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AN ESTIMATE OF THE BULK, MAJOR OXIDE COMPOSITION OF THE MOON.
Alan B. Binder, Erde-Mond Forschergruppe, Institut fUr Mineralogie, Universitat
MUnster, 4400, MUnster, West Germany.
An estimate of the bulk, major oxide composition of the moon (neglecting
the small core which contains ~2% of the lunar mass (1,2)) can be made on the
basis of the following assumptions and observations:
1) As is discussed in an accompany~ng abstract and in earlier papers (3,4), the
moon was initially totally molten and thus underwent total differentiation in
its earliest phase of development (e.g., 5). As such, the composition of the
lower mantle can, in part, be determined from expected differentiation sequences using the compositions of the crust and mare basalt magma source region
or upper mantle as boundary conditions. These considerations indicate that the
lower mantle consists of olivine±orthopyroxene (6). Internal structure models
of a totally differentiated moon (7) and independent seismic data (8) indicate
the the Mg' of the lower mantle is in the range of 72-88. Further, thermal
history models of an initially totally molten moon (9) indicate that the lower
mantle must contain small amounts of U, Th, and K and hence that the lower
mantle originally contained the equivalent of 15±10% trapped liquid (~bulk
composition). On the basis of the maximum depth of the upper mantle discussed
under 2) below, the mass of the lower mantle is 66±12% of the lunar mass.
2) The mare basalt magma source region or upper mantle is olivine dominated
(75-SQ% 01) and at shallow depths (maximum depth 150 to 300 km, probable maximum depth 200 km) as indicated by Binder (10). The composition of the upper
mantle is derived from Table 2 of (10) and its mass is 23±10% of the lunar
mass.
3) The remnants of the KREEP layer at the crust-mantle boundary have the composition given by (11) and is 4±2 km thick; hence it contains only 0.6±0.3% of
the lunar mass.
4) The average composition of the crust is 70% Pl, 20% Pyr, 9% 01, and 1% Ilm
(e.g., ·12), The uncertainty of the crust's Pl content is 10% with corresponding uncertainties in the other components, The average Mg' of the crust is 7Q.
The average thickness of the crust is 75±10 km and hence its mass is 10.4±1.3%
of the lunar mass.
The bulk composition of the moon (minus core) derived on the basis of the
above considerations is given in Table 1 along with estimates of the bulk composition of the terrestrial' mantle taken from the literature (13, 14, 15, 16).
These data are also shown in Fig. 1, from which it is apparent that, except
for the well known depletion of volatile components (P205, K20, and Na20) and a possible enrichment of FeO, the bulk composition of the moon is very close
to that of the. terrestrial mantle. This result, when couple with the obvious
fact that the moon lacks any significant Fe/FeS core, supports the fission origin of the moon (e.g., 5). As shown earlier (17,18), the depletion of the
volatile components in the moon, in terms of the fission model, is due to their
having been preferentially concentrated, via fractional vaporization, in the
hot atmosphere of the hot (2000-4000°C) fissioned moon and the loss of the atmosphere to the earth through the L1 point. The possible FeO enrichment in the
moon with respect to the earth's mantle, a~ we know it today, may be due to a
decrease in the FeO contents of the terrestrial mantle as the core grew by the
reduction and removal of FeO from the mantle during geological time (19). Thus .
the current "high" FeO content of the moon may reflect an earlier higher FeO
content of the terrestrial mantle.
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Table 1. Estimated bulk comgositions of the Moon and the Earth's mantle.
Terrestrial Mantle
Bulk
Moon

Total
Pyrolite* Mantle
(13)
(14.)

Upper
Mantle
(15)

Lower
Mantle
(15)

Lower
Mantle
(16)

Si02
MgO

39 .8±1. 3

44.2±1.0

44.4±0.4

49.6

51

40

34.8±1.1

38.5±1.0

40.3±1.2

41.1

28

45

FeO

18.0±0.7

8.3±0.1

7.1±0.6

9.3

21

15

CaO

2.3±0.4

2.9±0.2

2.4±0.5

Al203
Na 20

3.6±0.6

3.8±0.3

3.4±0.9

0.10±.01

0.59±.03

0.28±.05

K20

0.03±.01

0.18±.05

0.06±.03

Cr 20

0.6±0.3

0.42±.20

0.35±.05

Ti02

0.4±0.2

0.65±.07

0.16±.04

P20s

0.03±.01

0.06±.02

0.05±.01

Oxide

*Average of Pyrolite I and III
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Fig. 1. Ratio of the bulk composition of the moon to that of the terrestrial
mantle.
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SELENOLOGIC AND SEISMOLOGIC EVIDENCE FOR AN INITIALLY TOTALLY MOLTEN
MOON. A.B. Binder, H.-C. Gunga, and J. Oberst, Erde-Mond Forschergruppe, Institut fur Mineralogie, Universitat Munster, 4400 MUnster, West Germany.
As previously discussed (1,2), thermal history- and thermoelastic stress
(3) indicate that if the moon was initially totally molten, it should
have modest scale (=10 km), young (~0 5 to 1 x 109 yr old) thrust fault scarps
in the highlands. Also, shallow (outer 5 to 10 km of the crust), compressional
moonquakes (a subclass of the HFT moonquakes) with maximum stress drops in the
1 to 3 kbar range should be occurring on these faults. In contrast, thermoelastic stress calculations for magma ocean models (lunar models initially
molten only in the outer few 100 km (4,5)) indicate that the highlands should
be free from any global, post-Imbrian, compressional tectonic features and
that the crust should now be seismically quiet.
A cursory review of the Apollo high resolution imagery indicated earlier
(1,2) that fault scarps with the expected geometry and ages, assuming that the
moon was initially totally molten, are found in the highlands. As an extension
of this work, we report here the initial results obtained from an extensive
photoselenological study of these highland scarps. We also report the initial
results obtained from a program carried out to determine the stress drops of
the 35 observed HFT moonquakes.
61 thrust fault scarps have been found in the highlands using the Apollo
15 and 16 panoramic imagry. The scarps are visable on images with solar illumination angles (A) between 5° and 45° and are best seen at A~20°. Correcting
these data for incompleteness due to illumination effects, we find that about
95 such scarps probably exist in the areas photographed with 5~<A<45°. Since
these areas cover only about 5.7% of the highlands, there must be ~1700 such
fault scarps in the highlands. The majority of the observed 61 scarps are members of scarp complexes which are made up of up to 10, but on average 3 to 4
seperate scarps. 19 such complexes are . observed in the areas investigated,
which, from the above, indicates that ~500 such complexes are in the highlands.
The individual scarps range in length from 1 to 30 km and have a typical
length of 12 km, i.e., they are on the 10 km scale as predicted on the basis
of the initially totally molten moon model. The complexes are typically 30 to
50 km in demensions, with the largest being 120 km from end to end.
Using the crater morphology-age classification of Trask (6) and the calibration data of Moore er al. (7), the ages of 34 of the thrust scarps could be
determined on the basis of craters they cut or overrun (maximum ages) and
craters which are located on the fronts of the scarps (minimum ages). The ages
thus determined range from 60±40 million years to 620~280 million years, with
younger scarps being much more frequent. Thus this epoch of recent thrust
fault activity began about 0.6 x 109 years ago and the level of activity has
been increasing with time. These ages and this increase in the level of activity are also in accord with the initially totally molten model which predicts that the faulting should have begun at ~0.5 to 1 x 10 9 years ago in response to the ever increasing thermoelastic stress levels (also see Fig. 6 of

m~dels

(2)).

Spectral analysis of the 35 observed H~T or shallow moonquakes shows that
their corner frequencies, which are used in the cal ·: .ulation of their stress
·drops, lie at frequencies higher (>12Hz) than are measurable by the Apollo
seismometers. Thus only minimum stress drops can be calculated from the available data. Nevertheless, following the theory presented by Goins et al. (8),
we find that 4 of the 25 HFT's thus far analysed have minimum stress. drops in
the range from 1 to 4 ~bar. The existence of such high stress moonquakes is
consistent only with the initially totally molten moon model in which quakes
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are predicted to be occurring in the outer 5 to 10 km of the crust.
In conclusion, the photoselenologic and seismologic results presented
clearly support the concept that the moon was initially totally molten.
References
1) Binder A. B. (1981) Lunar Planet. Sci. XII, p. 74-76.
2) Binder A. B. (1982) Moon and Pl~nets, 26, p. 117-133.
3) Binder A. B. and Lange M. A. (1980) J.-ceophys. Res., 85, p. 3195-3208.
4) Solomon S. C. and Chaiken J. (1976) Proc. Lunar Sci. COnf. 7th, p. 32293243.
5) Solomon s. c. and Head J. w. (1979) J. Geophys. Res., 84, p. 1667-1682.
6) Trask N. J. (1971) U.S. Geol. Survey Prof. Paper 750D, Dl38.
7) Moore H. J., Boyce J. H., and Hahn D. A. (1980) Hoon and Planets, ~' p.
231-252.
8) Goins N. R., Dainty A.M., anf Toksoz M. N. (1981) J. Geoph:;y:s. Res.,
~'
P· 378-388.

