionation

between these rocks as indicated by Mg ratios.
: Mg + Fe

Mascons were presumably formed at about the same time as the
maria, and their survival implies the existence of a strong cool,
lithosphere. underlying the maria at theﬁtime they were férmed
(Urey, 1969) . According to Smith et. al.'s hypothesis, the outer
regions of the moon were still very hot and weak at the time Bf
mare formation. Accordingly they‘db not provide a framework for

understanding the continued existence of mascons.

" (¢) Depth of Origin

In this section. we adopt the hypothesis, following-earlier
discussion, that Apollo 1l basalts have formed by partial melting.
The following lines of evidence indicate that the source region‘was
probably at a depth greater than 200 km.

(1) Apollo 11 basalts were generated one billion years after
formation of the moon. We have already noted (P -~ _ ) that over
this period,extensive cooling would occur to depths of about 200 km
and.the mean temperature of the outer 200 km is unlikely to exceed

500° C. cCooling of the moon is effective to greater depths than in
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the earth beccuse its surface area to volume ratio is nearly four.
tiﬁes higﬁer than the earth's.

It is difficult to understand how magmas might be formed by
partial melting processes in this outef'cool shell. 'On the other
hand,'radioactive heating at depths greater .than 200 km where
.substantial conductive.heat—loss had ﬁot occurred, might readily

lead to partial melting (Section_B).

(ii) The mascons were presumably formed either before, during,
or soon after the formation of the respective maria in which they
occur. Thelr continued existence for 3.7 billion years implies the
presence of an underlying lithosphere possessing substantial long-
term strength (Urey, 1969; Urey and MacDonald, 1970). An origin
for the lavas by partial melting within the lithosphere implies
loss of strength and destruction of the lithosphere. Presefvation

of mascons would not be explicable.

(1ii) Incompatible elements are present in Apollo 1l basalts
ac levels ranging from 30 to 100 times the chondritic abundances.
If this range of compositions is characteristic of maria, it implies
that maria have been deriﬁed by pa;tial melting of volumes 30 to
100 times greater than'their own, assuming chondritic abundances

in the source material. The thicknesses of maria may range from -

’
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lQ to 50 km (Baldwin, 1963; O'Keefe, 1968). These relationships
imply extensive fractionation of much of the moon's deep interior
and are not explained by near—surfaceimelting processes. (Baldwin,
1970). 2

kiv) -The assumption that the lunar highlands are anorthositic
implies that complete differentiation of the outer 150 km of the
moon has occurred (Section 3). This differentiation must have
occurred long before the perioa of mare formation, and most probably
during or soon after the formation of the ﬁbon, "It is difficult to
understand the high absolute abundances of incompatible elements
and the chondritic~type abundance patterns (Eu excepted) in Apollo
11 basalts in terms of a second phase ‘of partial melting of a highly
-differentiated.outer crust (Figure 5) in which the incompatible
elements are strongly depleted and fractionated. : The source regions
of Apollo 11 basalts mustilie in relatively undifferentiated paterial,
below the level reached by thé early anorthositic phase of different-

iation (Figure 5).

(v) Ringwood and Essene (1970 a,b) have determined the melting
relationships of Apollo 11 baéalts up to pressures equal to those

reached at a depth of 700 km. They concluded that Apolio-ll basalts
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were unlikely to have been generated at depths less than about

100 km.

(d) Nature of Source Region

TQO principal methods have been used to obtain information on
the chemical compositioh and mineralogy of the source region of
Apollo 11 basalts. One was based upon high pressure-high temperature
investigations of phase relationships, and conclusions were drawn on
the(basis of major element chemistry. The other was based upon an
interbretation of the trace element geochemistry of Apbllo 11 lavas

in terms of partition coefficients with possible source materials.
P :

The conclusions reached by these two methods have been contradictory. .

(i) Partial melting of pvroxene # olivine source region-

Ringwood and Essene (l970'a,b) carried.out an extensive
high pressure-high temperature investigation of melting equilibria
displayed by an average Apollo 11 basalt composition in which
_compositions of near-liguidus phases were determined with the
electronprobe microanalyzer. (Figure 3). Three principal
.pressure regimes were recognized: (i) a low pressure regime
in which the liquidus phases were olivine aﬁd armalcdlite,'(ii)
an intermediate pressure regime in which the liquidus phase was
a sub-calcic clinopyroxene, (Table 2), and (iii) a high

pressure regime in which liguidus and near-liguidus phases " <. .



" Fig. 3. Stability‘fields of mineral assemblages‘and melting
| equilibria in average Apollo 11 basalt composition at high
pressures and temperatures. Each dot represents a separate
‘experiment. Note: Armalcolite is the approved mineral name

corresponding. to the term "karovoite' used on this figure.
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were clinopyroxene and garnet (eclogite). ‘Since the equilibrium
between crystals and magma is independent of the proportions of
either phase present, the compositions of the liquidus and near-
liguidus -hases so determined represent possible bulk compositions
for the source regions“from which the magma was derived by partial
melting. It was possible to test these derived source compo;itions
for different depth intervals to see whether they were capable of
explaining the moon's mean density and moment of inertia. This
test eliminated the low pressure and high pressure regimes as
likely sources; whereas the intérmediate pyroxenite regime provided
a reasonable match. Kushiro et. al., (1970) and O'Hara et. al.
(1970 a,b) also concluded that the parent of the Apollo 11 magma
might be derived by partial melting of a clinopyroxenite source
material at depth, but did not specify the nature or composition
of the clinopyroxene.

Ringwood and Essene (1970 a,b) also demonstrated that between
10 and 20 kb,. Apollo 11 basalt was very nearly saturated with
orthopyroxene (Table 2), suggesting that this phase may also have
been present in the source region. Clinopffoxene'alone did not
appear to be a suitable source since its A1203/Q30ratio of 0.53
was substantially lower than the value of 1.2 + 0.1 which was
characteristic of all chondrites, eucrites and howardites (Ahrens

and Michaelis, 1979) and probably also of the earth. Because of '
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Table 2

Compositions of model lunar pyroxenite and of Apollo 11 basalt

near-liquidus pyroxenes (After Ringwoéd and Essene 1970Db)

(1) (2) (3)

510, 52.0 50.6 53.9
T1i0, 1.0 2.1 1.0
Al,0, 5.0 3.8: 2.9
Cr,0, 0.4 0.9 0.6
Fel 13.5 12.8 12.2
Mg0 22.5 22.4 26.4
ca0 4.0 7.2 2.8
NazO O.l., 0.1 —
§é9%~§§— 25 24 20

- (1) Model: lunar pyroxenite capable of yieldiﬁg Apollo 11 basalt by
small degree of partial melting.

(2) Av. sub-calcic clinopyroxene on liquidus of Apolio ll'basalt
in 5-20 kb interval.

