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Abstract-It is assumed that the moon accreted from refractory material from which the volatile 
elements had already been depleted. The accretion was homogeneous since there is (a) a good 
correlation between volatile/involatile element ratios in both highland and maria samples, and (b) the 
element distribution in crustal rocks is not governed by volatility differences. 

The overall composition of the highland crust is derived from the orbital Al/Si and Th data and the 
observed interelemental relationships. The highland REE abundances have a positive Eu anomaly. If 
the moon has the same relative pattern as chondrites, the interior has a negative Eu anomaly, wi_th a 
pattern resembling those of maria basalts. The abundances of the refractory trace elements, are about 
five times those in Type 1 carbonaceous chondrites. In order to account for the high near-surf ace 
element abundances, very efficient large-scale element fractionation must occur, implying melting of 
most or all of the moon. 

The following geochemical model is proposed. The center of the moon (below 1000 km) is primitive 
unfractionated material, now partially molten due to trapped K, U, and Th. 

Following accretional melting, the first silicate phase to separate was Mg-rich olivine. As 
crystallization proceeded, orthopyroxene precipitated. In the low-pressure ( <50 kbar) environment, 
most cations except Mg, Fe, Ni, Co, and Cr2+ were excluded from the olivine and orthopyroxene 
lattice sites, and migrated upward. A frozen crust quickly developed, although continually broken up 
by the declining meteorite bombardment. This frozen surf ace layer, analogous to a chilled margin 
retained high concentrations of Mg, Cr, etc. in near-surf ace regions. These elements are not derived 
from chondritic meteorites, which would have contributed high Ni, Ir, etc. Because of the refractory 
nature of the total lunar composition, a Ca-Al-rich residuum develops. Increasing crystallization at 
depth leads to a concentration of these elements, trapped under the frozen surf ace layer. When the 
concentration of Al reaches 12-17% Al203, An-rich plagioclase precipitates, and concentrates beneath 
the frozen surf ace, whereas the Mg-Fe phases sink. The Ca-Al-rich region incorporates Sr2+ and Eu2

+. 

As crystallization proceeds in both top (crustal Ca-Al) and bottom (mantle Fe-Mg) regions, 
additional fractionation changes the Mg/Fe ratio, and produces zones of Fe-Ti oxide accumulation. 
Those elements unable to enter the plagioclase above or the Mg-Fe sites below are trapped between. 
In this zone, all the remaining elements concentrate. These include K, Ba, Rb, Cs, REE, Th, U, Zr, and 
Nb. Thus following the primordial fractionation, a chemically zoned moon is produced. 

The crustal zonation established at about 4.5 aeons was changed very quickly. The declining stages 
of the meteoritic bombardment pulverized the chilled zone and larger impacts mixed in the underlying 
anorthosite. The high concentration of heat-producing elements K, U, and Th (and Zr, Hf, REE, etc.) 
beneath the plagioclase zone provide the high-element abundances for the Fra Mauro or_ KREEP 
basalts. Possibly this zone did not solidify but the residual liquids invaded the crust, where impact 
mixing produced the parent material for the anorthositic gabbro (highland basalt) and the Fra Mauro 
basalts. This stage continued to 3.9 aeons. 

Partial melting next occurred in successively deeper layers and a succession of maria basalts were 
erupted. The first of these were the aluminous basalts from shallow depths beneath the KREEP source 
layer. These overlapped with the later stages of the bombardment, and predate the Imbrium collision in 
part. Next (3.8-3.6 aeons), the Ti-rich Apollo 11 and 17 basalts were erupted from a zone where Fe-Ti 
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oxides accumulated. Finally (3.4-3.2 aeons), the Apollo 12 and 15 quartz and olivine normative basalts 
were extruded. 

1. INTRODUCTION 

THE LARGE VOLUME of geochemical, petrological, and geophysical data now 
available place many constraints on the composition and evolution of the moon. 
In this paper we consider the evidence for and the implications of homogeneous 
accretion of the moon. Inter-element ratios are used to calculate the composition 
of the highland crust. The rare-earth data for the highlands show a positive Eu 
anomaly allowing the deduction that the interior has a negative anomaly. The 
Cr/Ni ratios in the highlands are considered in regard to the overall lunar 
abundance of the siderophile elements. These abundance data, and the constraints 
from the heat flow measurements are next used to set limits on the bulk 
composition for the moon. The geochemical constraints are integrated with the 
petrological and geophysical data in an attempt to provide a consistent model for 
the geochemical evolution of the moon. Many of the points cannot be discussed in 
the detail which they deserve within the limitations of space imposed by these 
Conference Proceedings. A further and extended account will be given in a 
forthcoming book (Taylor, 1975). 

2. HOMOGENEOUS ACCRETION OF THE MOON 

One of the first-order facts which appears to be well established is that the 
volatile elements (e.g. Rb, Pb, Tl, Bi, Cs) had already been depleted at the time of 
accretion (Papanastassiou et al., 1970; Wetherill, 1971). Accordingly, it may be 
assumed that the moon initially accreted from material somewhat enriched in 
refractory constituents (Grossman and Larimer, 1974). Whether the siderophile 
elements (e.g. Ir, Au, Ni) were depleted before accretion is a current question. 