GEOPHYSICAL CONSTRAINTS ON LUNAR COMPOSITION
W. ROGER BUCK
DEPARTMENT OF EARTH AND PLANETARY SCIENCES
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, CAMBRIDGE, MA, 02139
. The geophysical data on the moon can be used to constrain the composition
of the moon. Assumptions must be ~lso made about the evolution of the moon
since that will affect the radial distribution of material within the body.
There are uncertainties in the geophysical data pertinent to this study and
the path of evolution of the moon is not agreed upon. Therefore, we will
investigate the effect of variations in data and assumption on each of several
compositional factors.
The data considered in this study are the mass of the moon: 7.35x1o25g
(1), the upper mantle seismic shear velocity: 4.45±0•04km/sec (2), the lower
mantle seismic shear velocity: 4·25±0·13km/sec (2), the moment-of-inertia
factor: 0.391±.002 (3). Mineral properties are also input into this work.
First the normative mineral assemblages must be calculated for several
pressure ranges, then the bulk moduli, thermal expansion coefficients and
seismic velocities and their pressure and temperature derivatives must be
calculated. For the low pressure in the moon (<40kbars) the bulk moduli and
thermal expansion coefficients are well determined from laboratory
measurements. Lack of data on the Tschermactic minerals affect the outcome
of the modelling and the effect of uncertainty in these data is considered.
The path of evolution of material in the interior is important to several
assumptions of the modelling. The distribution of the oxide Al103 is most
critical. Al203 goes into low density, low seismic velocity minerals at
pressures less than 8 kbars (-180 km depth). Below this region it is stable
in minerals with high densities and high seismic velocities (spinal, garnet
and the Tschermactic minerals). It is generally assumed that the crust was
derived from only the outer part of the moon (300-500 km) (4). For testing
models with low Al203 abundances the whole moon is taken to have
differentiated to make the crust. Since the seismic velocities in the lower
mantle (> 450km) are lower than in the upper mantle, some compositional
difference must be assumed. This has been taken to be iron in the silicates
(Fe +2) or free iron. The free iron is more efficient at lowering the seismic
velocities for a given increase in density. The crust is taken to be 75km
thick and made of anorthositic gabbro. The temperature profile is uncertain
and two profiles are considered here: one from Toksoz, et. al. ' (S) and one
100°C hotter overall.
-- -The effect of variations in the data and assumptions on bulk
compositional parameters have been explicitly tested through inversion of the
data. The parameters considered were Mg/si weight ratio, the Mgi{Mg+Fel molar
ratio, the core radius and the amount of Fe (free or in silicates) 1n the
lower mantle. The Al203 composition and the other assumptions are changed
outside the inversion, since there are only four pieces of data to invert.
Those data are the mass, the moment-of-inertia factor (IIMR2) and the upper
and lower seismic shear velocities. The compressional wave velocities are not
used because they are more uncertain than the shear velocities and contain
similar information. The inversion is necessary because the compositional
parameters are interrelated through the model so that a change in one produces
a change in several of the geophysical observables. The forward problem part
of this work (the model) is similar to that outlined in Buck and Tokstlz (6).
A starting bulk composition is assumed and the crust is removed from the upper
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mantle portion of it. The minor components of the bulk composition, which
have little affect on the geophysical data were taken from Morgan, et. al.
(7). The Al203 content was varied as were the different temperature-prOfiles,
mechanisms for lowering the lower mantle seismic velocities and the inclusion
'o f Tschermactic minerals in the normative calculations.
Unique compositions are found·for a given set of assumptions and data
values. Several of the factors which have a strong effect on the compositional
parameters are shown in figures 1-3. Figure 1 shows the effect that
uncertainty in the moment of inertia factor has on the Mg/Si ratio and the
core size. Figures 2a and b show the influence of the normative schemes on
composition. 2a is done without allowing for Tschermactic minerals so only
garnet and spinel are the sites for Al203 for pressures greater than about
10 kbars. 2b is for a norm allowing for Tschermactic minerals. Both show a
strong dependence of lower mantle iron content on Al203 content. Lower Al203
abundances are compatible with no difference in upper and lower mantle iron
contents, allowing for variation of seismic velocities within the range of
uncertainty. Lower Al203 contents are also preferred on the grounds of the
Mg/Si ratio. The earth•s mantle is often taken to have a value of 0.95 (8) for
the ratio but this may be only representative of the upper mantle. The value
for chondritic meteorites is about 0.80 (9). Changing the temperature profile
100°C changes the Mg/Si ratio by 0.1. The variation of upper mantle seismic
velocities by 0.05 km/sec changes Mg/Si about 0.1, Mg/(Mg+Fe) by 0.03 and
the free Fe in the lower mantle by 2.0 weight percent. Changing the lower
mantle velocity by 0.1 changes the Mg/Si ratio by 0.08 and the lower mantle
free iron content by 4.0 weight percent. Finally, changing the velocity
lowering factor from free iron to Fe+2 decreaces the Mg/Si ratio by about 0.1.
These results allow for a range of compositional parameters. The Mg/Si
ratio is likely to be closer to the value for the chondritic meteorites than
that for the upper mantle of the earth. If the Al203 content is in the low
range (3-5 weight percent) it is more consistant with the data.
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Figure 1. The effect of the variation in the model I/MR2 on the
Mg/Si weight ratio and the core radius is shown for a core density
of 6.5 g/cm3. In this series of tests the upper and lower mantle
seismic shear velocities were 4.5 and 4.3 km/sec respectively and
the temperature profile was 100° hotter than that of Toks8z et al.(S)
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WHAT CAN BE LEARNED FROM RANDOM SAMPLING OF A LAYERED INTRUSION?
I.H. Campbell, Earth and Plan. Sciences, Room 3032, Erindale College,
University of Toronto, Mlssissauga, Ontario, L5L 1C6.
Introduction: Interpretation of the data obtained from lunar cumulates
suffers from two important limitations: (i) the field relationships between
samples is uncertain (ii) the samples available for study are small in
size. How much can be learned from a limited number of small samples
collected at random from a layered intrusion? The best way to approach this
question is to pose it first for a terrestrial layered intrusion and then,
by analogy, to the moon.
Problems introduced by small sized samples: Consider first the problems
presented by small samples of cumulate rocks. The chemistry of a cumulate
rock has two components; a mineral component controlled by the chemistry and
modal abundance of the cumulus minerals and a liquid component controlled by
the percentage of intercumulus liquid trapped between the cumulus grains.
The major element and compatible trace element geochemistry are controlled
by the mineral component and are thus susceptible to changes in the modal
percentage of the cumulus minerals. The problems of obtaining a
representative analysis of these elements from a small sample of a mediumto coarse-grained cumulate rock are obvious, especially if the rock is
layered. The inhomogeneous distribution of the compatible elements develops
at the liquidus temperature and is due to the preferential partitioning of
the element into certain phases. The incompatible elements enter a cumulate
as a liquid and initially are homogeneously distributed throughout the rock,
but they eventually partition into the late crystallising accessory minerals
during the final stages of crystallisation. The abundance of an
incompatible element in a cumulate is a measure of the amount of trapped
liquid contained in the cumulate and its ratio to another incompatible
element should be the same as that in the melt from which it crystallised,
provided the sample taken is not too small. If the sample taken is small,
biased sampling of the accessory phases becomes a problem. This is
illustrated in Table 1, which gives the results of analyses of nine 2-5 gm
samples of a two-pyroxene gabbro. The sampling error, expressed as the(S.D
x 100) ~ mean, is appreciable for the incompatible elements and for
incompatible element ratios, but is far greater for compatible elements
controlled by the modal abundance of the cumulus minerals.
A more serious problem is encountered when sampling cumulate rocks with
only one cumulate phase. Consider a bronzite cumulate which crystallises
intercumulus augite and plagioclase. Crystallisation of the intercumulus
liquid starts at selected points within the cumulate pile, probably where
the texture is locally the most adcumulate (see below). The first
intercumulus plagioclase crystals to form are An-rich and the fractioning
intercumulus liquid is pushed in front of an advancing crystal-liquid
interface. It eventually crystallises in pockets characterised by a high
incompatible element content and by plagioclase crystals rich in Ab. As a
consequence very large samples are required when sampling monocumulate rocks
for incompatible elements.
Random sampling of a layered intrusion: The second major problem with
lunar cumulates is that the stratigraphic relationship between the samples
is unknown. The most valuable studies of terrestrial layered intrusions
have been made on bodies which are complete, undeformed and unmetamor- ·
phosed. It is important that the samples collected are large . and that their
stratigraphic position is well-known. The bulk composition of the intrusion
can then be calculated from a weighted average of the analysed samples.
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Successive liquids can also be calculated by excluding the layers one at a
time from the bottom up (1,2), provided the chamber has remained a closed
system.
Can this approach be applied to samples collected at random? The first
requirement is to be able to place samples in their correct stratigraphic
sequence. It is well-known that a§ a magma fractionates its Mg/(Mg+Fe) and
normative An/(An+Ab) ratios decrease, resulting in the crystallisation of
olivines and pyroxenes with a decreasing Mg number (where Mg = molar
Mg/(Mg+Fe)) and plagioclase with a decreasing An content. ~e compatible
trace element content of minerals is also a useful guide. Here the Ni
content of olivines and the Cr content of pyroxenes are especially
important.
If randomly collected samples can be ranked in stratigraphic order, the
bulk composition of the magma can be calculated from the mean of the
analyses. Successive liquids can then be calculated by omitting the samples
one at a time.
There are a number of potential problems in using this approach to rank
samples from a terrestrial layered intrusion in stratigraphic order.
Firstly, cyclic layering is a common feature of layered intrusions. Each
cycle is believed to represent the entry of a new pulse of magma into the
chamber which resets the fractionation of the magma, producing a reversal in
the mineral variation trend. A sample collected above the level at which a
new pulse enters the chamber may have olivines with a higher Mg number and
Ni content than a sample from well below this level. Second!~ if the
chamber has acted as an open system by emitting lavas at the surface, the
calculations will yield early liquid compositions which are more primitive
than the parent magma (3). Thirdly, some layered intrusions (3,4) have a
zone of reversed fractionation at their base. Here the most fractionated
samples are at the bottom of the zone and the most primitive at the top.
Fourthly, the Ni content 0~f olivines may increase with increased fractionation. This is because DNi increases with decreasing temperature and with
increased fractio8ftion of the silicate liquid. Under some circumstances,
the increase in DNi may more than offset the decreasing Ni content of the
melt, producing a reversal in the fractionation trend. Because of these
difficulties, especially the problems introduced by multiple injection and
the extrusion of magma at the surface, it is impossible to place a random
set of samples from a layered intrusion in their correct stratigraphic
sequence with a high degree of confidence. It is, however, possible to rank
samples according to their degree of chemical fractionation.
The use of mineral chemistry: The problem connected with small samples
can be avoided by concentrating on the chemistry of the cumulus minerals.
In principle, many of the properties of a magma can be deduced from the
chemistry of the phases which precipitate from it. For example the MgO/FeO
ratio in a silicate can be calculated from the MgO/FeO ratio in olivines,
using the Roeder and Emslie (5) relationship
~

K
D

=

~~
-~
FeO
-~gO

x~eo • ~~o

(1)
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Similar equations can be written for pyroxene and plagioclase (6,7).
The equation for plagioclase is
(2)