(3} Orthopvroxene 10kb, 1240ocgnear ligquidus of Apollo 11 basalt

“(modified by slight iron-loss).



o}

the very low and similar volatiifs of AléOB and Ca0, and the wide~
spread belief {(eg. Gast et. al., 1970, Haskin et. al., 1970) that the
relative abundances of other elements possessing oxides of low vola-
titility in the source regions of Apollo 11 basalts are similar to
their relative abundance; in chondrites, it 1s reasonable to assume
that the overall A1203/Ca0 ratio in the moon~;s similar to that in
meteorites and in the earth. In the light of the experimental data
cited above, this suggests strongly that orthopyroxene possessing

| (Table 2)
a much higher A1203/Ca0 ratio than the clinopyroxeniﬂyas probably
also present in the source region. Using the compositioné of sub-
calcic clinopyroxene and‘orthépyroxene-demonstraéed to be in
equilibrium or close to eguilibrium with Apéllo 11 basalts at 10-
20 kb, a model lunar pyroxenite representing a possible source rock
compoéition'was syn£hesized° (Table 2). Mineral stability fields in
the possible source rock weré.éete;mined over a wide range of P, T
conditions (Fig. 4). It was demonstrated that for the.probable range
of temperature distributions existing in the lunar interior, this
composition, with only very slight modification, was capable of
explaining the moon's observed density and moment of iqertia. The
composition of the source region thus derived was not unique, to

the extent that variable amounts of olivine could also be presént

in addition to the pyroxenes. This, however, did not affect the
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Fig.

8

4. Stab;lity fields and densitles of mineral assemblages
displayed by model lunar pyroxenite (Table 2) in relation

to probable range of lunar internal temperature distributions
(Urey, 1962; MacDonald, 1959; Urey and MacDonald, 1970;
Fricker et al 1967; Levin, 1960; McConnell et al, 1967). The
broken lines in the garnet pyroxenite field indicate the
A1203 contents (specified i:. weight percent) of pyrqxenes in
equilibrium with garnet. Théy also indicate the respective
densities of the garnet pyroxenite assemblages as a'function

of pressure and temperature.
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ability of the source material to explain the moon's density and
.moment of inertia.

The capccity of the above model of the lunar interior to
provide explanations both of the major element chemistry of Apocllo
11 basalts, and of the pfincipal phyéical propertiés of the moon,
was most satisfying. Was it alsc possible to explain the trace
element distributions in Apollo 11 basalts in terms of the model?

Ringwood and Essene (1970b) argued tﬁat with a very small
degree of partial melting, the incompatible elements would be
strongly partitioned into the liguid phasé>ané their high abundances
in Apollo 11 basalts thereby explained. On the contrary, Gast et.
at., (1970), Haskin et. al., (1970) and Philpotts and Schunetzler
(1970) showed that if measured'partition coefficients for the rare
earths were used, it was not possible to explain their high concen-
trations in Apollo 11 basalt in térms of a single stage of partial
melting from parent material possessing chondritic gbundances.

They argued that the parentAmaterial should possess abundances
several times higher than chondrites. Also it was argued that the
partial melting of a pyroxenite source region was unlikely to produce
the Qbservéd europium anomaly. Finally, Smith et. al., (1970)
claimed that the Ringwood andlEssene'partial melting model could

not explain the high titanium coﬁtent of the Apollo 11 rocks.

(Titanium is enriched to a comparable degree to Ba, U, and the rare -
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earths, and is, therefore, behaving as an incompatible element).
These are weighty objections, which must indeed be met 1f
the model is to survive. I suggest that the answer lies in the
direction of a suggestion by Goles et. al., (1970). They point
out that most of the ingompatible‘elements.in Apollo 11 rocks occur
not dispersed throughout the major crystalline phases, as assumed
in the eguilibrium partition calculations used by Gast, Haskin and
Philpotts, but in late stagé accessory minerals th;n occurring
at grain bounderies. It is considered probable, that in the source
material of Apollo 1l basalts, a similar distribution.of incompatible
elements may occur. It seems enfirely conceivable that with very
;mall degrees of partial melting, conditions of surface or local
equilibrium onlyv'rather than,bulk'equilibrium?are achieved. Under
thewcircumstances, the accessory minerals containing the incompatible
elements (eg. zircon, whitlockite, geikielite) are completely or
extensively incorporated iﬁto the earliest liquid to form, which
accordingly is strongly enriched in these elements. Increasing
degrees of partial melting serve only to dilute the earliest liquid
with major components so that the abundances fall. (eg Figure §.).
This model appears capéble of explaining the high enrichments of
incompatible elements in Apollo 11 basalt.and also tﬁe high titanium

content, which requires that ttanium was also present in an

a

- accessory mineral (geikiellfe) in the source regions. (Alternative

I
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explanations gf the titanium abundance are also possible--
(Ringwood and Essene, 1970b).

We come now to the celebrated europium "anomaly" (Figure 1).
It would be remarkable if such an "anomaly" did not exist. At the

redox state of Apollo 11 basalt, most europium occurs dominantly

o 2+
u

as B whereas under the more oxidizing conditions in terrestrial

. . + Co
systems, most europium oOcCcurs as EucT. This i1s shown by the

experimental plagioclase~liquid partition coefficient for europium
of 1.0 for Apollo 11 basalt (Table 1) compared to values in the

range 0.06 to 0.4 in terrestrial rocks (Philpotts and Schnetzler

24

1970, Haskin et. al., 1970). The Eu ion has crystal chemical

2+

properties resembling Sr and gquite different from those of the

{3

. . . ' 3+ )
neighboring trivalent rare earths Sm T and Gd3+° Accordingly,

: _ . 2+ -
the partition coefficient of Eu 1s expected to be more similar

' . 3+
to that of Sr2¥T (Table 1), than to those of sm>* ana ca’".

Ringwooé and Essene (1970b), Essene et. al., (1970b) and Goles
et. al., (1970) suggested that most of the europium in the source
regions of lunar basalt occurs as a dispersed element replacing

ca?t

in sub-calcic clinopyroxene and orthopyroxene. On the other
hand, they suggested that most of the trivalent rare earths occur in

accessory minerals, which accordingly possess a negative europium

anomaly. As discussed above, a small degree of partial melting



leads to preferential incorporation of the accessory minerals.into
the liguild which accordingly has a negative europium anomaly. The
behaviour of europium in lunar magmas is thus considered to be
analogous to that of strontium in terrestrial magmas which is
. 2

depleted relatively to Ba” when alkali basalts form by small
degrees of partial melting in the earth‘s mantle (Gast, 1968a).

The above explanation of the behaviour of europium 1s no more
than a hypothesis which remains to be tested by experimental deter-

b 3+ e - . ,
2+ and Sm partition coefficients under the

minations of the Eu
correct redox state. When these data become available, a key test

of the Ringwood-Essene partial melting hypothesis will be possible.

In the absence of these data, it is not possible to claim that the

"

hypothesis is incapable of explaining the trace element abundances
in Apollo 11 basalts.

(ii) Partial melting of plagioclase—-~bearing source region

Haskin et al., (1970), Gast and Hubbard (1970), and Philpotts
and Schnetzler (1970) concluded that the trace element abundances
in Apollo 11 basalt were more readily explained in terms of partial
melting of a source material containing plagioclase, thén by
extensive fractional crystallization of felspar fro% a parent ligquid.
The presence of plagioclase was believed tc be necessary in order
to explain the europium ancmaly. These authors found it necessary
to postulace a source material enriched in rare earths, Ba, U, Th)

and Sr over the chondritic abundance by a factor of 5: to 20. The



or phases in the source region were pyroxenes (Mg-rich)
plagioclase and olivine. The mineralogy were something like that

of a eucrite. This model thus implied a two stage magmatic history
for the moonti}initial melting and differentiation leading to the
formation of an outer shell possessing an oyerall eucritic (basaltic
achondrite) composition. This probably occurred during the moon's
formation. {({JPartial melting in this outer shell & billion years
later caused the formation .of Apollo 11 basalts.