Much insight has been gained from the study of elemental ratios, briefly 
summarized here. Analytical data of high quality for lunar samples have revealed 
a host of correlations often unexpected on the basis of terrestrial geochemical 
experience. Values for well-established element ratios in lunar samples are given 
in Table 1. 

Three distinct reasons appear for the correlations: 

(a) Similarity between elements of ionic radius, valency and bond type leading 
to conventional geochemical coherence. Good examples are Th/U, Zr/Hf, REE 
(except Eu), K/Rb, Ba/Rb, Rb/Cs, and Fe2+/Mn2+. In this context, the lack of 
water and other volatiles in the moon produces simple crystal chemical relation-
ships. None of the ions are hydrated, for example. 

(b) Concentration of elements of diverse chemistry in residual melts during 
fractional crystallization due to their inability to enter the major rock-forming 
minerals. For the same reasons, these elements may be concentrated in initial 
melts during partial melting (e.g. K/U, Zr/Nb, Cs/U, K/Zr, K/La). These ratios are 
very similar in highlands and mare samples. Such differences as exist (e.g. K/U) 
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The geochemical evolution of the moon 1289 

Table 1. Lunar element average ratios (±20%). 

(A) Geochemically 
associated elements Reference 

K/Ba 6.10 
Rb/Cs 23 2 
K/Tl 2 X 105 2 
Th/U 3.8 3 
Tl/Vs 4X 10-2 2 highlands 

1.2 X 10-2 2 maria 
Sr2+/Eu2+ 100 4 
Cr/V 28 6 
Zr/Hf 45 5 highlands 

35 5 maria 
Cr/Sc 70 4 
FeO/Sc 5400 6 
Ba/Rb 60 4 
FeO/MnO 80 6 

(B) Volati1e/invo1ati1e 
element ratios Reference 

K/Zr 4.23 
K/Nb 67 1 
K/La 70 7 
Cs/U 0.23 2 
K/Hf 210 1, 5 
K/Th 500 3 
K/U 1500 3 highlands 

2500 3 maria 

(C) Involatile 
elements Reference 

Ba/Zr 0.69 
Zr/Ba 1.44 1 
Zr/Nb 14 1 

References for Table 1: 
1. Duncan et al. (1973). 
2. Krahenbuhl et al. (1973). 
3. Eldridge et al. (1973). 
4. Taylor et al. (1973). 
5. Chyi and Ehmann (1974). 
6. Lau1 and Schmitt (1973). 
7. Wanke et al. (1973). 

may be explained by crystal chemical effects (Taylor, 1973). In other examples 
(Cs/U) the volatile element is somewhat enriched in the highlands samples, the 
converse of that predicted by the heterogeneous accretion hypotheses. The 
geochemical association of elements of such widely differing valency, radius, 
bond type and volatility as K+, La3+, and Zr4+, through multistage processes is 
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indeed striking. One immediate consequence may be noted. The similarity of 
those volatile/involatile element ratios place severe constraints on heterogeneous 
accretion models invoking volatility differences to explain the highland chemistry 
(Duncan et al., 1973). 

The range of correlations for some in volatile elements in highland samples is 
illustrated in Fig. 1. A wide variety of data from Apollo 14-17 missions, all from this 
laboratory, show close correlations for many involatile elements. In this figure, 
total REE abundances are plotted. Individual elements of the group would show 
similar correlations. The significance of the correlations is that, once the value for 
one element, such as Th is known, those for other elements may be obtained. 

(c) Correlations produced by mixing of different rock types during intense 
cratering of the highlands. This is a further process which will contribute to the 
observed close inter-element ratios in highland samples. Since the chemistry of · 
the highland samples appears to be dominated by two major rock types (anor-
thositic gabbro, and low-K Fra Mauro basalt), many of the highland breccias will 
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Fig. 1. Element correlations between IREE and Th, Hf, Nb, and .Ba for highland 
samples. Data from Taylor et al. (1973). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1974LPSC....5.1287T


1
9
7
4
L
P
S
C
.
.
.
.
5
.
1
2
8
7
T

The geochemical evolution of the moon 1291 

show element abundances dominated by two component mixtures and hence 
exhibit simple element correlations. 

A further relationship emerges from the abundances of the in volatile elements. 
The assumption is made that there is no relative fractionation of the involatile 
elements between the moon and the primitive solar nebula abundances. For 
example, it is assumed that the rare-earth abundance patterns are parallel in both 
cases. If this assumption is correct, then the involatile elements in the highland 
rocks have been fractionated to a degree which depends not on volatility, but on 
the differences in ionic radii and/or valency from those of Fe2

+ and Mg2
+. These 

observations have been interpreted as evidence for fractionation based on 
crystal-liquid equilibria, and hence imply large-scale melting in the outer layers, of 
the moon (Taylor, 1973). 

These lines of evidence encourage the view that the moon was accreted 
homogeneously (Brett, 1973b; Duncan et al., 1973; Taylor, 1973). Theories that the 
highlands represented a late addition of chemically distinct refractory material 
have been abandoned (Ringwood, 1974). 