where An is the composition of normative plagioclase in the liquid. The
Al203 content of pyroxenes also gives information about asio 2 of the
magma.
An important property of cumulate rocks is that their chemistry is
modified by sub-liquidus re-equilibrium reactions. Two types of
intercumulus crystallisation can be recognised. In the first, equilibrium
is maintained between the cumulus crystal and the intercumulus liquid. The
principle involved can be illustrated using Fig. 1. Consider a liquid of
composition L. Cumulate crystals of compositon S will form in equilibrium
with this liquid at temperature t. A cumulate rock formed under these
conditions with 50% trapped liquid will have a bulk compositon B1 and a
solidus temperature t1, the final solid composition being s 1• If only 10%
liquid is trapped between the cumulus grains, the bulk composition of the
system will be B2, the solidus temperature t2 and the composition of the
final solid S2• If equilibrium is not maintained (i.e. perfect fractional
crystallisation), crystallisation will cease at t3, the rims of the cumulus
grains being zoned from S to S3. The bulk composition of the -cumulus grains
at any temperature lies on the curve SP 1 for 50% trapped intercumulus liquid
and SP2 for 10% trapped liquid.
Cumulate pyroxenes show little evidence of zoning and follow an
equilibrium intercumulus trend whereas plagioclase crystals are zoned in
rocks with an orthocumulate texture and follow a fractional crystallisation
path. In practice, plagioclase crystals may maintain partial equilibrium
with the intercumulus liquid so that the solidus temperature is at some
intermediate temperature t4, the final solid to crystallise having the
composition S4.
Grain size: It has been known from the early days of geology that the
grain size of a rock which crystallises from a basaltic magma is a function
of the cooling rate. Basalt which cools rapidly has a finer grain size than
diabase which, in turn, has a finer grain size than a slow cooling gabbro.
Following this line of argument it might be reasonable to expect that the
grain size of cumulate rocks is also a function of cooling rate and
therefore of the size of the magma chamber. Empirical observations suggest
that this is not the case. There is little difference between the grain
size of cumulates from the giant Bushveld Complex and the smaller Skaergaard
Intrusion. Cumulates from the intermediate sized Stillwater Complex are
coarser grained than either of the former. These observations suggest that
factors which affect the balance between nucleation and crystal growth, such
as the viscosity of the melt, are probably more important than the cooling
rate in controlling grain size in cumulates. Studies of kinetic processes
such as exsolution in pyroxenes (9) or subsolidus re-equilibration of Mg and
Fe between chromite and olivine (10) offer a better pote ntial for obtaining
the size of an intrusion from a single sample than the grain size of the
minerals.
An:Mg diagrams: An obvious method of comparing a random set of
cumulate rocks is to plot the major fractionating constituents of one type
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of cumulate minerals against those of another. Plots of the An constant of
cumulus plagioclase against the Mg content of coexisting cumulus olivines
and pyroxenes were introduced bylWager as a means of comparing different
terrestrial layered intrusions. Two factors produce deviations from the
normal trend of decreasing An with decreasing Mg: (i) postcumulate reactions
(ii) the extent to which An and ~-are fractionated between the liquid and
-cumulus crystals.
The influence of postcumulus reactions on An:Mg trends has been
discussed by Longhi (11) and Raedeke and McCallum ([2). The trapped liquid
has a lower An and Mg content than the cumulus crystal. If equilibrium is
maintained between liquid and crystals, the effect of postcumulus
re-equilibration is to lower both the An content of the plagioclase and the
~ content of coexisting olivines or pyroxenes.
The resultant trend
subparallels the liquidus fractionation trend provided the minerals are
present in approximately their cotectic proportions. If the minerals are
not present in their cotectic proportions, deviations from this trend become
possible.
Consider the case of a plagioclase cumulate with a small amount of
liquid trapped between the cumulus grains. The intercumulus pyroxene which
crystallises from this liquid will have the Mg content of the liquid which
will be lower than that of cumulus pyroxenes-rrom adjacent layers. Raedeke
and McCallum (12) have shown that varying the proportion of cumulus
plagioclase to pyroxene from the cotectic proportions to pure plagioclase,
results in a variation in ~ at constant An, producing a vertical trend on
an An:Mg diagram. Similarly, it is theoretically possible to produce a
horizontal trend in olivine or pyroxene cumulates by varying the amount of
cumulate plagioclase.
In terrestrial layered intrusions, equilibrium between the cumulus
grains and the intercumulus liquid is maintained for pyroxenes and olivines
but not for plagioclase. This has two important effects:
(i) Re-equilibration in cumulate rocks with cotectic mineral proportions
decreases the Mg content of the olivines and pyroxenes but produces no
change in the An content of the cores of the plagioclase crystals.
(ii) Horizontal trends in ultramafic rocks cannot be the result of
re-equilibration between cumulus and intercumulus plagioclase. Such trends
are seen in bronzite cumulates from the Jimberlana Intrusion (Fig. 2) and
are the product of fractional crystallisation of the plagioclase component
of the intercumulus liquid.
Longhi (7) has shown that variations in Kn in equations (1) and (2)
can also influence the fractionation trends on an An:Mg plot. As Kn
approaches 1.0 fractionation tends to zero. Thus the-vertical trend for the
lunar anorthosites could be produced by Kn in equabion (2) approaching 1.0
provided there is no corresponding change in the
Increasing the
Si02 content of the meltp~r lowering the temperature of crystallisation,
increases the value of KD and reduces the compositional contrast between
plagioclase and liquid. The effects are most pronounced near the
end-members where fractionation is least effective. Significantly, the
lunar anorthosites are believed to have crystallized from liquids with a low
normative Ab content. Longhi's conclusions are supported by plots of An:Mg
for cotectic gabbros from the Jimberlana Intrusion which follow a
near-vertical trend during the final stages of fractionation (Fig. 2).
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Table 1.
Sample
1
2
3
4
5

6
8
9
10
S.D.x100
mean

Campbell

Analyses of nine samples of the same two pyroxene gabbro
wf.(gm)
La
Sm
Yb
Th
La/Th
Na20
4.6
5.31
0.91
0.53
.70
2.84
7.59
3.4
3.92
0.81
0.57
.62
1.21
6.36
5.3
5.33
1.14
0.68
.73
2.51
7.30
3.2
5.56
1.17
0.63
.72
2.69
7.70
3.3
4.13
1.07
0.78
.80
1.17
5.17
4.3
5.62
1.13
0.67
.71
2.83
7.94
3.3
5.85
1.11
0.64
.72
2.87
8.11
2.3
5.95
1.34
0.65
.76
7.84
2.89
3.4
4.04
0.93
0.65
.67
6.05
1.28
16%

15%

11%

7%

35%

14%

I
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- •8
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- ·6
A