This model has two.important attributes. It provides a ready
explanation of the europium ancmaly, and it is'capable of providing
an explanation of the nature of the lunar highlands (assumihg them‘
to be anorthositic «- section 3.

The model also encounters some serious difficulties:

(L) 'Apollo 11 basalt is not saturated with plagioclase

which does not appear until 30-50% of the rock has crystallized.
If Apollo 11 basalts had formed by partial.melting of a

source rock in which plagioclase remained in the refractory.
residiuvum after the melting episode, then the magma is
necessarily saturated with plagioc;ase which must- appear

on the liguidus. (Ringwood and Essene 1970b). Aépealing

to a pressure eifect dbes not help since pressure acts in

the opposite direction to that reguired (Section 2a).

I
3
0
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Gi) The hypothesis fails to explain the depletion of
light rare earths in some lunar basalts (Gast and Hubbard,
(1970);'Figure 1l, Rock 10020). Likewise, it does not
readily explain the lack of fractionation between Ba

-and Yb (Figure 1) in view of the substantial difference

in their plagioclase-~liquid partition coefficients (Table 1).

(iii) It is difficult to understand how, even at

solidus temperatures, plagioclase can_exist as a phase
-at depths below 200lkm. If the entire eucritic.fraction
were segregated from a moon possessing the chondritic
abundances of non-volatile oxyphile elements, i; would
form an outer shell less than 150 km thick. If a less
efficient degree of segregation is assuﬁed——for example,
in the parental mineral assemblage proposed by Gast et. .
al., 1970. (Olivine 40%; clinopyroxene 32%, plagioclase
22%, spinel 6%), plagioclase would not remain a stable
phase at the solidus at a depth greater than about 200 km.
(Moreover, the concentrations of incompatible elements

in this layer would then be too low to be consistan£ with
the Haskig—Gast partial melting models).

Models of this type encounter the problem of explaining the

t.xv: formation of Apollo 11 magma by a ~‘partial melting process in

+

vy -
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the outer 200 km of the moon, i.e. in the lunar lithosphere, at a
period one billion years later than the formation of the moon.
The difficulties of accomplishing this objective were discussed
in section 2c where it was concluded that the Apollo 11 lavas must.
_have‘béen'dérived‘from deeper than 200 km--i.e., from a région in
‘which plagioclase is no longe; stabief

Gast et. al., (1970) and Haskin et. al., (1970) conclude from:
méasured rare earth partition coefficients that the source material
of Apollo 11 basalts, was strongly enriched in rare earths compared
to'éﬁondrites presumably owing to an eaglier differentiation process.
They:" are a little vague about the degége ofAenrichment, but‘it con
i) 'be inferred from their studésthat to generate the Hi~Rb basalts,',
it ﬁust have been between 5 and 20 fold. Taking the.lowest estimate,
this would require total fractionation of rare earths from the entire
moon (assumed to pdssess chondritic abundances) into an outer shell
less than 150 km thick. If'the source material contained more than
five times the,chondritic»abundance;‘the sheli would be correspoond=
ingly thinner. The difficulties of producing Apol;o 11 basalts
by partial melting in such a thin outer shell have already been
remarked.

Dickey .(1970) has suggeéted'a compromise between the two
hypotheses of luna: basalt origin mentioned above. He suggests,

in agreement with Gast and others, that early melting processes in .

1
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led to the formation of an outer shell of overall eucritic com-
position. His model which uses chondritic abundances, would not
permit this shell to be more than 150 km thick. The eucritic
shell fﬁrther differentiates into a plagioclase-rich upper layer
(anorthostic gabbro) and a pyrdxene—righ lower layer, which
consists:i mmﬂﬂly of cumulates. Apollo li basalts were subsequently
formed by a small degree of partial melting of the pyroxenite lower
layer. |

This model acqéﬁnts satisfactdrilylfor the eurqpium deficiency
but encounters other p?oblems. It is very difficult to explain
the occurrence of widesPreéd partial mélting»in the lunar lithosphere
one billion years after the formation of the moon, when the outer".
200 km had coolea extensively by conduction (Section 2c). Furthefe
more, the pyroxenite source region envisaged by Dickey is a cumulate

in whicﬁ the incompatible elements would be strongly depleted and

fractionated among themselves compared to the parent magma. It is
difficult to'explain the high abundances of incompatible trace
elements in Apollo 11 basalts and their limited relative fractiona=-
tions (eg. Yb/Ba in Figure 2) compared to chondritic abundances by
partia; melting of such cumulates. Haskin et. al., (1970) have
pointed out that the lack of strong fractionation of heayy from
light rare earths in Apollo 11 basalts implies that high calcium

clinopyroxene was not an abundant phase in the source region. .

(Section 2d, iv).
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(1ii) Discussion

In nmy opinion, the balance of arguments discussed above (2d (i)
and (ii)) strongly favours the hypothesis that Apollo li basaltg have
formed by a small deg;ee of partial melting of a pyroxene + olivine
source region at dépths of 200~600 km and have éscended to the
su?face wi£hout extensive fractionation en route. This hypothesis
provides a satisfactory.explanation of their major elements chemistry;
if is capable of explaining most aspects of the trace element
chenmistry; it explains the density and moment of inertia of.the moon,
‘and is consistent with thermal history considgrations.-'Furthermore,
the process advocated is of a type which is known to occur widely
on the earth-—the élkali basalt suite, particularly ghe nephelinites, -
are-believed to have formed by a very'small degree of partial melting;
comparable to that suggested for Apollo 1l basalts, in the earth's
mantle, and display similar degrees of enrichmeﬁt of incompatible
elements such as Ba, U, and the light rare earths. 'Segregation of
Apollo 1l basalt after only a very small degree of partial melting
would be facilifated 5y its }ow viscésityA which is only about a |
tenth of that of terrestrial basalt (Weiil.et. al., 1970). It is
not yet demonstrated that the above partial melting hypothesis can
explain the europium anomaly, nor has it yet been demonstrated that
it is incapable of providing an explanation. ‘This will provide a

critical future test of the hypothesis.,
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On ‘the other hand, the hypothesis of partial melting of an outer g
shell of previously differentiated eucritic material, whilst capable ;
of explaining the europium anomaly, encounters a number of fundamental
objections, two of which do not appear soluble even in principle.