An important consequence of homogeneous accretion theories is that very 
efficient large-scale elemental fractionation is required to account both for the 
high near-surface concentrations of refractory elements (e.g. Th, U, REE, Zr, Ba, 
etc.), and for the Ca-Al-rich crust. This is because the observed concentrations in 
lunar samples commonly represent enrichments by two orders of magnitude over 
any estimates of primordial solar nebula abundances. 

3. THE COMPOSITION OF THE HIGHLANDS CRUST 

The observed inter-element correlations greatly facilitate the study of overall 
highland chemistry. The various ratios form an interlocking system so that, 
provided some are known, the rest may be calculated. The orbital XRF and 
gamma-ray data provide information on Al/Si and Mg/Si ratios and Th values 
across wide regions of the highlands (Adler et al., 1973; Trombka et al., 1973). 

These data form a base on which to build up a multi-element compositional 
table, by using established inter-element relationships (Table 1). Such a table was 
first prepared by Taylor et al. (1973). In the present paper, the calculation is 
refined using more recent data. Most notably, the average abundance of Th in the 
highlands is somewhat lower than previously reported (J. R. Arnold, personal 
communication). 

Average Al/Si and Mg/Si values are 0.62 (±0.10) and 0.24 (±0.05), respectively. 
SiO2 concentrations are relatively uniform at 45% in highland samples, yielding 
values of 24.6% Al2O3 and 8.6% MgO. A value of 6.6% FeO is obtained from the 
MgO/FeO relationship observed in the highland soils and breccias. From the 
Fe/Cr relationship, a figure of 0.10% Cr2O3 results. No estimates are made for Ni 
and Co because of the random meteoritic component. Allowing a typical lunar 
Na2O abundance of 0.45%, the remaining major constituent is CaO, which yields, 
by difference, a value of 14.2%. This value is consistent with that observed in 
samples of this approximate composition and with the Ca/ Al relationship. 
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The Th average for much of the highlands is in the range 1.0-2.0 ppm (Metzger 
et al., 1974). Adopting 1.5 ppm Th as an average, and using the well-established 
Th/U ratio of 3.8, the U abundance is 0.4 ppm. From the K/U value of 1500 (Table 
1) the K value may be calculated as 600 ppm or 0.75% K20. From K/Rb == 350, 
Rb== 1.7 ppm and from Rb/Cs== 23, Cs== 0.07 ppm. 

Further abundances can be calculated by utilizing the inter-element relations 
shown in Fig. 1. Thus for a Th value of 1.5 ppm, IREE == 65 ppm, and hence 
Hf == 2.3 ppm, Nb == 7 .5 ppm and Ba == 110 ppm, from the relationships in Table 1. 
The Zr/Nb ratio of 14 is firmly established, yielding 105 ppm Zr from the Nb value. 
Individual values for the rare earths (with IREE == 65 ppm) can be obtained by 
reference to Fig. 2, which shows the chondrite normalized REE patterns. 
Assuming that the La/Yb ratio is the same (3.1) as in nearly all the Apollo 16 
samples (Taylor et al., 1973) (so that the patterns remain parallel), individual 
rare-earth element abundances are obtained. On this basis, La == 8.8 ppm, with 
appropriate values for the others listed in Table 2. For these REE values, the 
average highlands composition has a positive Eu anomaly. The consequences of a 
positive Eu anomaly in the highland rocks as discussed later are profound. 

A value of 22.4 ppm Y is obtained from the observed relationship that 
chondrite normalized yttrium values are similar to those for the heavy REE 
(notably Ho, which has the same ionic radius). The Cr/V ratio of 28 yields a value 
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Fig. 2. Rare-earth patterns for average highland rock types. Data from Taylor et al. 
(1973). 
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The geochemical evolution of the moon 

Table 2. Trace element abundances in the total moon, in the highlands 
(0-60 km) and in the region 60-300 km. It is assumed that none of these 
elements are present in the zone 300-1000 km. The composition of the zone 

1000-1738 km (7.6%) is assumed to be the same as the bulk moon. 

Total moon Average Residual cone. in 
5xCCI highlands %in upper 60-300 km 

ppm ppm highlands ppm 

Ba 17.5 110 63 18.7 
Sr 43 200 47 67 
Th 0.23 1.5 65 0.23 
u 0.06 0.4 67 0.057 
Zr 30 105 35 60 
Hf 0.67 2.3 34 1.20 
Nb 2.2 7.5 34 3.84 
La 1.1 8.8 80 0.60 
Ce 3.10 21.6 70 2.67 
Pr 0.44 3.06 70 0.39 
Nd 2.10 12.4 59 2.46 
Sm 0.75 3.26 43 1.23 
Eu 0.27 1.70 63 2.94 
Gd 1.10 3.86 35 2.07 
Tb 0.18 0.59 33 0.30 
Dy 1.15 3.87 34 2.23 
Ho 0.27 0.89 34 0.54 
Er 0.75 2.51 34 0.72 
Tm 0.11 0.37 34 0.21 
Yb 0.73 2.25 31 1.50 
Lu 0.11 0.35 32 0.22 
IREE 12 66 55 13.5 
y 7.5 22.4 30 15.5 
K 100 600 60 120 
Rb 0.29 1.7 59 0.36 
Cs 0.013 0.07 55 0.018 

1293 

of 21 ppm V. The Cr/Sc ratio yields 7.6 ppm Sc. A Tl value of 4 ppb results from 
the K/Tl ratio of 2 x 105 (Table 1). 