B
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Fig. 1
Fig. 2
Fig. 1. A phase diagram for a hypothetical two-component system AB in which
there is complete solid solution between A and B.
Fig. 2. A plot of An against Mg for cotectic gabbros and bronzite cumulate
from the lower layerea-series of the Jimberlana Intrusion.
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CHRONOLOGie AND ISOTOPIC SYSTEMATICS OF LUNAR HIGHLAND
ROCKS. Richard W. Carlson, Department of Terrestrial Magnetism,
5241 Broad Branch Road N.W., Washington, D.C. 20015.
Recorded in the chemical and isotopic characteristics of the
pristine lunar highland rocks are the clues necessary for understanding the character of the earliest igneous activity on the
moon. Deciphering these clue§ is a difficult process hindered by
several factors such as, a limited sample collection, poor
stratigraphic control on the samples that are available, and the
fact that many of the pristine rocks have been affected by impact
induced metamorphic overprinting of their original characteristics. In spite of these weaknesses, several fundamental conclusions regarding the nature of the early igneous evolution of the
moon can be drawn from this data set.
First, and perhaps foremost, of these conclusions is that
the outer regions of the moon experienced a major differentiation
episode within the first 100-150 Ma of the moon's formation.
Evidence for this prim&ydifferentiation event is contained in
the Rb-Sr, Sm-Nd and U-Pb isotopic systems of a wide variety of
lunar rock types including high-Ti mare basalts (1,2), KREEP
(3~6) and the pristine crustal rocks (7-16).
In the case of the
·mare basalts and KREEP, despite their relatively young (i.e.
<3.9 Ga) crystallization ages, model age data suggest that the
respective incompatible element depletion and enrichment of their
source materials originated during events occurring_4.36 to 4.55
Ga ago (1-6). For pristine crustal rocks the evidence for a
major early lunar differentiation is shown not only by greater
than 4.3 Ga crystallization ages for some samples (Table 1) but
also by their alignment along "total rock" Sm-Nd (14) and Rb-Sr
(figure 1) isochrons of 4.33 to 4.38 Ga age. Though caution
should be used in assigning precise chronologie significance
to these "total rock" isochrons, the correspondence of these ages
and the model ages obtained for a highly fractionated material
such as KREEP (3-6), strongly suggest that the first major episode of crust-mantle differentiation on the moon was complete by
4.35 to 4.40 Ga ago. Association of this primary differentiation
event with a "magma ocean" episode is an obvious choice although
other models for lunar crustal evolution involving a series of
huge impact melt pools (17) or more limited melting of the
lunar exterior (18) cannot be ruled out by the isotopic data
alone. Regardless of the exact physical nature of this event(s)
the major episode of chemical segregation of the plagioclase and
incompatible element enriched lunar crust and the more mafic,
incompatible element depleted mantle took place during the first
150 Ma of the moon's existence.
Determining the precise details of the igneous history of
the lunar crust during and following the primary differentiation
episode is more difficult and several important points concerning
early lunar crustal evolution remain to be answered (e.g. 16).
These include the questions of whether some pristine samples
formed during the primary differentiation episode or whether a
more prolonged period of igneous intrusion .. into the lup..ar crust
occurred (e.g. 19, 20, 21).
.
The available Rb-Sr and Sm-Nd internal isochion ages for
pristine highland rocks are given in table 1. Notably rare in
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this list are age data for samples of the ferroan anorthosite
group. Though several ferroan anorthosite group rocks have been
dated by the Ar-Ar method (22, 23} the relatively young ages
obtained (~3.9 Ga) conflict with the extremely low initial
~7sr;86sr of these samples (e.g. 7} suggesting that the young
Ar-Ar ages record the time of metamorphic, but not crystallization, events. The lack of detailed crystallization age information for this group of highland rocks is truly unfortunate because the chemical characteristics of the ferroan anorthosites
suggest that they may be the most likely representatives of the
earliest phase of crust formation on the moon (e.g. 24}. The
relatively old Rb-Sr internal isochron age of 4.48±0.12 Ga
determined foranortt~itic norite 15455c (16} is consistent with
this idea though the relatively large uncertainty associated with
the age makes a definitive interpretation impossible.
Rocks of the high-Mg group are enriched generally in incompatible trace elements, especially when compared to the ferroan anorthosites. While this enrichment has made the high-Mg
rocks more suitable for radiometric dating, it also indicates
that these rocks did not form directly from magmas of "bulk-moon"
composition, but are the products of chemically highly evolved
liquids. Whether these evolved liquids represent late stage
residuums of a "magma ocean" episode or are partial melts of
preexisting crustal cumulates (16, 19-21} remains to be answered.
The exact chronologie significance of the ages obtained for
the high-Mg rocks (Table 1} is not certain and at least three
interpretations must be considered: 1} Ages represent the time
at which the various samples crystallized from the "magma ocean".
2} Ages record a prolonged period (4.18-4.51 Ga} of partial
melting and plutonism into preexisting lunar crust. 3} Ages
represent "cooling ages" indicating the time when the temperature
of the rock cooled below the particular radiometric system's
blocking temperature. As discussed by (16} the initial ENd
values determined for the majority of high-Mg samples tend to be
marginally greater than zero. While this may suggest the parental magmas of these rocks formed by melting of preexisting
"depleted" mantle materials (16} sufficient uncertainty exists
both in the "bulk-moon" Nd reference parameters and the initial
isotopic values to allow all of samples to be products of a
magma ocean with approximately chondritic Nd isotopic composition. For example, at 4.3 Ga ago the maximum difference expected
in ENd for lunar materials ranges only from a high of +2 for
the source region of high-Ti mare basalts (25} to a low value of
-0.6 for the proto-KREEP materials (6).
The question of whether the ages obtained for lunar crustal
rocks represent "cooling ages" or the time of their crystallization becomes more important as more relatively young (i.e. ~4.2
Ga) ages are reported. For troctolite 76535, the evidence
suggests that the olivines in this rock retain memory of a much
older event (~4.5 Ga, 10, 26) than is recorded by other minerals
in the sample (11, 27). In light of the data for 76535, the
meaning of the ~4.2 Ga ages reported for 73255 (13) and 67667
(14) becomes more ambiguous. This is especially true for 73255
where other, non-pristine, clasts within the same host impact
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breccia also give ~4.2 Ga Ar-Ar ages (28). Resolving this
question must wait until a more complete isotopic and petrologic
data base is obtained for these samples. The task of determining
the true chronological significance of these ~4.2 Ga ages is of
gzeat importance because the various possible interpretations
c-a rry distinct implications f~r the nature of the moon's early
thermal history.
Table 1: Rb-Sr and Sm-Nd isotopic results for pristine highland rocks
Sample
Type
Age (Sr)
I 0 (Sr)
Age (Nd)
ENd(O)
Reference
15455c
An.Nor.
4.48±0.12 0.69894±6
16
60025
An.
3.85±0.02 0.70030±20
7
67667
Feld.Lhz.
4.18±0.07 +0.8±0.3
14
4.08±0.05 0.69913±7
8
72255c
Nor.
72417
Dun.
4.45±0.10 0.69900±7
9
73255,27 Nor.
4.23±0.05 +0.5±0.4
13
76535
Troc.
4.51±0.07 0.69900±3
4.26±0.06 +0.3±0.5
10,11
77215
Nor. Brec. 4.33±0.04 0.69901±7
4.37±0.07 -3.0±0,5
12
4.29+0,02 0.69907±2
4.34±0.04 +1.1+0.7
13,15
78236
Nor.
All ages in Ga. Rb-Sr ages calculated using ARb=l.42xlo-llyr-l, Sm-Nd ages
with Asm=6.54xlo-12yr-l. Initial 87srJ86sr(I 0 ) and ENd values are as reported in original reference. At 4.2 Ga ago the "chondritic" Nd reference
values used by La Jolla (6), JSC (15), and USGS (12) differ by a maximum of
0.3 E units.
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Figure 1: Rb-Sr "total rock" isochron for ferroan anorthosite
and high-Mg highland rocks. Data for samples 60025 (7),
61016c (29), 15415 (30), 76535 (10), 67667 (16), 15455c (15),
78236 (15), 72417 {9), 77215 8 ~12), and 72255c (8) are plotted
in order of increasing 87Rb/ Sr. All Sr isotopic values are
bias corrected for comparison with data from CIT.
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THE EARLY EVOLUTION OF THE MOON AS INFERRED FROM MARE BASALTIC
LIQUIDS. J. W. Delano, Dept. of Geological Sciences, State University of
New York, Albany, N. Y. 12222
INTRODUCTION
_
Information concerning the depth and residual mineralogy of source
regions for basaltic magmas can be less than unique if the basalts have had
any history of crystal/liquid frac~ionation prior to solidification. Melts
that have remained closed systems since leaving their source regions are
termed primary and are much sought after by lunar and terrestrial petrologists/geochemists.
Many compositional varieties of mare volcanic glasses have been analyzed
and found to display relatively simple inter-relationships (i.e., two linear
arrays; l),Since these trends (Fig. 1) would have been eliminated if only
~ 5 wt.% olivine fractionation had occurred during emplacement, the mare volcanic glasses may be samples of primary melts from the deep lunar interior
(1-5). If that view is correct and those liquids were multiply saturated in
the lunar mantle, then the liquidus phase relations of the volcanic glasses
should furnish reliable information about the depths and residual mineralogies of the mare source regions.
The most recent additions (Table 1) to the growing list of volcanic
glasses have brought the present total to twenty-three chemical varieties.
BOUNDARY CONDITIONS
Investigations of mare basalts and volcanic glasses have provided valuable insights into the Moon's early evolution. Eight constraints that are
considered by the author to be of particular significance are listed below:
[A] The source regions of most mare liquids became isotopically closed
at 4.3-4.4 AE (e.g., 6-11) and had some chemical characteristics that were
complementary to the highlands crust (e.g., 12).
[B] Mare basalts and volcanic glasses were extruded within the time interval from 3.2 to 3.9 AE (7,9-11,13,14). Additional mare volcanism may have
occurred outside that period (15-18).
[c] Contrary to earlier views, mare basaltic liquids do not exhibit any
simple correlations among composition of melt, age of eruption, and inferred
depth of source region (1,3,4,19,20).
[D] Mare source regions were chemically and isotopically heterogeneous
on small scales (1,7,21,22).
[E] The Mg/(Mg+Fe) ratio of the residual olivine (and low-Ca pyroxene)
in the mare source regions was nearly uniform at~ 0.80 ± 0.02, regardless of
the abundances of titanium and incompatible trace elements in the mare liquid
(2-5,23,34,36).
[F] Mare volcanic glasses suggest that their differentiated source
regions were located at depths ranging from 350 to 500 km (2-5,20). The validity of this, however, hinges on confirmation of a key assumption (i.e.,
multiple saturation).
[G] Chemical systematics occur among mare volcanic glasses (Fig. 1) collected from widely separated landing sites (1).
[H] Volatiles associated with mare volcanic glasses (Table 2) indicate
that volatile-enriched, undifferentiated regions existed within the Moon at
the time of mare petrogenesis (24-30).
The bearing of these factors on two prominent questions in lunar science
are examined in the next two sections of this abstract.
HOW DEEP WAS THE MAGMA OCEAN?
Estimates for the initial depth of the magma ocean have ranged from 200300 km (31-33), to~ 400 km (34-36), to~ 500 km (37), to 1738 km (38). While
constraints [A,F] imply that the magma ocean had a thickness of ~ 500 km,
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constraint [H) indicates that the wbole Moon was not involved. A seismic
discontinuity apparently occurs at~ 400-500 krn (39,40). Some investigators
have speculated that that feature marks the limit of the magma ocean (20,21,
~5).
However, until a sample of primary basaltic liquid derived from
~ndifferentiated Moon is discovered and examined by experimental petrologists,
a bracket on the depth of the magma ocean will be difficult to constrain
observationally.
DID THE MOON ACCRETE HOMOGENEOUSLY?
Although lunar samples are depleted in volatiles relative to chondrites
and terrestrial rocks, Ph-isotopes in mare volcanic glasses (24-29) and
volatile-rich breccia 66095 (41) suggest that this may not be the whole story.
It seems that two possibilities exist: if the Moon accreted homogeneously,
then it is not as depleted in volatiles as commonly believed (26,29,41) ~ alternatively, the Moon may have accreted heterogeneously with respect to the
volatile elements (42,43). This issue may be resolved by isotopic analyses
of noble gases trapped within vesicles in mare volcanic glasses (44) •

Table 1. Major-element compositions (±la) of lunar volcanic
glasses from Apollo 17 that have been investigated subsequent to the listing that occurs in [1]. Within any group
where a crystal/liquid fractionation trend was observed the
least fractionated composition has been tabuiated.
'
Apollo 17
yellow (II)
40.5 ±0. 1
Si02
Ti02
6.90±0.06
8.05±0.07
Al203
cr o3
0.63±0.01
Fe
22.3 ±0.2
MnO
0.25±0.02
MgO
12.6 ±0.1
CaO
8.64±0.02
Na o
0.39±0.01
n.d.
K2
1:
100.3
Mg#
50.2

0

0

Apollo 17
Apollo 17
orange (II)* orange (I)*
38.8 ±0.3
39.4±0.1
9.30±0.09
8.63±0.13
7.62±0.03
6.21±0.07
0.66±0.05
0.67±0.03
22.9 ±0. 1
22.2 ±0.1
0.29±0.03
0. 28±0. 01
11.6 ±0.04 14.7 ±0.06
8.55±0.07
7.53±0.04
0.39±0.02
0.41±0.03
n.d.
0. 04±0.01
100.1
100.1
47.4
54.1

Apollo 15
green (B)
46.0 ±0.1
0.40±0.02
7.92±0.06
0.55±0.03
19.1 ±0. 1
n.a.
17.2 ±0. 1
8.75±0.04
n.d.
n.d.
99.9
61.6

*Chemically distinct from the well-known orange
glass in 74220, which was used as a working standard
during these microprobe analyses.
(Analysis of
Apollo 17 glasses was still in progress at the time
of writing.)

MARE BASALTIC LIQUIDS
Delano, J.

w.

12

"

..

10

-

8

6
5

4
3

Figure 1.

7

8

9

10 II

12

13 14 15

MgO (wt. %)

16 17

18 19 20

The mare volcanic glasses (solid symbols) form two subparallel,
linear arrays. Mare basalts (open symbols) generally have lower
abundances of MgO than the volcanic glasses. The leastfractionated compositions of the twenty-three varieties of glass
plotted here are listed in (1) and in Table 1 of this abstract.

Table 2. Analyses of lunar volcanic glasses have indicated
that the 24 elements listed below were constituents in the
gases associated with lunar fire-fountains. The sources of
data are given in parentheses.
B

c
F

Na

s

Cl
Ar
Cu
Zn
Ga
Ge
Br

(45)
(73-76}
(24,46-49)
(50-52,71 ,77)
(24,52-57 ,71 ,77)
(24,46,71,77}
(58-65)
(24,49)
(24,49-54,66-68,71,72,77)
(24,49,51)
(50,51 ,68,72)
(46,66,69)