In section 5, several bqundary conditions for the origin of the
moon will be derived on the éssumption that the first hypothesis is ff

soine '
~correct. It is important to note tha?ﬂbf thege boundary conditions
‘could also be derived from the second hypothesis. Both have important ?
attributes in common, requiring an earlf near-surface melting and
differentiation process tolproduce the (éresymed) anoréhositic
highlands, followed by a later exfended phase of partial melting of
internal corigin to produce the maria. The mean lunar chemical
compositions and oxidétionﬁ states in both models are similar; thé
debate rests chiefly upon the depth aﬁ which Fhe second phase of
partigl me;ting occurred and the thickness of.the outer shell which
was subjected'to the primord+al differentiation, One of the most |
definite conclusions about lunar history which can be drawn atlthe
present stagefis that the moon. during the first billion'yeafs or so
was subjected to gxtensive high—temperature_crys£a1~liquid fractionation
processes which must have affected a large broportion of its mass.
The proposition that the moonnwas born cold, and has never been heated

entensively to near the melting point except, perhaps in a thin, .
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near-surface zone (Urey, 1969) cannot possibly be sustained.

(iv) Sourée Regions of Lunar and Terrestrial Basalts

Here we shall be concerhed with some comparative aspects of
the major element chemistry and mineralogy of the earth's mantle
"and tﬁe lunar interior,,‘The coefficient of moment of inertia,
I/MRZ, of the moon, 0.402 + .002 (Kaidla, i970b), is very similar
to that éf a sphere of uniform density (0.400). To a first
approximation, thermal expansion and compressibility cancel each

other out in the moon.! The above similarity thereby implies that .

providing ad hoc complex combensating structures are not introduced,

phase transformations leading to mineral assemblages of higher
.density with increasing depth can play only a Qery minor role.in

the moon. The restriction that major phase changes in the lunar
interior are not Ztolerabie is an important boundary condition for
theicomposiﬁion of this région. Ringwood andvEssene (1970 a,b)
demonstrated that for all practical purpoées, this limits the mean
A1203 énd Cal0 contents of the lunar interior to less thén 6 pércent
each, and that the moon, like the earth'$§ mantle, is dominantly com=-

posed of iron-magnesium silicates.

- There are, however, some important differences between the lunar

interior and the earth's mantle. "The Mqo ratio of the lunar
' Mg0 + FeO

¥
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interior is probably between 0.74 ana 0.80, compared to 0.88 in the
terreetrial interior (Ringwood and Essene, 1970b). Moreover, the
oxidation state of the lunar. interior, being characterized by the
coexistence of metallic iron with ferromagnesian silicates, is: much
lower than of the terrestrial mantle in which metallic iron is generally
absent and ferric iron occurs as a signifieant component of mos£.min-
erals (Ringwood and Essene, 1970 a,b; Ringwood 1966a, l970a),
Whereas o;ivine is generally believed to be the dominant mineral in.
the earth's upper mantle, liquidus phases of Apollo 11 basalts
suggest that Mg-rich pyroxenes may predominate in the moon, although
‘the presence of olivine in the lunar source regions is not excluded.
(Ringwood and Essene,.l970b),

More subtle, but equally important differences exist.” The Group
I Apollo 11 crystalline rocks contain on the average, less than 9%

of A1,0_ compared to the usual range ofilz to 18% Al O, in comparable

2°3 2 3
terrestrial basalts. This suggests that the (thermodynamic) activity
of A1203 in the lunar interior is less than in the earth's maetle.
Green and Ringwood (1967) have shown that aluﬁinous pyroxenes play a
major role in basalt gemesis in the earth. The low alumina content
of luner basalts combined with the observations that the alumina

contents of clinopyroxenes on the liquidus of lunar basalts are much

poorer in Al203 than .are the clinonrexenes on the liquidus of terrestrial
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basalts at similar pressures (Ringwood and Essene, 1970b; Green

and Ringwood, 1967) imply that the alumina contents of pyroxenes in
the source -regions of lunar basalts aré correspondingly smaller than
in the source regions of terrestrial basalts. This could be.explained‘
by postulating a similar absolute amount of A1203 in the earth gnd
moon, but with the lunar interior being much richer in pyroxene than
the earth's mantle, so that the ratio of Al,0; to pyroxene is lower

in the moon. Alfernatively, if the less likely postulate is made

that olivine is an abundant phase ‘in the lunar mantle, the amount

of pyroxene in the lunar mantle is correspondingly reduced wifhout

altering the Al,0., content of the pyroxene, so that the absolute

3

abundange of A1203 in the lunar interior is then smaller than in

the earth's mantle. Either way, we are obliged to assume that the

Al,0 ‘ . ] . ) .
Pyroxene and/or 2-3 ratios differ between lunar interior un&;
Olivine " MgO + Fel + SiO2 '

terrestrial mantle. If we accept the earlier argument that the
Ca0/Al;03 ratios in earth, chond:ités, achondrites, moon and sun

are the same an analogous conclusion follows~;namely that the average
calcium content of pyroxenes in the source reéions of lunar basalt

is smaller than in the source regions of terrestrial basalt.
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Further evidence that the average Ca0 ratio of pyroxenes
' Mg0 + FeO

in the lunar mantle is less than in the earth's mantle comes from

. , Qnd  heavy
rare—earth distributions. In Apollo 11 basaits)the lighﬁmrare earths
are greatly enriched but by about the same amounts, and the distribu-
tions are approximately parallel to the chondritic pattern. (Figure lf
However, large differences exist between the éartition coefficients
for heavy and light rare earths in the high—calcium‘clinopyroxenes-
(approximately 16% CaO-—Green and Hibberson, 1970) which are preseht
near the solidus in the earth's maﬁfle (Gast, 1968; Haskin et. al.,
1970), and the heavy rare earths, eg. Yb, are not strongly discrimin=-.
ated against so that they do not behave as incompatible elements.
Under these circumstances, a small degree of partial melting pro-
duces a highly skewed rare earth péttern with strong relative enrich~
ment of the light rare earths, which is characteristic of terrestrial
basalts formed in this manner. (Gast, 1968). The absence of skewing
in lunar basalts implies a much smaller amount, or absence, of
Ca-rich clinopyroxene in the lunar source region (Haskin ét. al.,
1970). On the other hénd, the heavy rare earth partition coefficients

in Mg-rich pyroxenes are much smaller and permit these minerals to

be present in the source regions (Haskin et. al., 1970).
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3. NATURE OF HIGHLANDS: THERMAL HISTORY

Several researchers (Anderson et. al., 1970; King et. al., 1970;
VonEnglehardt et. al., 1970; Short et. al., 1970, Wood et. al., 1970a)
suggested that the small proportion of plagioclase-rich rocks and glasses
found-in the fiﬁes were'derived from the lunar highlands and that the
latter were generally of "ano;thositic" coﬁposition. The most com-
prehensive case for this hypothesisAwas stated by Wood et. al., (l970b)
and need not be restated here. Althcugh the evidence'is circumstantial,

"the overall case is impressive and may be accepted as providing the
basis for a teé%tive'wbrking hypothesis. The following discussion
assumes that,this.hypothesis is correct.