The overall highland composition so derived is given in Tables 2 and 3. This is 
specifically based on orbital Al/Si ratios of 0.62 and a Th value of 1.5 ppm. 
Compositions for individual highland areas can be obtained from this same 
approach if the Al/Si and Th values are specified. These data place a premium on 
the acquisition of further values from both XRF and gamma-ray orbital experi-
ments. 

Mixing program models have been employed to see if the values obtained by 
this empirical technique are realistic in terms of the various postulated individual 
highland crustal rock types. By testing against four components (anorthosite-
highland basalt-low-K Fra Mauro basalt-medium-K Fra Mauro basalt), the 
closest match was obtained from a two-component mixture of 80% anorthositic 
gabbro (highland basalt) and 20% low-K Fra Mauro basalt. 
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Table 3. Major element compositions of various zones in the moon. 
The composition of the asthenosphere (1000-1738 km; 7.6% volume) is 
assumed to be undifferentiated, and equivalent to that of the whole 

moon. 

1 2 3 4 5 6 

Si02 44.0 44.3 45.2 44.9 43.3 42.73 
Ti02 0.3 0.6 0.56 0.7 0.42 
Ab03 8.2 0.6 16.9 24.6 14.4 8.21 
FeO 10.5 9.9 6.8 6.6 12.6 10.95 
MgO 31.0 44.7 18.3 8.6 17.7 30.70 
CaO 6.0 0.7 12.5 14.2 11.3 7.68 
Volume% 100 49 43.4 10 33.4 100 

(1) Whole moon composition. 
(2) Composition of 300-1000 km of moon. 
(3) Composition of upper 300 km of moon (including crust). 
( 4) Average highland crust (upper 60 km). 
(5) Composition of 60-300 km zone of moon (source of maria 

basalts). 
(6) Bulk moon (Ganapathy and Anders, 1974). 

Previous calculations, using a value of 28% AbO3 for highland basalt (Taylor et 
al., 1973) gave a 70: 30 ratio for the proportions of highland basalt to low-K Fra 
Mauro basalt in the overall average highland composition. A set of new revised 
estimates for highland rock types based on wider sampling however lowers the 
average Al2O3 value for anorthositic gabbro (highland basalt) to 26% (Reid et al., 
1973). Using this value the average highland composition is produced by mixing 
80% of highland basalt and 20% of low-K Fra Mauro. Lowering the LKFM 
component from 30% to 20% (Taylor et al., 1973) produces a positive Eu anomaly 
(normalized to chondrites) in the overall highland average, as was shown also by 
the abundances derived from the REE-Th plot, based on the average orbital 
gamma-ray data. As the Th value decreases, the positive Eu anomaly increases. 

The lateral variations in composition of the highland crust are most clearly 
shown by both the orbital Al/Si data (Alder et al., 1973) and the orbital gamma-ray 
values (Trombka et al., 1973). Are there significant analogous variations in depth? 
Do the abundances derived in Table 1 refer only to a superficial layer, or are they 
representative of the 60 km thick highland crust indicated by the geophysical data 
(Toksoz et al., 1973)? This is a question vital to geochemical models of total lunar 
composition. 

The large craters have overturned crustal segments down to at least 10 km. 
The depth of excavation and overturning by the ringed basin collisions is much less 
certain. The estimates of very deep excavation (>200 km) are probably excessive 
(Dence et al., 1974), since there is little evidence of the presence of material from 
these depths in the Imbrium ejecta at either the Apollo 14 or 15 sites. The emerald 
green glass from Apollo 15 (15426) is associated with the much later mare basalt 
filling, not the impact (Podosek and Huneke, 1973). The lower estimates envisage 
cratering depths of 40-60 km (Baldwin, 1972). 
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The 40 observed ringed basin forming events (Stuart-Alexander and Howard, 
1970) must have effectively overturned large segments of the deep crust. Many 
lunar models predict somewhat enhanced KREEP-type components with depth, 
so that the abundance problem is likely to be exacerbated rather than alleviated by 
lack of thorough mixing. It seems likely that adequate deep excavation has 
occurred. If this has not done a very good job of homogenization, at least 
extensive overturning has occurred, and any primary crustal zonation has been 
destroyed. Accordingly, the composition of the crust is probably not grossly 
different at depth, and it is assumed here that the overall 60 km thick crust has 
similar element abundances to those of the surficial rocks. There does not seem to 
be any significant admixture of subcrustal material from the basin impacts. The 
existence of the 60 km discontinuity, which appears to be a compositional break, 
is in itself good evidence which limits the depth of excavation. 