Ag
Cd
In
Sb
Te
I
Xe
Au
Hg

Tl

Pb
Bi

(50,66,72)
(50-52,66,68,71,72)
(50,51 ,68,72)
(50)
(68)
(69)
(69}
(50,51,68)
(68,70)
(24,66,72,78)
(24-29,52,67,78}
(50)
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FERROAN ANORTHOSITIC NORITE: AN IMPORTANT HIGHLAND CUMULATE; M.M.
Lindstrom, Dept. of Earth &Planetary Sciences &McDonnell Center for Space
Sciences, Washington University, St. Louis, MO 63130.
Previous studies have shown that lunar breccias and soils are not
S'imple mixtures of pristine highland rocks because the magnesian suite
norites and troctolites do not have the right mg• value to be the only major
KREEP-poor mafic-rich components i~ these polymict samples (1). Even for
the well constrained case of North Ray Crater (NRC) feldspathic fragmental
breccias, where many components were analyzed as breccia clasts, an
unidentified ferroan mafic-rich component was required to fit the data
(2). Candidates for this component were observed petrographically in 67455
by Minkin et al. (3) and in 67016 by Norman (4) as noritic (gabbroic)
anorthosites. Analyses of separated 67016 clasts uncovered two such
samples. Discussions with M. Norman and G.J. Taylor suggested that bulk
rock 67215 might fall into this classification, and our analyses confirmed
this.
Data for these three samples are given in Table 1 (5) with that of a
plagioclase separate from 67215. These three samples are very similar to
each other and represent the most mafic ferroan rock type yet analyzed.
They have 20-30% mafic minerals with mg' the same as in the anorthosites
(.55-.60). 67215 is described by Taylor (6) as a 273 g cataclastic monomict
breccia that may be pristine. Its clasts have either cumulate or granulitic
texture with the same mineral compositions and an average of 75% plagioclase. The two clasts selected from feldspathic fragmental breccia 67016
are plutonic rocks, but 67016,275 is partially metamorphosed with small
regions of granular texture. Other ferroan mafic-mineral bearing anorthosites have been found (62236 and 62237) but they contain only 15% mafic
minerals. Warren and Wasson (7) report on a small clast from breccia 66035
which has 40% mafic minerals, but due to its small size consider the clast
to be a mafic clump from an anorthosite, and hence be due to poor sampling.
The two clasts from 67016 might be explained in this way, but 67215 is a
large rock with essentially the same composition and petrologic characteristics. This indicates that even the analyses of our small clasts are
reasonably representative of a distinct highland rock type. In addition,
such ferroan mafic rocks are required to account for compositions of bulk
NRC breccias and melt rocks.
Returning to Table 1 and the REE plotted in Fig. 1 we see that these
samples have quite low incompatible element concentrations with REE patterns
more similar to those of anorthosites than to the KREEP patterns which
dominate highland rocks. What, if any, relationship might these plutonic
rocks have to the ferroan anorthosites? Both anorthosites and anorthositic
norites have similar mineral compositions and relict cumulate textures.
Might the anorthositic norites represent cumulate plagioclase with a larger
percentage of trapped liquid than the anorthosites? These rocks contain
25% modal mafic phases which, if they crystallized from trapped liquid
would have crystallized with an approximately equal amount of plagioclase.
Thus, as a simple approximation, the samples may represent about 50%
cumulate plagioclase and 50% trapped liquid. Since the plagioclase contributes little of the REE (except Eu), the concentrations in the trapped
liquid would be approximately twice that in the bulk rocks, i.e., REE
concentrations in trapped liquid would range from 6-13 times chondrites with
a nearly flat pattern. Eu has approximately the same concentration in both
plagioclase and liquid and the liquid has little Eu if any anomaly.
Finally, one can calculate the REE pattern of the cumulate plagioclase in
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equilibrium with this trapped liquid using the distribution coefficients of
McKay (pers. comm., 1982). These plagioclase patterns fall just below the
range observed for ferro an anorthosites suggesting that the ferro an anortho_site norites could be cumulates related to the anorthosites but with more
:trapped liquids. The analyzed plagioclase fraction is REE-enriched compared
to FAN and the equilibrium plagioc]ase. This could be due to trapped liquid
contamination or crystallization from a late stage liquid. The probable
relationship to anorthosites and the larger proportion of trapped liquid
make these ferroan anorthositic norites important samples in the study of
the nature of the anorthositic parent liquids and the evolution of the lunar
high 1and s.
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REE in Ferroan Anorthositic Norites and Anorthosites. Chondrite
normalized REE patterns for ferroan anorthositic norites (67215 WR
and 67016,275) and separated plagioclase (67215 PL) are plott~d.
The range for calculated trapped liquid values is shown and the
plagioclase in equilibrium with that liquid is compared to the
observed ranqe for ferroan anorthosites (FAN).

Table 1. Composition's of Ferroan Anorthositic Norites
67215
WR

AL203
FeO
MgO
CaO
Na2o
Sc
Co
Ni
La
Sm
Eu
Yb

•
24.3
7.95
6.8
14.9
0.302
17.3
13.6
45
0.867
0.600
0.74
0.77

67215

PLAG

1.72
19.6
0.417
4.7
1.06
9!8
0.906
0.285
1.00
0.25

67016
275

67016
285

24.2
8.00
·6.2
15.3
0.292
17.8
6.57
34
1.53
0.932
0.77
1.02

21.6
8.95
7..5
14.2
0.272
23.8
6.60
1.35
1.00
0.74
1.33

LDCe

Sm Eu

Tb

YbLu

EARLY LUNAR IGNEOUS HISTORY. John Longhi, Dept. of Geology and Geophysics, P.O. Box 6666, Yale University, New Haven, CT, 06511.
The early history of the moon is recorded in ancient igneous rocks that have survived metecontamination and re-working. Decoding the message recorded in these "pristine" rocks is
far from trivial, however, because sampling.is incomplete, primary field relationships are poorly
known, isotopic systems are commonly disturbed, and the volumes of the major rock types are not
known. Pursuit of early lunar history through the study of pristine rocks is far from hopeless,
though, rather it is a challenge that requires sharper analysis and interpretation than studies
of terrestrial magmatism. The rewards for meeting the challenge are more than worth the effort
'for the history recorded in pristine lunar rocks--early planetary evolution and crustal formation
--has been obliterated on earth.
Interpreting early lunar history through the study of pristine rocks requires data from five
general disciplines: 1) petrology and petrography, 2) geochemistry, 3) isotopic dating,
4) photogeology and remote sensing, 5) geophysics. The following overview of lunar igneous history will draw discricinately on all five disciplines.

-~orite

I.

The Anorthosite-Forming Event
Ferroan anorthosites apparently record the oldest and, perhaps, the most voluminous episode
of lunar magmatism. This series of plagioclase-rich rocks is (1) characterized by a relatively
narrow range of plagioclase composition (An : Ca/(Ca + Na + K) • 0.94 - 0.98) and a fairly wide
range of olivine and pyroxene composition~~: Mg/(Mg +Fe) m 0.7- 0.4). Although some samples
are nearly pure plagioclase, others (2,3) contain significant amounts of olivine crystals with
graln size similar to that of the plagiocl~se. The preferred interpret~tinn (2,3) is that these
rocks crystallized from a magma co-saturated with olivine and plagioclase (and possibly pyroxene
as well). Experimental data and modeling show that the limited range of plagioclase composition
coupled with the extensive range of ~ in mafic minerals in the anorthosite series is a normal
consequence of fractional crystallization of a cotectic magma with low alkali concentrations and
intermediate~ (4).
What is most unusual about ferroan anorthosites is the absence of ~afic
rocks (troctolite, norite, gabbro) or ultramafic rocks (dunite, pyroxenite) among the highland
samples with mineral compositions similar to those in the anorthosites. Although mineral isochron ages have not been obtained, extremely low measured values of B7 sr/B6sr (5) are consistent
with these rocks_having crystallized 4.5 to 4.6 G.y. ago.
Mixing models of highland soils and breccias (6)
show that anorthosite comprises 60 to 70%
of the highland surface near the Apollo 16 landing site. Orbital XRF data show soils with Hg/Al
similar to that in the Descartes region to be typical of the lunar farside (7). Thus the anorthosite-forming even.t (AFE) was igneous. apparently moon-wide, and most probably represents the
first stage of crustal formation.
How deep the anorthosite-rich surficial regolith persists is not known, but the depth of this
layer is perhaps the most important constraint on the scale of the AFE. A minimum estimate of
the depth of anorthositic regolith is the relief of the farside terrain. 5 to n km, across which
tne regolith persists. These depths imply a minimum 3 to 6 km column of anorthosite. If the
cotectic magma from which the anorthosites crystallized separated comnletely into anorthositic
and ultramafic fractions, then a 5 to 10 km column of cotectic magma is required. If intermediate
rocks (subequal proportions of plagioclase and mafic minerals) formed from this magma, then the
magma column could easily have been several times as thick as the column of anorthosites. This
situation is readily observed in terrestrial layered intrusions such as the Stillwater complex
where massive anorthosite makes up only about 1/6 of the exposed section (8). Furthermore, given
the reported compositions of cumulus olivine in anorthosites (2,3), the cotectic parent magma of
.the anorthosites must have had a~ value of about 0.4, which is far too low to be a primarymelt
of any reasonable whole moon composition. hence the parent magma of the anorthosites must have
evolved by fractional crystallization of a much more voltmdnous primary magma.
These considerations suggest a moon-wide magma column tens of kilometers thick. The simplest
conceptualization of the AFE is thus a "magma ocean", tens if not hundreds of kilometers deep,
with anorthosites forming a stable buoyant crust (9, 10). Thermal modeling shows that a magma
ocean 20Q-400 km deep with a floating crust that acts as a thermal boundary layer is consistent
with the formation at 4.4 G.y. of a widespread incompatible element-enriched residuum
(KREEP)
and the source regions of the mare basalts (11). An ' initially hot exterior and cold interior
is also consistent with the absence of large scale compressional or tensional features throughout lunar history (12).
Consideration of post-accretional meteorite flux poses complications for magma ocean models.
however, because plausible fluxes could easily have disrupted the floating crust; thus accelerating the cooling rate and decreasing the solidification time (13). Furthermore, slow accretion
by relatively large projectiles (14) would tend to produce a heterogeneous array of overlapping
magma seas rather than a global ocean. So the actual anorthosite-iorming event may have been
considerably more complex than magma ocean models imply. Valuable constraints could be placed
on the AFE if an isopach map of the anorthositic layer of the lunar highlands were available.
Other possible eXPlanations for the AFE include an outward zone-refinement of plagioclase
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during ac~retional growth (15) and growth of an anorthositic crust above a partially-molten convecting mantle (16). One possibility that seems to be excluded by absence of mafic rocks complementary to the anortho~ites is that anorthosites crystallized as the upper portions of basaltic
.· intrusions similar in scale to those found on earth.
II.

KREEP Genesis
KREEP is an emphemeral incompatible element-rich component readily discernible in soils and
breccias, but hard to identify as a rock type. The component defined from Apollo 14 breccias by
(17) has a negative slope on its chondrite-normalized REE abundance pattern with light REE
approaching 500X Cl and heavy REE in excess of 200X Cl. This co~ponent is also characterized
by spectacular relative depletions of certain elements with a dual character which are compatible
only for certain minerals: there are negative anomalies relative to the REE for Sr and Eu, which
indicate plagioclase fractionation, for Ti which indicates ilmenite fractionation, and for Sc
which indicates mafic mineral (probably clinopyroxene) fractionation. By virtue of the high
incompatible element concentrations a small amount of KREEP assimilated into an unfractionated
magma or admixed into a breccia is sufficient to dominate the incompatible element abundance
pattern.
The similarity of chondrite-normalized incompatible element abundance patterns of KREEPbearing breccias at several near-side landing sites (17) and the fact that KREEP-breccias from
various sites also tightly define a whole-rock Sm-Nd isochron of 4.36 ± .06 G.y. (18) suggests
a large-scale, very extensive, and ::elatively homogeneous differentj.ation at "'4.4 G.y. This age
is in general agreement with the inference of a large scale lunar differentiation at 4.42 G.y.
suggested by U-Th-Pb systematics (19).
KREEP genesis occurred at a pivot~! time in lunar history because various isotopic studies
(20, 21) suggest thAt the mare basalt source regions (MBSR) were established at this time. There
may be more than a coincidental relationship because the KREEP parent obviously lost ilmenite
during its evolution (22), while the source regions of the high-Ti mare basalts obviously gained
ilmenite (23). A popular concept is that the HBSR were ·cumulates of an evolving magma ocean that
produced a floating anorthosj.tic crust (20) and that KREEP was the ocean's ultimate residual
liquid formed at the base of the exisitng cruse (17). Convective overturn of the ocean's basal
cumulate pile may be responsible for the depths and chemical heterogeneities inferred for the
MBSR 924), while the more buoyant residual liquid infiltrated into the crust (25) or was assimilated and carried upwards by magmas intruding the crust (1). If one long-lived magma body was
responsible for the AFE, KREEP, and the }ffiSR, then more rapid crustal growth and a lower meteorite flux than suggested by (13) are required.
III.