Isotatic considerations (Kaula; 1970) imply that lunar high-
lands of presumed anorthositic composition are about 11.5 km thick.
Assuming approximate chondritic abundances of oxyphile, non—volatilé 3
elements .in the moon, an anorthositic crust of this ﬁhickness could
be derived by efficient magmatic fractionation processes from an outer
shell ébout 150 km thick containing about 20% of the mass of the
moon. This would imply that the outer shell had been extensi&ely
melted, probably during,.or soon after thelmoon‘s.formation, to
form a deeper zone about 125 km thick pf residual orthopyroxene and
olivine from'which'all the low-melting "basaltic" components had been
removed to form an'oyerlying shell of.eqcritic magma about 25 km ¢

¥

thick. This layexr of convecting eucritic magma thenlcrystallized'

- 39 -



Fig. 5. Proposed section (simplified and not to scale) of outer
vregibns of moon with flow sheet illustrating two-stage magmatic
histéry. The original layer (overlying the anorthosite) of
quartzo-felspathic residual material containing high concen-
tration of incompatible elements would have been largely
destroyed and redistributed by subse;uent'impact craters.
Formation of mascons by transformatién of basalt and gabbro

to eclogite in conical feeder structures beneath circular

maria is discussed elsewhere (Ringwood and Essene, 1970b).
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and differentiated in a manner analogous to some mafic stratiform
intrusives to form an upper layer richtin anorthosite and a lower
layer dominantly of clinopyroxene, (from which orthopyroxene
subséquently exsolved at lower temperature). The residual liquid
ultimately resulting from this phase of crystallization differentia-
tion was probably quartzo—felséathic in nature, and would have posséssed
~very Eiéh abundances of incémpatible elements. Small intrusions of
such material may be widespread throughout the highlands. It is
possible that rock 12013 is derived from one of these intrusions. A
sketch of the proposed model is given in Figure 5.

The proposed igneous history combined with interpretations of
lunar cratering (Baldwin, 1963) provide the following boundary con-

5

ditions for the thermal history of the moon:

(1) Anorthositic highlands 11.5 km thick imply the occurrence
of extensive melting in a shell about 150 km thick]ﬁrobably
some 4.7 billion years ago.

(2) Baldwin (1963) showed that older pre-mare craters were
systematically shallower than younger pre-mare craters and
concluded that the degrée of isostatic adjustment during
the cratering period decreased with time, implying increas-

ing strength and decreasing average temperatures in the

outer lithosphere during this interval. "
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(3) Generation of Apollo 11 and Apollo 12 basalts by partial'
melting at depths of 200 to 606 km from 1 to 1.4 billion
vears after the formation of the moon regpfﬁx heating
of this region, presumably by the long lived radioactive

elements, uranium and thorium.

(4) Presumed rarity of extensive mare.regions younger than
2 billion years old suggests subsequent cooling at depths
of 200 to 600 km. This is consistent with magnetic
. observations which may indicate low electrical conductivity -
apd relatively low temperatures thrdughout the bulk of the
moon (Ness, 1970). . |
Ringwood (1966a) proposed a thermal history which is consistent'
with these observations. (Figﬁre 6). He suggested that gravitational
energy of accretion played'an important role (See élso, Baldwin, 1963,
P. 396); Thg.mean'gravitational energy disspated during formation
of the moon is approximately(400 cal/gm based on a'free fall model.
The energy per gram increases as Rz, reaching about 690 cals/gm at
the end of accretion. 5pik (1961) has suggested that the moon may
have accreted in a period of about 100 yearé; Presumably the rate of

accretion also increased as the nucleus grew. Under these conditions

it is possible that a large proportion (eg 50%) of the energy of
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Fig. 6. Notional temperature distributions within the moon at
different stages of its history in relation to solidus
and liquidus of possible pyroxenite source'materiél (Table
2) for Apollo 11 basalt.
I. Soon after accretion; II. 0.5 = 1.5 b.y. after accretion;

III. Present day.
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accretion was conserved thermally during the final stages of
accretion. This could have led to extensive partial meltiﬁg of the
- outermost shell of the moon during accretion. A suggested course
of thermal- evolution (after Rinéwood 1966a) is given in Figure 6,
After accretion,the temperature of the moon would increase from the
centre outwards as in curve I, crossing the‘solidus in the outer-
most shell.and permitting differentiation of the highlands. Solidi-
fication would occur a timescale of a few million years or less, and’
the outermost shell would cool by conduction on a timescale of'lO7
to 108 vears. Increasing thickness of lithosphéré during this
interval accounts for Baldwin's Observations on differential isostaticj
recovery of crater floors. Superimposed on the conductive cooling
in the outer regions of the moon, heating by uranium and thorium
occurred at depths below 200 km. It is postulated that this was
sufficient to carry the thermal maximum through the solidus as in
Figure B, II, producing widespread volcanism’and mare formation
over an interval at least 1.0 to 1.5 billion years after accretion.
kIt seems possible'that magmatic activity’ occurred episodically on
the moon from 4.5 to about 3 billion years ago with the loci of the
of the source regions of the magmas becoming deeper with time.):

Over a longer time scale, the sharp maximum decayed by conduction.

Furthermore, differentiation of the interior and transfer of
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radioactive heat sources to near-surface regions during the period
of mare formation drastically reduced the rate of heat generation
in the deep interior, leading to the temperature distribution

shown in curve III.

Wood et. al., (1970b) have suggested that the short lived

26 was responsible for the melting event which

radionuclide Al
‘caused the formation of the anorthositic'highlands. However, heating
by this source would not have Eeen confined to the near~surface
regions but would have been effective throughout the body of the

moon leading tO‘par;ial melting of the entire moon, and upward segre-
gation of the melted fraction. This model thus leads to complete
chemical differentiation, as indeed‘is postulated by Wood et. al.,
resulting in concentration of the heat sources into near-surface
regions, so that deep—seatea cooling to depths of several hundred
kilometers occurs over a period of 109 years. It then becomes very
difficult to understand how the maria were formed by partial melting
processes }r¢3 in the lunar interior after this time interval.
Furthermore, Wood et. al.'s model implies that the source regions

of Apcllo.ll basalts were strongly fractionated about 4.7 billion
yvears ago. The high,absoluté abundances and sub-chondritic patterns

of incompatible elements_occurringAihquollo 11 basalts are not

consistent with this implication.
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4. DEPLETION OF LUNAR BASALTS IN VOLATILE METALS

Analyses of Apollo 11l rocks (e.g. Ganapathy et. al., 1970)
show that they are depleted by factors of 3 - 100 compared to
terrestrial basalts in a wide range of metals which are well known
to be relatively volatile under high tempe?ature, reducing conditiQns.
The depleted metals include Na,bK, Rb, Cs, 2Zn, Cd4, Hg, Bi, T1, In, Ge,
Pb, Sb and As. These depletions, when correctly normalized, are one
of the ﬁost spectacular aspects of the comparative chemistry of
iApollo 11 and terrestrial basalts.

Two explanations of this abundance pattern have been suggested.
The strong depletion in volatile metals may be a primary feature of
the lunar basalt‘sdurce region in which case the abundance pattern
assumes major genetic significance. (e.g. Ringwood, 1966a; l970§;
Ringwood and Essene 1970 a,b; Ganapathy et. al., 1970). Alternatively,
it has been suggested that the volatile elements were "boiled off"
during extrusion of the Apollo 1l basalts, and that the orig;ngl
composition of the lunar magmas was not significantly different from

that of terrestrial basalt. (e.g. O'Hara et. al., 1970 a,b).