4. EUROPIUM ANOMALIES AND THE REE 
P ATIERN OF THE LUNAR INTERIOR 

It is a reasonable assumption that the total REE patterns in the moon parallel 
those of chondrites, although the overall concentration levels are several times 
those of the Type 1 carbonaceous chondrites (Taylor and Jakes, 1974). Given the 
assumption of a homogeneously accreted moon, in which the highland crust 
developed by differentiation, then the interior should display a pattern com-
plementary to that of the crust. 

This is not a trivial consequence on account of the great enrichment of 
rare-earth elements in the crust.. As will be shown later, estimates that 70-80% of 
the total lunar abundances of the light REE are in the highland crust (10% of the 
whole moon) are not unreasonable. In contrast, the volume of the maria basalts is 
so small (---½% of the total lunar volume) that they may be neglected in these 
calculations. 

Both crustal and interior residual patterns are shown in Fig. 3. These are based 
on a total lunar abundance of 5 x CCI for the rare earths, as discussed in the next 
section. The patterns shown are not sensitive to the overall abundances. On this 
basis, crustal abundances are enriched about 10-20 times chondrites. It is 
probable that most of the REE and associated elements in the lunar interior are in 
the upper 300 km (as indicated in Fig. 3) and even within this zone the REE 
abundances are higher in shallower parts. 

The resemblance of the residual REE pattern to that found in the maria basalts 
is notable. Eu is depleted. There is a progressive depletion of the light (La-Sm) 
REE, similar to that observed in many maria basalts, particularly the high-Ti 
varieties found by Apollo 11 and 17. The interior pattern is complementary to 
those exhibited by plagioclase and resembles that of pyroxenes. 

Accordingly, the REE abundance patterns in the interior would be consistent 
with prior removal of a plagioclase component from source region of maria 
basalts (e.g. Philpotts and Schnetzler, 1970; Schnetzler and Philpotts, 1971; Taylor 
and Jakes, 1974) explaining the Eu depletion observed in them. The subtler features 
such as depletion of the light REE (La-Sm), a common feature, are consistent with 
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Fig. 3. REE patterns relative to 5 x CCI abundances, taken here as representing the 
whole moon composition (see text). Note the positive Eu anomaly in the highland crust. 
All the remaining REE in the moon are assumed concentrated in the upper 60-300 km 
zone (33.4%) except for the deep interior (1000-1738 km: 7.6%) which is assumed to 

contain unfractionated material. 

a pyroxene source. These conclusions follow from a simple differentiation model, 
following melting and homogeneous accretion, without recourse to more exotic 
mechanisms. 

5. CHROMIUM/NICKEL RATIOS IN THE HIGHLANDS 

Important constraints on lunar origin and composition arise from the abun-
dances of Cr and Ni (and other siderophile elements) in the lunar highlands. The 
highland compositions are characterized by three geochemically unusual element 
associations. These are (1) high Mg and Cr, (2) Ca-Al-Sr-Eu, and (3) high REE 
and other refractory trace elements. 

In the geochemical model developed later, these three elemental associations 
are derived from different sources. The high-Mg and Cr (and related elements) 
abundances are thought to be derived from the initial chilled or frozen surf ace 
layer. The composition of this zone is essentially that of the accreted material. If 
this is a valid deduction, the material forming the moon was depleted in 
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The geochemical evolution of the moon 1297 

siderophile elements before accretion took place. The evidence for this comment 
comes from the Cr/Ni ratios. 

In the primitive solar nebula composition (as represented by the Type 1 
carbonaceous chondrite abundances) the Cr/Ni ratio is about 0.25. In contrast, in 
the lunar highlands Cr/Ni is about 5. (Chromium averages about 500-600 ppm 
while Ni is rarely more than 100 ppm.) Thus Ni is depleted relative to Cr by at 
least an order of magnitude. The initial depletion must have been much greater, 
for much of the Ni (and other siderophile elements) at present in the highland 
rocks, is derived from the later meteoritic bombardment. Hence, if our original 
assumption is correct, Ni (and the other siderophiles) were strongly depleted in 
the primordial lunar composition. 

6. THE OVERALL COMPOSITION OF THE MOON 

Several independent constraints are available. All these estimates refer to the 
involatile elements. However, once the abundances for these elements have been 
established it is possible for example to derive values for volatile elements such as 
K from K/La, K/Zr, or K/Ba ratios, etc. 

(a) The heat flow data provide a critical compositional constraint. The high 
heat flow (----0.7 HFU) (HFU = 10-6 cal cm-2 sec- 1

) indicates that the total lunar 
abundance of uranium is about 60 ± 15 ppb (Toksoz et al., 1973). The abundance 
of U in CCI is variable (Mason, 1970) but generally estimated at about 12 ppb. On 
this basis the moon is enriched at least 5 times over the CCI abundances. Even the 
extreme value of 17 ppb (Mason, 1970) still requires about 4 x CCI levels. 

(b) The orbital gamma-ray value for Th averages about 1.5 ppm (Trombka et 
al., 1973). If the 60 km thick highland crust (10% of the moon) has this value, then 
4 x CCI levels are required just to provide for the crustal concentrations. In 
addition there must have been some Th in the lunar interior to provide radioactive 
heating during the period 3.8-3.2 aeons in order to produce the maria basalts. 