Mg=rich Plutonic Rocks
Mg-rich plutonic rocks are pristine igneous cumulates whose mafic minerals have significantly higher !!& than those of ferroan anorthosites (26). Nost of these rocks have cotectic proportions of mafic minerals and plagioclase (troctolite, norite. gabbro). Most of the Mg-rich
rocks also have unexpectedly low Ti/Sm and Sc/Sm ratios (22, 27, 28). These low ratios (~1/6
of the chondritic values) together with the absence of ilmenite or clinopyroxene as cu~~lus
phases in these rocks indicates that their parent magmas assimilated some material high in Sm
and low in Ti and Sc. The obvious candidate is KREEP. This interpretation is strengthened by
the fact that several of the Ne-rich rocks tightly define a Nd-Sm whole rock isochron that is
colinear with KREEP and yields an age of 4.33 + .08 G.y. (29). Some Mg-rich samples, however,
have apparent isochron ages of "'4.5 G.y. and have initial 87srt 86 sr ratios equivalent to those
of the anorthosites (31), yet still have low Ti/Sm and Sc/Sm ratios characteristic of KREEP.
These older ages suggest that KREEP-like material may have been produced many times over a long
span of early lunar history and that the ubiquito~~ KREEP found in soils and breccias today represents the culmination of a prolonged, repetitious differentiation process (32).
Studies of fragment-laden melt-rocks thought to represent the melt sheets of the Imbrian and
Serenitatis basin-forming impacts indicate that no ferroan anorthosite was incorporated into the
melt sheets (33). One interpretation is that the lunar crust is layered with anorthositic layers.
of a variable thickness nearer the surface and less aluminous layers compri~ed of Mg-rich rocks
and KREEP below (33). These observations plus radiometric ages of Mg-rich rocks extending from
4.5 to 4.2 G.y. suggest that the anorthositic crust was intruded by magma throughout this time.
The younger ages probably represent intrusions of magma entirely within the existing crust (1),
while older ages may represent crystallization of magma at the base of the crust as well (32).
What is not clear are the proportions of Mg-·rich rocks and anorthosites averaged over the entire crust. Is the crustal structure suggested by (33) under the near-side basins moon-wide? Or
have the Imbrium and Serentatis impacts sampled large intrusions contained within more anorthositic crust (1)? The answer is important because the lunar crust, apparently '1.60 km deep (34) is
a non-trivial fraction (1/10) of the moon's volume and thus knowledge of the crustal composi~ion
can constrain the lunar bulk composition and models of evolution.
....-··
Regardless of the proportions of the various pristine rocks, these rocks do tell -~s that
there was extensive melting of the moon early in its history: crustal formation was an amalgam of
igneous events whose records have been altered by meteorite bombardment. Determining the scale
and duration of these events is the goal of the study of the pristine lunar rocks.

LUNAR IGNEOUS HISTORY
J. Longhi

REFERENCES
(!)James O.B.(1980) Rocks of the early lunar cvust. Proc. Lunar Planet Sci.
Conf. 11th, p. 356-393.
{2)Dymek R.F., Albee A.L. and Chodos A.A. (1975) Comparative petrology of
lunar cumulate rocks of possible primary origin: Dunite 72415, troctolite
76535, norite 78235, and anortliosite 62237. Proc. Lunar Sci. Conf. 6th,
p. 301-341 •
.(3)Ryder G. (1982) Ferroan anorthosite 60025, adcumulate growth, and bulk moon
considerations, in Lunar and Planetary Science XIII, p. 671, The Lunar
and Planetary Institute, Houston.
(4)Longhi.J. (1982) Effects of fracbional crystallization and ~umulus processes on mineral composition trends ofsomelunar and terrestrial rock series.
J. Geophys. Res., in press.
(5)Papanastassiou D.A. and Wasserburg G.J. (1976) Early lunar differentiates
and lunar initial 87 sr/ 86 sr(abstract). In Lunar Science VII, p. 665-667.
The Lunar Science Institute, Houston.
(6)Ryder G. (1979) The chemical components of highland breccias. Proc. Lunar
Planet. Sci. Conf. lOth, p. 561-581.
(7)Andre C.G. and El Baz F. (1981) Regional chemical setting of the Apollo 16
landing site and the importance of the Kant Plateau. Proc. Lunar Planet.
Sci. Conf. 12th, p. 767-779.
(8)McCallum I.S., Raedeke L.D. and Mathez E.A. (1980) Investigations of the
Stillwater complex: Part I. Stratigraphy and structure of the banded zone.
Amer. J. Sci. 280-A, 59-87.
(9)Wood J.A., Dickey J.S. Jr., Marvin U.B., and Powell B.N. (1970) Lunar anorthosites and a geophysical model of the moon. Proc. Apollo 11 Lunar Sci.
Conf., p. 965-988.
(lO)Walker D., Longhi J. and Hays J.F. (1975) Differentiation of a very thick
magma body and implications for the source regions of mare basalts. Proc.
Lunar Sci. Conf. 6th, p. 1103-1120.
(ll)Solomon S.C. and Longhi J. (1977) Magma oceanography 1: Thermal evolution.
Proc. Lunar Sci. Conf. 8th, p. 583-599.
(12)Solomon S.C. and Chaiken J. (1976) Thermal expansion and thermal stress in
the moon and terrestrial planets: clues to early thermal history. Proc.
Lunar Sci. Conf. 7th, 3229-3243.
(13)Minear J.W. (1980) The lunar magma ocean: A transient lunar phenomenon.
Proc. Lunar Planet. Sci. Conf. 11th, p. 1941-1955.
(14)Wetherill G.W. (1976) The role of large bodies in the formation of the
earth and moon. Proc. Lunar Sci. Conf. 7th, p. 3245-3257.
(15)Smith J.V. (1981) Progressive differentiation of a growing moon. Proc.
Lunar Planet. Sci. Conf. lth, p. 979-990.
(16)Shirley D.N. (1982) A partially magma ocean model. In Lunar and Planetary
Science XIII, p. 724-725, The Lunar and Planetary Institute, Houston.
(17)Warren P.R. and Wasson J.T. (1979b) The origin of KREEP. Rev. Geophys.
Space Phys. 17, 73-88.
(18)Lugmair G.W. and Carlson R.W. (1978) The SmrNd history of KREEP. Proc.
Lunar Planet. Sci. Conf. 9th, p. 689-704.
(19)Tera F. and Wasserburg G. (1974) U-Th-Pb systematics on lunar rocks and
inferences about lunar evolution and the age of t he moon. Proc. Lunar
Sci. Conf. 5th, p. 1571-1599.
(20)Papanastassiou D.A., DePaolo D.J. and Wasserburg G.J. (1977) Rb-Sr and
SmrNd chronology and geneology of mare basalts from the Sea of Tranquilit~
Proc. Lunar Sci. Conf. 8th, p. 1639-1672.

LUNAR IGNEOUS HISTORY
J. Longhi

(2l)Nyquist L.E., Bansal B.M., Wooden J.L. and Weisman H. (1977) Sr-isotopic
constraints on the petrogenesis of Apollo 12 mare basalts. Proc. Lunar
Sci. Conf. 8th, p. 1383-1415.
-(22)McKay G.A~, Wiesman H., Nyquist L.E., Wooden J.L. and Bansal B.M. (1978)
Petrology, chemistry, and chronology of 1478: Chemical constraints on
the origin of KREEP. Proc. Lunar Planet. Sci. Conf. 9th, p. 661-687.
(23)Walker D., Longhi J., Stolper E.N., Grove T.L. and Hays J.F. (1975) Origin of titaniferous lunar basalts. Geochim. Cosmochim. Acta 39, p. 1'2191235.
(24)Delano J.W. (1980) Chemistry and liquidus phase relations for Apollo 15
red glass: Implications for the deep lunar interior. Proc. Lunar Planet.
Sci. Conf. 11th, p. 251-288.
(25)Hess, P.C., Rutherford M.J. and Campbell H.W. (1977) Origin and evolution
of LKFM basalt. Proc. Lunar Sci. Conf. 8th, p. 2357-2379.
(26)Warner J.L., Simonds C.H. and Phinney W.C. (1976) Genetic distinction between anorthosites and Mg-rich plutonic rocks: New data from 76255. In
Lunar Science VII, p. 915-917, The Lunar Science Institute, Houston.
(27)Longhi J. and Boudreau A.E. (1979) Complex igneous processes and the
fo~ation of the primitive lunar crustal rocks.
Proc. Lunar Planet Sci.
Conf. lOth p. 2085-2105.
(28)Norman M.D. and Ryder G. (1980) Geochemical constraints on the igneous
evolution of the moon. Proc. Lunar Planet. Sci. Conf. 11th, p. 317-331.
(29)Carlson R.W. and Lugmair G.W. (1981) Sm-Nd age of lherzolite 67667: implications for the processes involved in lunar crustal formation. Earth
Planet. Sci. Lett. 56, 1-8.
(30)Nyquist L.E. (1981) Radiometric ages and isotopic systematics ofpristine
lunar rocks. In Workshop on Magmatic Processes of Early Planetary
Crusts, 114-120, LPI Technical Report Number 82-01.
(3l)Caffee M., Hohenberg C.M. and Hudson B. (1981) Troctolite 76535: A study
in the preservation of early isotopic records. Proc. Lunar Planet. Sci.
Conf. 12th, p. 99-115.
(32)Longhi J. (1980) .A model of early lunar differentiation. Proc. Lunar
Planet Sci. Conf. 11th, p. 289-315.
(33)Ryder G. and Wood J.A. (1977) Serenitatis and Imbrium impact melts: Implications for lunar crustal composition and stratigraphy. Proc. Lunar
Sci. Conf. 8th, p. 655-668.

Macro and Microsegregation

in a Solidifying Lunar Magma Ocean

Alan Rice, Dept. of Oceanography, Florida Institute of Technology, Melbourne,
'florida, 32901
A solidification history of a_magma ocean is developed utilizing industrial experience such as "carbon (i.e., co 2) boil" arising from volatile
supersaturation (eg>xl5) of melt due to quench cooling. Resultant vesiculated slag provides a floating structure from whence solidification may
proceed downward from the surface of the melt through which most of the heat
is transferred out. The governing equations are given by
hrTs = h1 (Tbl-Tf) + Vp6Hf
h

where the radiative heat transfer coefficient is

and the convective film coefficient is, for a Prandtl

r

number Pr. << Sc, the Schmidt number, h 1 =BSc ~ [Gr + (Pr/Sc) ~~r'] ~ (k 1 /R)~
(R/1) a /{Pr~[0.625/Pr +1] ~ }. Ts= temperature of solidified melt, Tb1= temperature of bulk melt, Tf= equilibrium freezing point, V=velocity of solidification, p=density, 6Hf= heat of fusion, o=Stefan-Boltzmann constant,
£=emissivity, FR=shape factor, k 1=thermal conductivity of melt,

R~~

the

breadth of the surface of the magma ocean, l=depth of magma ocean, Gr'=mass
·
Gr '. grav1. t y,
transport Grashof number, 1.e.
-ga ( wi-wl ) R3 ; v 2 wh ere g 1s

a coeff. of expansion, v=kinematic viscosity, wi, w1 are weight fractions
at solid-liquid interface, and bulk liquid respectively. Gr is the familiar
Grashof number. B and a are empirical constants. We invoke Chvorinov's
Rule, i.e.