The strontium isotope ratios show definitively that the depletion of
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rubidium relatively to strontium in Apollo 1l basalts occurred at

a very early stage of lunar history, and long before extrusion of

"Apollo 11 lavas some 3.7 billion years ago (Ganapathy et. al., 1970;
Gast et. al., 1970; Hurley and Pinson, 19707 Ringwood and Essene,
1970b); It was pointed out by Hurley and Pinson (1970) that the
source region of Type B Apollo li rocks waé characterized by Rb/Sr
ratios about one fifth of that of the earth's upper mantle and that

"these ratios came into existence at or close to 4600 million years

ago and not at the time of volcanism" (my italics).

A similar conclusion holds in the case of the enormous depletion
of lead which is observed in lunar basalts relatively to‘uranium, as
‘compared with terrestrial basalts. fatsﬁmoto (1970) showed that the
initial U238/Pb204 ratio estabiighed in the moon 4.6 billibn years
ago was much higher than thé,corresponding ratio in the earth's
mantle. He concluded that the gross depletion of lead relatively to.
uranium in the moon is a primary feature established during the moon's
formation and that the Pb/U ratio in the moon has always been much
smaller than in the earth's mantle. Similar conclusions were
reached by Gopalan et. al., (1970) and by Compston et. al., (1970).
Althougﬁ a very small amount of lead—~loss might have occurred during

subsequent extrusion of Apollo 1l basalts, this was trivial in
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amount compared to the primary fractionation and does not affect the
above conclusion (Tatsumoto, 1970; Compston et. al., 1970).

The Apollo 1l basalts are characterized by remarkably constaﬁt
sodium abundances, despite a wide range of cooling histories as
indicated by textural variations from basaltic through doleritic to
gabbroic. This is difficult to explain if solium was being lost by
volatilization during cooling, (Géles et. al., 1970). Plagioclase
in Apollo 11 basalts displays normal zoning with an increase of sodium
‘and potassium towards the rims. Most of the potassium and rubidium’
-in these rocks occurs in late stage interstitial ma;erial. It is
clear that the concentrations of K and Rb in the residual magma
- increased by very large amounts during the course of crystalliza-
tion of Apollo 1l magma. This behaviour.corresponds to expectations
for closed-system fractionation. I£ would not be readily explained
if a five~fold depletion of Na, K and Rb ﬁadvpccurred by volatiliza=-
tion during crystallization of the magma.

It is concluded that the depletions of Pb, Rb, Na and K in
Apollo 1l basalts compared to'terrestrial basalts are characteristic
of the respective source regipns and are unrelated to the
extrusion of Apol;o 11 magma.' It is reasonable to infer that
the corresponding depletions of the other relativeiy volatile

netals (Cs, 2Zn, Cd, Hg, Bi, Tl1, In, Ge, Sb, As),
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. have a similar origin and significance.

5. SOME BOUNDARY CONDITIONS FOR THEORIES OF LUNAR ORIGIN

The preceeding sections have been devoted primarily to a
critical discussion of some aspects of the chemistry and petrogenesis
of lunar basalts - particularly those aspects relating to the condi-~
tions of formation of Apollo 1l basalts and the chemical and mineralo-
gical nature of their éource regions. The discussion has also been
concerned with comparisons between lunar and terrestrial basalts
and between their respective source regions. An attempt is made
below to summarize.the principal similarities and differences
between lunar and terrestrial basalts, and, by inference, between
the lunar interior and the earth's mantle, wiéh the objective of

defining some boundary conditions for theories of lunar origin.

(a) Overall Similarities between Earth and Moon

(i) The moon and the earth's mantle are both dominantly
composed of ferromagnesian silicates with subordinate

Cal0 and AlZOB'

(ii) The relative abundances of most of the non-volatile
incompatible class of trace elements in the source
regions of lunar and terrestrial basalts appear to
have béen similar and closely re;ated to tﬁe chondritié

abundances.
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(iii) The absolute abundances of most of the non-volatile
oxyphile elements in lunar basalts fall within the
range of concentrations of these elements displayed
by terrestriai basaits (LSPET, 1969).
(iv) Elements which are comparatively volatile under high
temperéture reducing conditions e.g. K, Rb, Pb, T1l, Bi,
~In, are rélétively depleted‘in the earth (by factors:
‘of 5-10) compared to the probable abundances of

these elemengs in the primordial solar nebula (Gast, .
.1960; Ringwood‘l966 a,b). Likewise, this group of

volatile elements is also relatively depleted in the moon..

The above similarities, particularly (iv) might be taken to
.indicate that some of the fundamental chemical fractionation processes
which occurred when thé‘earth and moon formed from the‘solar nebula
were simila:, and tenatively, might point in the direction Qf a gene-
tic. relationship betwgen earth and moonj

(v) This suggestion is supported by the history of tidal
evolution of the earth—moon~systém which implies that
. thg moon was once only 2.8'earth radii distant from
'earth‘(Gerstenkorn, 1955). This is aimost identical
with Roche's limit, and it does not appear likely that
'the similarity between,these'distanceé is a mere coin-

cidence as is implied by the capture hypothesis

(5pik, l96l). Additional reasons for rejecting the
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capture hypothesis are given in the next section.
If capture is rejected, the tidal history indicates
that the moon was probably born‘very-close to the
earth and, therefore, a close genetic relationship

might be inferred. (e.g. Section 7).

(b) Chemical Differences between Earth and Moon

éuperimposed on the general resemblances which exist between moon
and earth (above) there are some very important specific differences:
(i) The moon is strongly depleted in iron relative to the
earth. If a core is present, it cannot amount to
more than a few percent of the mass.
(ii) Apollo 11 basalts are stronglyvdepleted in many
siderophile elements relative to terrestrial basalts.
(e.g. Ganapathy et. al., 1970).
(1ii) The moon is much more strongly depleted in volatile
metals (e.g. Na, K, Rb, Cs, Pb, In, Tl, Zn, Hg etc.),:
“than the earth cqmpared to primordial abundances.

(iv) The — Fe0  nolecular ratio in the source regions
: Fe0 + MgO '

of Apollo 1l basalt is probably between 0.20 and 0.26 -
compared to a probable value for this ratio of 0.12
in the source regions of terrestrial basalts (Green

and Ringwood 1967, Ringwood 1970b).
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(v)

(vi)

(vii)

The mineralogy of the lunar mantle is probably
pyroxene-dominated as compared to a preponderance

of olivine in the.terrestrial mantle. The ratios of
A1203'and~CaO;to total pyroxenes are smaller in the
lunar mantle than in.the tefrestrial mantle. Thus,
important differences exist in the relative abundances
of the major components: sioz, Mgé; Fe0, Al,05 and

Ca0 between the lunar interior and the earth's mantle..

Studies of the chemistry of rare earths in lunar and

terrestrial basalts (Haskin et. al., 1970; Gast and

‘Hubbard, 1970) indicate that_calcium—rich clinobyroxene

is a less abundant phase in the lunar mantle than in

the terrestrial mantle.

Terrestrial basalts and their source regions are much

8

more oxidized (oxygen fugacity of 10 - to 10-9 atm.

at 1200° ¢) than lunar basalts and their source

regions (fo, = 10-13’5 atm. at 1200° C).