(c) The highland trace element abundances (Table 1) set further limits. If the 
concentration levels are representative of the 60 km thick crust and not some 
thinner surficial zone, then 3-4 x CCI abundances are required to provide enough 
Ba and light REE for the crustal abundances alone (Table 2). Maria basalts, 
derived from deeper levels by partial melting after the highland crust was formed, 
also contain high levels of Ba, U, Th, REE, Zr, Hf, Nb, etc. (relative to CCI 
abundances), increasing the abundance problem. 

(d) The uniform inter-element ratios in lunar samples (e.g. K/La, K/Ba, K/Th, 
K/Zr, etc.) set limits for the lunar abundance of K. Assuming 5 x CCI for the 
in volatile elements, the K concentration is --- 100 ppm. On this basis, about 60% of 
the K (and associated Rb and Cs) are in the highland crust (Table 2). 

In summary, some limits can be set. The lower limit of 4 x CCI appears well 
established by the element abundance levels. The heat flow values set upper limits 
of perhaps 7 x CCI. An overall lunar average for the involatile elements of about 
5 x CCI appears reasonable and is adopted here. The trace element data are given 
in Table 2. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1974LPSC....5.1287T


1
9
7
4
L
P
S
C
.
.
.
.
5
.
1
2
8
7
T

1298 S. R. TAYLOR and P. JAKES 

The major element abundances in the moon may then be estimated as follows. 
The refractory elements Ca, Al, and Ti are taken as 5 x CCI. The iron content is 
set at 10.5% FeO to accommodate density and magnetic requirements (Parkin et 
al., 1974). The Si/Mg ratio in chondrites is used to obtain Si and Mg concentra-
tions. This composition is very close to that proposed by Ganapathy and Anders 
(1974). The major element values are given in Table 3. 

7. GEOPHYSICAL AND PETROLOGICAL CONSTRAINTS 

The moon's moment of inertia (.3953 ± .0045) suggests a nearly uniform 
density distribution with depth (Kania et al., 1974). This and the low bulk density 
of the moon (3.34 g/cm3) rules out the existence of abundant dense (eclogitic) 
phases at depth (Wetherill, 1968; Ringwood and Essene, 1970). Thus neither the 
highland anorthosites nor the maria basalts are suitable compositions for the deep 
lunar interior. The lack of major seismic discontinuities between the base of the 
crust at 60 km and a depth of 1000 km suggests a rather uniform interior with 
gradational boundaries in mineralogy and chemical composition. The interior of 
the moon is divided into (a) crust (upper 60 km: 10% volume) (b) lithosphere (b) 
lithosphere (60-1000 km: 82.4% volume) and (c) asthenosphere (1000-1738 km: 
7.6% volume) with at least the upper portion of this zone partially liquid (Toksoz 
et al., 1973; Latham et al., 1973). The presence of orthopyroxene (with some Al 
and Ca) below 300 km is inferred from P-wave velocities which fit an 
olivine-orthopyroxene mixture better than olivine alone. The gravity data (Kania 
et al., 1974) indicate that the outer 100 km of the moon was rigid and thus cool 
when the maria basalts were erupted (forming the mascons). A lower limit for the 
source region of the maria basalts from the experimental petrology data is about 
300-400 km (Ringwood and Essene, 1970; Walker et al., 1974). Accordingly, the 
source of the maria basalts lies between depths of 100-300 km. Several types of 
maria basalts are distinguished using major and trace element criteria; their 
common feature is a high Ca/ Al ratio, relatively low Mg/Fe, and varying degrees 
of REE enrichment with Eu depletion, and varying but low contents of Ni. 
Although the maria basalts could be related by petrological schemes involving 
different degrees of partial melting, the Ti02 and Al203 contents, accompanied by 
Eu anomalies, and varying nickel contents, suggest as well that partial melting of 
slightly different mineralogies involving a combination of pyroxene, olivine, Fe-Ti 
phases and plagioclase (and sulfides) has taken place. The REE abundances in 
maria basalts suggest that plagioclase was absent from their source region 
(Schnetzler and Philpotts, 1971). 

8. A GEOCHEMICAL MODEL 

We now attempt to reconcile this geochemical information with the geophysi-
cal constraints, derive the composition of the deep lunar interior and correlate the 
overall composition with the sequence of geological events, beginning with a 
homogeneously accreted moon, which underwent partial or total melting, due to 
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accretional heating. Toksoz et al. (1973) have shown that early heating and melting 
of a large part of the moon is compatible with the later thermal history of the 
moon. Total melting of the moon can be achieved if short accretional times of the 
order of 100-1000 yr are considered (Mizutani et al., 1973). 

Three alternative models may account for the deep lunar interior (astheno-
sphere) (below 1000 km) (Brett, personal communication). 

(a) An immiscible Fe-FeS liquid sinks to form a core effectively removing 
most siderophile and chalcophile elements (Brett, 1973a). The core radius is 
restricted to less than 700 km by the coefficient of moment of inertia (0.395). 
Enough sulfur (---0.5%) is retained in the whole moon to form FeS. The partially 
liquid zone as suggested by the seismic evidence below 1000 km is interpreted as 
due to dispersed Fe-FeS in an olivine-orthopyroxene matrix. The magnetic field 
appearing in remanently magnetized rocks results from a core dynamo mecha-
nism. An important feature of this model is that temperature at the 1000 km 
discontinuity may be as low as 1000-1100°C (Brett, 1973a). 