S=2

Tl

7TITH
s

/k p c t
s s s

(where subscripts 1 and s

designate liquid and solid respectively. c is heat capacity and t is time,
s=thickness solidified) to estimate the time at which the insulation of
the crust becomes significant. Volatile exsolution follows
(C -C*) dw p1v = (1-w ) dC1 p1v-JAdt where v is solid volume, C's are bulk
1 s
s
s
compositions, J the flux across the solid-liquid interface =-a'p1 (w~-w 1),
a' the evaporation coeff. and superscript e implies gas-liquid equilibrium
conditions. Distributions for binary compositions (eg, olivine, plagioclase)
are ascertained from Schiel's (non-equilibrium) eq. for convecting melts
C* = k'C (1-w )(k'-l)
s
0
s
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k', the effective partition ratio, is given by k' = k/{k+(l-k)e-Ro/Dl},
_k

= C*s/c1 •

Subscript o implies initial conditions on melt, o is boundary

layer thickness, D1is mass diffusion coeff.
Theoretical considerations provided by these descriptive equations
provide initial concentration gradients for numerical assessment of Soret
convection in the cooling magma ocean, which would manifest itself as
diffusive layers of considerable depth underlying an upper region of
solute banding. Both industrial and astrophysical work will be cited
indicating Soret and double diffusive convection are one and the same.

NICKEL IN OLIVINES AND PARENT MAGMAS OF LUNAR PRISTINE ROCKS.
Graham Ryder, lunar Curatorial laboratory, Northrop Services, Inc.,
P.O. Box 34416, Houston, Texas 77234.
Mainly to determine the nickel content of their parent magmas, and hence to constrain how the
parent magmas evolved, I have made analyses for Hi in the olivines of some of the pristine rocks.
figures 1 and 2 are plots of the determined Ni against mol S Fo for the olivine.

~ethods: The data collection so far is~really a feasibility study to ascertain whether
attempting to analyze at the ~10 ppm level is productive; the results are positive. Previous
analyses on such olivines (e.g., 1, 2, 3) have had detectability levels of ~100 ppm Ni and serve to
demonstrate only that the olivines contain little Ni. The Fo is taken from previous analyses,
published data, or from an Mg-count made simultaneously with the Ni count and calibrated against
known olivines. Thus· they are not necessarily precise for the grain analyzed, except in the case
of 60025. The probe was operated at 30 kv with sample currents of 0.1-0.5 ~amps (rarely 1.0 ~amps),
and the standard was a synthetic diopside glass containing 1.00 wt.% Ni. Backgrounds were determined by one of two methods: (i} simultaneously measuring an off-peak background on one spectrometer while measuring the Ni peak on another (G. MacKay, pers. comm.} and calibrating one spectrometer against the other with Ni-free phases or by step scans; (ii) successively measuring high background, peak, and low background, and repeating to check consistency of peak height. Much of the
data in Fig. 1 were obtained by the first method, most of that in Fig. 2 by the second method.
Counting times on peaks and on backgrounds were 100-300 seconds, and counting statistics alone lead
to uncertainties of 6-12 ppm for each point in the Figures. The extra uncertainty in background
location leads to total estimated uncertainties of 10-15 ppm Ni, and this is consistent with
repeated analyses on a single grain. Data were reduced making an allowance for dead-time; matrix
corrections were negligible and not made. There is a systematic difference of unknown origin
between Figs. 1 and 2 in data for similar materials. Fig. ·z shows 10-15 ppm more Ni, but the
general relations among samples are similar. In Fig. 1 the data for Marjalahti are similar to that
accurately measured by (4}, so Fig. 1 can perhaps be considered the more accurate. As a general
guide, two duplicate analyses of Apollo 15 Green Glass balls gave 173, 179 and 141, 161 ppm Ni
respectively, placing then in the main cluster found by (5). All the data for pristine rocks
presented here are consistent with published analyses for Ni for bulk rock specimens (see 6).
Mg-suite rocks: The olivines in spinel troctolite 15445 have a fairly restricted range of Ni
contents, but the measured values are higher than those obtained by (2) for the same sample
(however, their precision was ~60 ppm). The magma in equilibrium with these olivines would have
had only 15-30 ppm Ni. The olivines in dunite 72415 have a wide range of Ni contents, from ~220
ppm down to ~70 ppm (compared with terrestrial dunites, 1000-3000 ppm Ni). Analyses for Fo were
not made simultaneously, so it is not known whether there is a correlation of Ni abundance and
olivine compositions. However, this range of Ni contents is much greater than for other single
specimens, and is greater than appears to be the case for dunites from terrestrial intrusions
(e.g., Muskox, (7, 8)). Hence there is the real possibility that dunite 72415 is genomict rather
than strictly monomict. Alternatively, there has been subsolidus exchange of Ni between Fe-metal
and some of the olivine in the sample.) A silicate liquid in equilibrium with these olivines would
have had the same low Ni contents as the parent of the spinel troctolite. In contrast, the Ni
content of troctolite 76535 olivines is much lower than that of 72415, and the silicate liquid
would have had only a few ppm Ni, similar to that for the anorthosites. Assuming 72415 and 76535
are related by a few% fractional crystallization (1) (their mineral phases are very similar), the
precipitous drop in the Ni abundance of the magma suggests the separation of a metal phase, such
as is found in 72415. A similar conclusion was reached by (9) on the basis of bulk rock siderophile
abundances. -The data show that the Mg-suite parent magma contained much less Ni than low-Ti mare
basalts; thus the similarity in Ni abundance for pristine rocks and low-Ti mare basalts (10) is
merely a coincidence, an artifact of comparing cumulate rock with silicate liauid compositions.
Anorthosites: All the anorthosites" have"very low Ni in their olivines, corresponding to a
parent magma Wlth 3-6 ppm Ni. The abundances are similar to those in the Mg-suite troctolites.
There is some evidence for a slight increase in Ni with evolution at first. consistent with the
interpretation that olivine was not a crystallizing phase during most of anorthosite genesis, and
only crystallized sporadically (11). The steady or rising values also preclude the separation of
a metal phase during the crystallization of anorthosites. unlike the Mg-suite. Pyroxenes analyzed
have Ni abundances at the detectability limit, e.g •• 12 ppm± 12 ppm.
Mare basalt sources: It is evident that cumulates complementary to anorthosites would contain
far too little Ni to produce the Ni abundance of the low-Ti mare basalts (~60 ppm) by partial
melting. In fact, ifNi is carried in olivine in the source of these basalts (9) then the origin
of these sources is obscure vis-a-vis ~pristine rocks, as these source olivines are required to
carry about 300 ppm or more Ni. High-Ti mare basalt sources are not required to carry such high Ni
contents and could be complementary on the basis of Ni alone.
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FIGURES 1 and 2: Nickel against Fo for olivines in lunar pristine rocks. Each point represents one
analysis of one grain. In Fig. 1. numbers against pofnts identify multiple analyses on individual
grains. The three points offset from the other for 15445 are from a mineral fragment in the matrix.
not from the spinel troctolite clast itself.