(viii) As a consequence of the low oxygen fugacity in the

moon, H,0 and CO, are unstable relative to H, and CO
at magmatic temperatures. ' Water and carbon dioxide
are, therefore, very rare in lunar rocks compared to -

terrestrial rocks.
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6 THEORIES OF LUNAR ORIGIN

(a) Capture vaotheéis

Gerstenkorn's (1955) study of lunar tidal evolution placed the
moon very close to the earth as recently as 2 billion'years ago.
Because of the conflict between this date and the age of the earth,
he appealed to a capture mechanism for thevmopn on a retrogfade
orbit slightly earlier than the time of closest approach. MacDonald
(1964) and Opik (1969) pointed out that earth and moon would be
 strongly heated and deformed during the time of close approach and
thgt thg surface features of the moon must have been formed subse-
quently to this time. The ages of the Apollo 11 basalts and the
older ages inferred for the lunar highiands'are in direct conflict
with the assumed timescale of lunar tidal evolution and consequently
the justification from thié source for the captﬁre hypothesis»

disappears.

Urey (1962) afgued for capture of. the moon about 4.5 billion.
years ago on different'gréunds. He maintained that the moon is a
"primary object" composed of the solar abundances of elements
(excluding gases). His case rested on an assumed agreement in

Fe ratios between the moon and the sun's atmosphere, in céntrast
Mg + Ssi

to the ratios in the terrestrial planets which were believed to be

much higher than in the sun. Recent remeasurements of the f=values

of iron (Garz et al, 1969) have removed the latter discrepancy and -
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and with it, the basis of Urey's hypothesis. The solar __Fe ratio
. Mg + Si
is now in agreement with the chondritic value within error limits, and
furthermore, as demonstrated by Ringwood (1966a) and Ringwocd and
Clark (1970), satisfactory models of earth, Venus and Mars can be
constructed from these abundances. The stfong depletion cf volatile
elements in the moon also contradicts its identification as a
"primary object". The evidence for the existence of lunar-sized
primary objects originally reéted'upon the‘assumption (once also
held by the author) that the:diamonds’fouhd in some meteorites were
“produced under equilibrium cohditions by static high pressures
(Urey, 1956, 1966). This assumption is now known to be wrong since
the diamonds were produced by shock waves (Lipschutz and Anders, 1961’.
Capture of the moon by the earth is an event of low intrinsic
probability. The two bodies must possess generally similar orbits
and thus have been born in the s;me region of the solar system,
.and presumably, from the same parental matcrial. .The deficiency
of iron in the moon; compared to the earth, Venus and Mars is thus
inexplicable oh‘the capture hypothesis, which furthermore does not
offer any explanation for the remaining characteristic features of
lunar composition discussed in section 5.
Singer (1968, 1969) and Aifven and Arrhenius (1969) have

presented modifications of the capture hypothesis aimed at relieving

one of several dynamical problems it faces (MacDonald 1966, Wise, .
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1969); namely the dissipation of energy and heating of earth and
‘moon during the assumed close approach. Singer is obliged to
. abandon Gerstenkorn's time-scale for lunar tidal evolution which
was the primary reason for turning to a capture~type hypothesis in
the first place. Alfven and Arrhenius, on the other hand, make
a number of highly speculative assumptions about the possibility of
spin-orbit coupling. These doubtful assumptions reduce still
further very low intrinsic probability (acknowledgéd by all) of the
postulated capture mechanisms.

Modifications of this so:t are not aimed at'coping with the
' primari déficiencies of the capture hypothesis - inability to explain
the low iron content of the moon and the other differences in
composition between earth and moon. A hypothesis which merely sweeps
these problems under the table is hardly worthy'of serious consideration.

A}

(b) Binary Planet Hypothesis

This hypothesis maintains that moon and earth formed independently
in the same neighbourhood of the solar nebula from a common mixture
of metal particles and silicate particles which were present in the
nebula. It is assumed that during accretion, iron particles were
somehow preferentially concentrated in the earth and depleted in the
moon. Physical processes which have been invoked to explain this
metal-silicate fractionation have been ad hoc and vaguely defined =

e.g. Latimer (1950), Orowan (1969). 'A recent suggestion by Harris - ,
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and Tozer (1967) invoked ferromagnetic properties of metal grains
to explain preferential aggregation and accretion in the earth.

p
However Banerjee (1967) demonstrated that the mechanism was
inadequate by a factor of 10 to cause the desired effects.

Irrespective of the iron fractionation problem, the binafy
planet hypothesis implies that the earth's mantle and moon have
been formed from the same well-mixed silicéte component. Accord-
iﬁgly basélts formed by partiél melting in the earth's mantle and
-on the moon should display a generally similar compositional range.
The major chemical différences (section 5) between lunar and
* terrestrial basalts and between their respective source regions,
particularly in major elements and volatile metals, are not
" readily explained on the basis of this hypothesis.

Ganapathy et al (1970)'have recently proposed that the moon

collected a much smaller proportion than the earth of volatile-
rich material which they assume to have condensed from the solar
nebula at a late stage.  They suggest that this was due to the
smaller capture cross~section of the moon compared to earth.
This mechanism, however, would also be applicable during earlier
stages of accretion of the moon from volatile;poor material, so
that the ratio of volatile-rich to volatile-poor material would
not be greatly affected. Moreover, the differences in major

element composition between earth and moon are not explained.

*!



(c) Fission Hypothesis

According to this hypothesis, the material now in the moon was
derived from the earth's upper mantle after segregation of the core.
Accordingly it would be anticipated that the chemical composition
of the lunar interior would be similar to that of the earth's upper
mantle and that the compositions of lunar and terrestrial basalts
formed by partial melting from their respective source regions
would alsé be generally similar. The large compositional . differences
between lunar and terrestrial basalts and between their respective
source regions, particularly of volatile elements and major elements,
are not explained by this hypothesis, at least, in its earlier forms
which assumed that material f;om the earth's outer mantle was ejected
in a condensed state (i.e., not gaseous). Recent developments of
the fission hypothesis by O'Keefe (1969) and Wise (1969) suggest
that fission may be accompanied by formation and then loss of a
massive hot terrestrial atmosphere and that the moon may be the
residue of this atmosphere. These modifications have many aspects
in common with the hypothesis of Ringwood (1960, 1966a, 1970a) which
‘is discusséd in the next section. |

(d) Precipitation Hypothesis

The history of tidal evolution of the earth-moon system implies
that the moon was once only 2.8 earth-radii from the earth, which

is almost identical with Roche's limit. Opik (1961, 1967) maintained
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that this is unlikely to be a coincidence (as is implied by the
capture hypothesis) and that it is more likely that the material
now in the moon originally came from within Roche's limi£ where

it existed previously in the form of a "sediment-ring" of earth-
orbiting planetesimals =~ somewhat analogous to the rings of-Saturn
only relatively more massive. 5pik suggested that the moon was
formed by the coagulation of the sediment/ring after it had
expanded beyond Roche's limit.