(b) The initial melting did not extend below 1000 km. The central part of the 
moon is formed of primitive unfractionated material, now in a partially molten 
state from heating due to trapped initial K, U, and Th. The seismic data are 
satisfied by ½-1 % partial melting. This model precludes core formation, since 
sinking Fe-FeS will drive these incompatible elements upward. In this model, the 
remanent magnetism of lunar rocks is caused by external magnetic fields 
(Strangway and Sharpe, 1974). 

( c) The molten zone is a relic of early melting. 
The choice between these models for the lunar interior depends critically on 

the amount of the early siderophile and chalcophile element depletion. If the 
siderophile elements were accreted, even in the amounts corresponding to the 
supposed low-bulk Fe content of the moon, a lunar core is required to remove 
them in a very efficient manner. If these elements were depleted before accretion 
(see section on Cr/Ni ratios) then this reason for postulating a core disappears. We 
assume in the following discussion that a core did not form and that an inner zone 
some 700 km thick (7.6% volume) was not melted initially (Model b). 

Following accretional melting of 90% of the moon the first silicate phase to 
separate from the primitive molten moon was Mg-rich olivine. The early precipita-
tion of olivine removes Co2

+, Cr2+, and Nf+. If the oxygen fugacity is close to or 
below the Fe-FeO buffer, much of the nickel will be in the metallic state (Brett, 
personel communication). However, since the extreme reduction observed in 
maria basalts may be a near-surf ace phenomenon developed during crystallization 
(Sato et al., 1973) much nickel in the moon may be present as Ni2+. 

The surface of the moon cooled rapidly forming a "frozen crust," although this 
was continually broken up by the declining meteoritic bombardment. This frozen 
surface layer, analogous to the chilled margins of terrestrial intrusions, retained 
high concentrations of Mg, Cr, etc. in near-surface regions. Thus, its composition 
is probably representative of the melt composition during the early stages of 
crystallization of the lower interior. This chilled early lunar crust is later 
incorporated into the overall highlands composition and contributes the Mg and 
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Cr "primitive" component in the crust. This material is now thoroughly incorpo-
rated in the highland crustal material, although the 4.6 b.y. old dunite (Albee et al., 
1974) may have been derived from such an early primitive crust. 

As crystallization proceeded in the deep lunar interior, the Si/Mg ratio changed 
and orthopyroxene precipitated. This had a similar effect on the composition of the 
residual melt as olivine except for Si/Mg ratios. Most cations except Mg, Fe, Ni, Co, 
and Cr2+ were excluded from the olivine and orthopyroxene lattice sites, and 
migrated upward, concentrating in the still voluminous residual melt. These 
included Ca and Al. The high Cr3+ abundances in most accessible lunar materials 
indicate that separation of clinopyroxene if any was minor, and olivine and 
orthopyroxene were probably the major components. 

The density and seismic properties, and the Si/Mg ratio in the deep lunar 
interior are satisfied by 75-80% olivine (--- Foss) and 20-25% orthopyroxene 
( --- Enss)._ The composition of the lower part of the moon (300-1000 km) (assuming 
2.2% AbO3 and 2.5% CaO in the orthopyroxene) is given in Table 3, col. 2. The 
model requires however that even the lower parts of the moon are composition-
ally and mineralogically zoned. Orthopyroxene with some Al2O3 and CaO content is 
present at shallower depths together with olivine, whereas Mg-rich olivine is 
present in deeper parts. 

Increasing crystallization of Mg-rich olivine, later accompanied by or-
thopyroxene at depth leads to an increasing concentration of refractory elements 
(Ca-Al) trapped between the already crystallized lower (O1-Opx) lunar interior 
and the chilled surface layer. The composition of this zone (upper 300 km of the 
moon) is given in Table 3, col. 3. When the concentration of Al reaches 
12-17% AbO3, An-rich plagioclase precipitates, and concentrates or remains 
suspended beneath the frozen surface, whereas the Mg-Fe phases continue to 
crystallize and sink (Wood, 1973). The Ca-Al-rich region (plagioclase) incorpo-
rates Sr2+ and Eu2

+, but most other elements are unable to enter the Ca2
+ sites in 

significant amounts. 
Experimental petrology provides constraints on the Al2O3 content of melts to 

precipitate plagioclase together with Fe-Mg silicates (olivine and pyroxene). 
Values above 12% Al2O3 are necessary (Walker et al., 1973). 

The absence of plagioclase in the source region of maria basalts explains the 
high Ca/ Al ratios, negative Eu anomalies and the low content of Al in maria basalts 
(Schnetzler et al., 1972). Plagioclase is not a liquidus phase in maria basalts 
(Green et al., 1971), except for high-Al maria basalts such as 12038 (Reid and 
Jakes, 1974). We suggest (following Schnetzler et al., 1972) that the source region of 
maria basalts is zoned in respect of Ca-Al and also Mg/Fe and consequently in 
mineralogy. 

The high-Al maria basalts come from plagioclase-bearing regions shallower 
than other maria basalts (Reid and Jakes, 1974); our model suggests that the 
content of plagioclase decreases from the base of crust (60 km) downward, 
whereas the contents of Fe-Mg silicate increases. These silicates become more 
Mg-rich with depth. Pockets or zones rich in Fe-Ti oxides and FeS in shallower 
regions account for the high Ti and S contents of the Apollo 11 and 17 basalts 
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(LSPET, 1973). Small zones of FeS provide a convenient place to trap lead in a 
uranium- and thorium-free environment (Nunes and Tatsumoto, 1973). 

The source region of 15555 (Great Scott) and the green glass may represent a 
lower boundary of plagioclase precipitation. We assume that plagioclase separa-
tion commenced when a large part (=40%) of the moon was still molten, i.e. 
during formation of source region of maria basalts above 300 km depth. The 
composition of the region from the base of the crust at 60 km to a depth of 300 km, 
which encompasses the source region of the maria basalts is given in Table 3, col. 
5. (For the composition of the highland crust, see Table 3, col. 4.) 

As crystallization of source region of maria basalts and crust proceeds, 
elements unable to enter the Ca-Al sites in plagioclase (above) or the Mg-Fe sites 
(below) are trapped between. In this trapped or residual zone, all the remaining 
elements concentrate. These include K, Ba, Rb, Cs, REE, Th, U, Zr, and Nb. It is 
a geochemical characteristic of great importance that the principal lunar mineral 
phases do not readily accommodate the refractory trace elements. The evidence 
of high concentrations of these elements near the surface of the moon is a 
dramatic consequence of this crystal chemical fact. The behavior of ions in 
entering crystal lattice sites in lunar minerals should be simpler than in terrestrial 
geochemistry, due to the nearly total absence of water and other volatiles. 

Following the primordial fractionation, a chemically zoned moon is produced, 
with residual phases enriched below chilled margin and plagioclase crust and 
above source region of maria basalts (Fig. 4). This crustal zonation established at 
about 4.5 aeons is changed very quickly. The declining stages of the meteoritic 
bombardment pulverize the chilled zone and larger impacts mix in the underlying 
anorthosite. The high concentration of heat-producing elements K, U, and Th (and 
Zr, Hf, REE, etc.) trapped beneath the plagioclase zone provide the high-element 
abundances for the Fra Mauro or KREEP basalts. Possibly this zone did not 
solidify but the residual liquids invaded the crust, where impact mixing of the 
primitive surface layer, the Ca-Al plagioclase-rich layer, and the residual liquids 
beneath produced the parent material for the anorthositic gabbro (highland basalt) 
and the Fra Mauro basalts. The activity continued to 3.9 aeons, culminating in the 
production of the ringed basins and the cessation of the intense highland cratering. 
The details of such processes and the role of the great basin-forming collisions in 
the petrogenesis of the highland rock types remain to be established (Walker et al., 
1973; Head, 1974). 

Partial melting next occurs in successively deeper layers as the smaller 
amounts of the heat producing elements induce partial melting, and a succession 
of "maria-type" basalts are erupted. The progressive deepening of the source 
region of the maria basalts is attributed here to the decrease in K, U, and Th with 
depth. The higher near-surface concentrations of these heat producing elements 
result in early melting and removal of the heat sources (since K, U, and Th are 
concentrated in the melt). The lesser amounts of K, U, and Th at depth generate a 
smaller amount of heat and it takes a longer period for melting temperatures to be 
reached. 

The high-Al maria basalts formed in this model at shallow depths beneath the 
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Fig. 4. Geochemical model of the lunar interior at about 4.4 aeons. 
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crust. This emplacement overlaps with the later stages of the bombardment, and 
predates the Imbrium collision in part, as shown by their presence in Fra Mauro 
breccias. Some of the high-Al maria basalts were emplaced later (~3.4 aeons) 
suggesting that partial melting in shallower zones was not limited to early periods 
of maria formation (Luna 16 rocks, 12038). 

Following these the Ti-rich Apollo 11 and 17 basalts were extruded during the 
period 3.8-3.6 aeons from a zone where Fe-Ti oxides and FeS accumulated. They 
have about 1 ppm Ni. Later (3.4-3.2 aeons) the Apollo 12 and 15 quartz and olivine 
normative basalts were extruded. These contain nickel, indicating extensive 
partial melting involving olivine, and many show evidence of near-surf ace 
fractionation. A negative Eu anomaly is characteristic of all maria basalts and 
contrasts with the deepest material erupted, the Apollo 15 emerald green glass 
(15426) (Ridley et al., 1972; Green et al., 1973) with 180 ppm Ni and primitive REE 
patterns, low total REE (3-5 times chondrites) and a small Eu anomaly (Taylor et 
al., 1973). This material is the least fractionated lunar material which has been 
sampled. The thickness of the crust above this zone, as well as the residual high 
melting point material and lack of heat sources due to the upward concentration of 
K, U, and Th, causes cessation of lunar volcanism at 3.2 aeons. 
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