With the demise of the capture hypothesis, 8pik's interpre-
tation looks all the more plausible. Bpik (1961, 1967) also suggested
that the observed ellipticities of craters on the lunar highlands
(see also Ronca and Salisbury, 1966) were caused by their.formation_'
on the moon when it was close to the earth and tidally distorted.
From the degree of distortion, he inferred that the craters had
been formed when the moon was passing outwards through a ring of
earth-orbiting planetesimals at a distance of about 6 earth radii.

It has frequently been suggested that the formation of highland
craters represented the terminal stage of the moon's accretion.

Since these craters post—date the meltieg and differentiation of

the outer shell of the moon (section 3) it may be inferred that the
moon was born much closer to the.earth than 6 earth radii. Formation
of most of the moon by coagulation of a sediment—riﬁg could héve

occurred in a period of less than 100 years (Opik, 1961). This

- 56 =



short timescale appears necessary if an appreciable part of the
moon's gravitational potential energy is to be retained thermally
tO cause the early heating and melting as suggested in section 3.

The considerations advanced above strongly suggest a genetic
relationship between the earth and the material from which the moon
was formed. This is also suggested by the chemical resemblances
between earth and moon noted.in section 5.‘ An acceptable hypothesis
of lunar origin must be capable of explaining this inferred genetic
rélationship and ﬁust at the same time provide an explanatidn of
the fractionation of iron and the other important chemical
differences between earth and moon whiéh were summarized in
section 5.

The "precipitation" hypothesis developed by Ringwood (1966a,
1970a) may provide a possible framework for interpreting these

relationships. A summary of this hypéthesis is given below. A

more detailed account is given in the'preceding references. According

to this hypothesis, the earth accreted in the solar_nebula from
planetesimals of primordial composition resembling the Type 1
carbonaceous chondrites. These contain completely oxidized iron
together with large amounts of volaﬁiles and carbonaceous compounds,
and have retained the primordial abundances of most elements except
for extremely volatile substances. It was assumed furthermore that

accretion was completed just before the sun entered its T-Tauri
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Fig.

7. Relationship between energy of accretion and radius of the
growing earth. The principal stages of accretion are also
shown in relation to the energy of accretion and approximate

surface temperatures.
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phase characterized by rapid mass-loss and the generation of a solar
wind some 106 to 107 times more intense than the present solar wind.

Formation of the earth under these boundary conditions is strongly
influenced by the gravitational potential energy dissipated during
accretion which iw turn controls the chemical equilibria in the
accreting material. The accretion energy per gram is plotéed’against'
radius of the grpwing earth in Fig. 7. Iﬁ increases approximately
as the square of the radius, reaching 15,000 cals/gm during the
final stages.

During the early stages‘of accretion, the energy evolved is
small and accretion is relatively slow. The temperature is accordingly_.
low and is buffered by the latent heat of evaporation of volatiles,
e.g. H,0, in the planetesimals. During this stage (Fig. 7, I) a
cool, oxidised, volaﬁile—rich nucleus of primordial material,
perhaps about 10% of the mass of the earth, is formed.

As the mass of the nucleus increases, the energy of infall of
planetesimals becomes sufficient to cause strong heating on impact,
leading to reductioh of oxidized iron by carbon and formation of a
metal phase. This is accompanied by degassing and the formation of
a primitive atmosphere,‘mainly of CO and H, (stage II, Fig. 7).
With further growth (Stage III)~both the temperature and intensity
of reduction increase and metals which are cémparative;y volatile

reducing :
under high temperatqr%Aconditions (e.g. Na, K, Rb, Pb, Zn, Hg,
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In, Tl) are volatilized into the primitive atmosphere. During
Stage IV, the surface temperatures exceed lSOOO’C and the

relevant equilibria (Ringwood 1966a) show that ;ilicate minerals
are selectively reduced and evaporated.into the primitive atmosphere,
whilst metallic iron continues to accrete upon the earth. Finally,
during Stage V, after segregation of the earth's core, which causes
~a further evolution of 400;6OO cals/gm of gravitational energy for
the whole earth, silicates from the'outer mantle ére directly evap=-
orated into the primitive atmosphere. The mass of the primitive
atmosphere is about one quarter of that of the earth and it is
composed mainly of CO and H2 with gbout 10 percent of wvolatilized
silicates.

It is assumed that this primitive atmosphere was dissipated
immediately after accretion or during the later stages of accretion
by a combination of fachrs'(l).inteﬁse solar radiation as the sun
passed through a T-Tauri phase, (ii) mixing of the rapidly spinning
high~-molecular-weight terrestrial atmosphere with the low-molecular-
welght solar nebula in which it is immersed, (iii) magnetohydro-
dynamic coupling resultiné in the transfer of angular momentum from:
the condensed earth to the primitivg atmosphere( and, more speculaé
tively, (iv) rotational instability of the atmosphere caused by
formation of the core (modified fission hypothesis - (Ringwood, 1960;

O'Keefe, 1969; Wise, 1969). The relative importancesof thesé
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processes are not known, but it seems likely that the intense solag
wind from the T-Tauri phase of the sun played a major role.

As the result of a combination of these prbcesses, the massive
primitive atmosphere was dissipated. On cooling, the silicate
components were precipitated to form an assemblage of earth=-
orbiting planetesimals resembling Spik's sediment ring. A further
fractionation according to volatility occurred during the precipi-
tation stage, since the less volatile components were precipitated
first at relatively high temperatures and close to the earth, whereas
the more volatile components were precipitated at lower temperatures
and further from the earth. The silicates precipitating at relatively
high temperatures would probably have grown into relatively large
planetesimals (lO2 - lO7 cm diam.) which would tend to be left
behind by the escaping térrestrial atmosphere. However the more
volatile components precipitating at relatively low temperatures
were more likely to have formed fine, micron-sized particles or
smoke, which would be carried away with the escaping atmosphere
by viscous drag, and hence lost from the earth-moon system. The
moon then accreted from the sediment-rin%fearth-orbiting planetesimals.

Ringwood (1970a) showed in greater detail that this "precipi-
tation" hypothesis accounted for the fractionation of iron and
silicates between earth and moon in the context of a close genetic

relationship between earth and moon. Chemical fractionations within

’
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the cooling primitive atmosphere were alsc shown to provide a basis
for interpreting the strong relative depletions of volatile elements
in the moon, the fractionation of some major oxyphile elements
between moon -and earth, the relative depletions of siderophile

trace elements in the moon and the different oxidation state of

the moon as éomparéd to the earth’'s mantle.

Goldreich (1966) has shown that stable orbits of planetesimals
within about 10 earth radii must iie in the equatorial plane because
of the perturbing influence of thé earth's rotational bulge. If
the moon formed by coagulation of a sediment ring, it should have
forméd in the same plane, whereas tidal evolution studies show
that the lunar orbit possessed a substantial inclination to the
earth's equatorial plane when it was much closer to the earth.

This has been cited as an objection to Bpik's sediment=-ring hypothesis
by Urey and MacDonald (1970). However Wise (1969) has pointed'out
that the difficulty can be avoided if the earth's rotationai axis

was tilted at about 10 degrees to the plane of the ecliptic before

the moon was formed. The initial tilt of the earth's axis may have
been a consequence of non-symmetric escape of the primitive;atmosphere.
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