General: The pristine rocks of the lunar highlands crystallized from magmas depleted in Ni
compared with terrestrial mantle and crustal basic rocks. and low-Ti mare basalts. Without invoking
an origin for~ pristine rocks in pools of impact melt (12). the data demand that the outer
portion of the Moon is depleted in siderophiles: a mantle in rough equilibrium with a "magma ocean"
producing the anorthosites would have only ~30-40 ppm or less nickel. It does not follow necessarily that the Moon as a whole is depleted in siderophiles; a small metal core might be more efficient
than believed by (13} in extracting siderophiles. and metal might also be distributed in the mantle
{e.g .• mare basalt sources). The efficiency of metal in extracting nickel (and other siderophiles)
fs shown not only in the 72415-76535 relationship. but by impact melt 68415. which contains 200-300
ppm Ni. Thus its early olivines (the first mafic phase to crystallize) should contain 1000-2000 ppm
Ni. but they contain only 40-50 ppm Ni (Fig. 2). This is because a small amount of metal solidified
before olivine. This efficient extraction is shown by other impact melt metal (14) and olivine {2)
data. The combination of iron-metal and olivine solidifying from a whole-moon melt could effectively sequester siderophiles in a core and lower mantle; the earth and the low-Ti mare basalt sources
appear to be the oddities in having higher Ni.
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IDENTIFICATION OF REGIONAL DEPOSfT~ OF LUNAR PRISTINE R2CKS FROM
ORBITAL GEOCHEMICAL DATA. Paul D. Spudis ' and Philip A. Davis 1. Dept. of
Geology, Ariz. State Univ., Tempe AZ 85287 2. U.S.Geological Survey, 2255 N.
Gemini Dr., Flagstaff AZ 86001.
Introduction. Lunar pristine rocks are identified by a number of
petrographic and geochemical criterJa (1,2) that may only be determined in
terrestrial laboratories. The need.remains to understand the geologic context
of these important samples and to relate them to regional areas of the lunar
highlands. The only source of regional chemical information for the Moon is
the data provided by the Apollo orbiting geochemical instruments (3). These
experiments provide limited major element chemistry for large regions of the
Moon and although not of global coverage, provide a geologic setting for
pristine rocks and information about regional geochemical provinces (4). The
limited resolution of these data (5) suggest that only' statistical distributions of rock types may be inferred. Thus, although not definitive, the
orbital data may be used to locate highland regions that are likely to contain
large quantities of pristine rocks.
Method. This study utilizes the digital lunar data bases of the La Jolla
Consortium (3,6). For this initial effort, the consortium X-ray data were
used to generate images of two variables: Mg and Al. Images were produced by
color compositing the Mg and Al abundances representative of three pristine
rock types: anorthosite, norite and mare basalt (in highlands only). Th data
were also used to distinguish regions of noritic composition (possibly
pristine norites) from low-K Fra Mauro basalt (probably an impa~t mixture;
7). No regions are found on the Moon to be composed of these pure rock types;
usually, a mixture is present. This study attempts to identify areas
consistent with a given component abundance of greater than 90 percent.
Moreover, the results of Apollo sampling provide ground truth on the petrology
of limited areas (e.g., 4,8). Combined with photogeologic analysis of the
geologic history in the regions studied, these color maps provide a reasonable
estimate of the geographic distribution of pristine rock types.
Results. Anorthosite was defined in the data system as Al 203 greater
than 30 percent and MgO less than 4 percent. The resulting image shows that
large regions of the eastern limb are sufficiently aluminous, but typical Mg
values are too high for pure anorthosite. This probably results from the
combined effects of mafic ejecta from the Crisium and Smythii basins and
copious pre-Imbrian mare flooding {9,10) in this region. Nevertheless, these
large aluminous regions may contain some quantity of pristine anorthosite
because the Apollo 16 Descartes area is displayed in the color image of this
category. More interesting are several small regions located west of Pasteur
crater (11 S, 94 E) that appear to consist of pure anorthosite. This area
consists of rugged pre-Nectarian highlands {11) that may be in situ ferroan
anorthosite from the primordial lunar crust. Additional regions;cyr pure
anorthosite occur in rugged terra SW of Smythii basin (11 S, 89 E) and west of
Mendeleev (4 N, 117 E).
For this study, norite was defined with Al 203 between 20 and 21.6 percent
and MgO of 6-7.5 percent. This composition is actually closer to anorthositic
norite, but mixing effects are acute for intermediate rock compositions and
the resulting map closely corresponds to known regions of norite-rich crust
(e.g., Taurus-Littrow; 4,8). The norite map shows that large regions of the
Montes Apenninus, Haemus and Taurus highlands are rich in norite. }bese areas
are dominated by ejecta from the Imbrium and Serenitatis basins. Moreover,
large quantities of pristine norite were returned by the Apollo 15 and 17
missions (12). These results support earlier suggestions that norite was a
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major component of the Imbrium/Serenitatis impact targets (4,13). The
proposed Procellarum basin (14) may have removed most of the ferroan
anorthosite crust in this region while subsequent Mg-suite intrusions formed a
petrologically complex crust. Alternatively, anorthosite may never have been
formed in this region and Mg-suite cumulates represent the original lunar
crust in this area. Other norite provinces include a small region near Gibbs
(15 S, 82 W) that may be ejecta from the Balmer or Smythii basins. Smaller
norite regions are also associated with the Crisium and Nectaris basins as
minor ejecta components.
Mare basalt was defined as A1 203 less than 19.6 percent and MgO greater
than 8.3 percent. This component was mapped to look for occurrences of mafic
materials in the highlands that are not attributable to subsequent mare
volcanism. The largest mafic regionSiare found in the Montes Apenninus and
Haemus. These areas are covered by Imbrian age dark mantle (15) that are
probably pyroclastics associated with mare volcanism. Other than this
explainable anomaly, no major regions of mafic highlands are identified. A
small mafic region near Firsov (4 N, 115 E) may correlate with an ancient mare
basalt-filled basin Al-Khwarizmi-King (11) whose pre-Nectarian basalt fill has
been gardened into the local megaregolith. This concept is further supported
by anomalously high regional Ti values in the terra comprising this proposed
basin (16). Thus, all highland mafic anomalies may be related to mare volcanism of widely variable age.
Conclusions. Regions of the lunar highlands with major element chemistry
consistent with large quantities of pristine rocks have been identified in the
orbital geochemical data. Areas with composition corresponding to pure
anorthosite are rare, but may occur in isolated areas of pre-Nectarian terra
on the eastern limb. Moreover, large regions of the eastern highlands may
contain significant amounts of pristine anorthosites included within
brecciated basin and terra deposits. Extensive norite provinces occur within
the rim units of the Imbrium and Serenitatis basins (sampled by Apollo 15 and
17) and this area may represent a regional Mg-suite petrologic province.
Ferroan anorthosite is not an important component in this region and may have
been removed by the Procellarum basin impact or was never present. Mafic
regions in the lunar highlands are rare; most can be related to mare volcanism
that has occurred throughout lunar history. The results of this attempt to
locate regional deposits of pristine rocks are not definitive but are very
suggestive. Global geochemical coverage of the Moon by a future orbiting
spacecraft would enable a more detailed analysis of the regional distribution
of pristine lunar rocks and a greatly improved knowledge of lunar geologic
history.
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LUNAR AND PLANETARY COMPOSITIONS AND EARLY FRACTIONATION IN THE
SOLAR NEBULA. S.R. Taylor, Research School of Earth Sciences, Australian
National University, Canberra, Australia.
Estimates for bulk planetary compositions for Earth, Moon, Mars, Venus
a~d Mercury (1,2) show substantial differences in total Fe, Fe/Mg and K/U
as well as density. Although considerable uncertainties exist it is clear
that these differences reflect vari~tions in metal/silicate and refractory/
volatile element ratios. Table 1 lists K/U ratios, representing volatile/
involatile element ratios, and densities, providing information on the
proportions of metal to silicate. K/U ratios remain relatively unchanged
during planetary fractionation processes and accordingly provide an estimate
for the bulk planetary ratios. The K/U ratios for Cl chondrites are about
60,000 (2). Other chondrites have variable ratios (Fig. 1). The eucrites
have ratios of about 3000 (3.100±375) (3). The eucrites have low contents of
other volatile elements, resembling the Moon in this respect. Although our
estimates of the density of the eucrite parent body are uncertain (It is
not clear whether it has a core or substantial metal content), the eucrites
themselves are depleted in siderophile trace elements (Ni is typically much
lower than 10 ppm) to an extent similar to the levels in the lunar high-Ti
basalts (4,5). Two modes of formation of the eucrite parent body appear
possible (A) Melting and separation of a metallic core from a silicate mantle,
from which the eucrites are subsequently derived by partial melting. (The
W/La and U/W studies show that metal was absent in the source region of the
eucrites (6,7). (B) Accretion of metal-free silicate planetesimals to form
the eucrite parent body. In the first case, the eucrite parent- body becomes
one of the sites where metal-silicate fractionation occurs: in the second
scenario, this event has already occurred. Eucrites give internal mineral
isochrons around 4.54 Aeons (8). Accordingly the separation of metal from
silicate in the parent body occurred at or before that date, which represents
the crystallisation of the eucrite magma, derived by partial melting from the
silicate metal-free mantle of the eucrite parent body. Although we cannot
date the metal-silicate fractionation (it occurs either during or before
accretion of the eucrite parent body) we can date the depletion of the volatile
elements (eg K) as occurring before accretion, since there is no evidence
that they could be lost following accretion. The eucrites have chondritic
levels of refractory trace elements (4,5). Accordingly, the volatile/
involatile element fractionation occurred before 4.54 Ae, at a time not
clearly resolvable from 4.57 Ae generally assigned as the age of formation
of the Solar System.
(The eucrite parent body is small with pressures not
exceeding 2 kbars (9)).
The considerable implications of these data are
(a) Metal-silicate and volatile-refractory element fractionation occurred
very early in Solar System history at a time indistinguishable from 4.57
Aeons.
(b) These events occurred before the accretion of the Earth and the Moon
which inherited their K/U ratios from precursors.
(c) The core and mantle of the Earth accreted as separate phases. Metalsilicate equilibration was established in precursor events, and was only
locally established during core separation in the Earth. Accordingly, only
local reaction between metallic core and silicate mantle is predicted during
core-mantle separation.
(d) Comparisons between bulk Moon and terrestrial mantle compositions ·
provide evidence for heterogeneous accretion of a diverse suite of planetesimals with differing K/U and metal/silicate ratios (10).
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Implications for the fission hypothesis of lunar origin are
(a) The differences in total Fe, siderophile element content, Fe/Mg ratios
and refractory/volatile elements between the Earth and the Moon (2) are
inherited from the accreting planetesimals.
{b) No simple mechanism can produce these differences following core
separation.
(c) The mantle Fe/Mg ratio is fixed for the Earth before accretion, not
by processes during core separation.
(d) Although some material knocked off from the Earth by collisions may
be incorporated into the Moon, its compositional signature is swamped by
independently accreted planetesimals.
(e) The W/La correlations in the Moon, Earth and eucrite parent body are due
to processes occurring before accretion and have no local genetic
significance (11).
Some other constraints may be noted: Astrophysical observations indicate
that during star formation, nebulae clear on time scales of 10 6 years (12).
Strong T Tauri Solar winds also occur on these short times scales (13).
Calculations for accretion of the inner planets by accretion from a swarm
of planetesimals indicate time scales of 10 8 years for this process (14) ,
two orders of magnitude longer. Jupiter and Saturn clearly grew in a gasrich environment and accordingly probably formed early. Earth and inner
planets accrete from planetesimals in a gas-free environment (except for gas
trapped in planetesimals) up to 100 million years later. Jupiter was thus
able to prevent formation of a planet in the asteroid belt and stunt the
growth of Mars by sweeping up planetesimals. The depletion of volatile
elements in the inner Solar System, leading to low K/U ratios may have
resulted from loss of volatiles during early nebula/clearing stage within a
few million years of formation of the Sun. This process is likely to have
been less effective in the region of the giant planets. Accordingly it
may be predicted that K/U ratios for the Galiliean and Saturnian satellites
are about chondritic, with implications for radiogenic heat production,
melting and differentiation.
Table l.Planet
Mercury Venus
Earth
Moon
Mars
Density(2)
5.435
5.245
5.514
3.344
3.934
K/U(2)
7-20xl0 3
1o 4
2500
2200
Meteorites:
Cl(2)
H (15)
L (15)
E4(15)
Eucrites (3) Nakhla(3)
6.3xl0 4 6.2xl0 4 5.8xl0 4
K/U
8.6xl0 4
3100
2.lxl0 4

chondrites
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MODELS OF BULK MOON COMPOSITION: A REVIEW
Paul H. Warren, Institute of Meteoritics, Department of Geology,
Albuquerque, New Mexico 87131.

University of New Mexico,

INTRODUCTION
Why investigate the Moon's bulk composition?
There are basically two reasons why it is important to constrain the Moon's bulk composition (BC)
as · best we can. First, there is probably no more fundamental constraint on the origin of a planetary
body than its BC, and the origin of the Moon is of particular importance due to its possible
relationship with Earth. Second, the Moon's ftC (along with its size, which is known, and its thermal
status at birth, which is practically unknown) was a key factor governing its evolution as a planet.
The chondrite connection
A startmg pomt common to all models of the Moon's BC is an assumption that it formed out of
solids fractionated from the solar nebula, and its BC must therefore· be derivable from components
known from undifferentiated meteorites (chondrites), which, for all but the most highly volatile
elements, have BCs that closely resemble the sun. The range of possible BCs is still very great,
however, because among chondrites as many as seven separate components may be recognized [15].
The latest estimates of the Moon's silicate fraction BC from each of the various research groups who
have worked at the problem since the heat flow data were revised [24] are listed in Table 1, and the
"average" is compared with the silicate fractions of H chondrites in Fig. 1.
Another point of agreement among all BC models is that the Moon's low bulk density proves that
it is depleted in the denser phases found in chondrites, namely Fe-Ni and FeS: the Moon has only a
small (perhaps ""2 wt.% of the Moon [41]) or nonexistent core. Siderophile trace elements are
commensurably low, everyone agrees. A third major point of agreement is that the Moon is greatly
depleted in volatile elements, most notably H (water), C, 0, Na and K, but also numerous trace
elements, e.g., Zn, Rb, Cd, In, Cs, Hg, Ti and Pb. These depletions are extremely important aspects of the Moon's BC. However, since (1) they are not highly controversial, (2) they may be
reconciled about equally well with all three of the basic models for lunar origin (double planet, fission
or capture) , and ( 3) the Fe-Ni and FeS depletions are better assessed via geophysics [ 5] than via
geochemistry, I will not discuss them, per se, further.
The most controversial aspect of the Moon's BC involves refractory or "early condensate" (out of
the solar nebula) lithophile elements: AI, Ca, Sc, Ti, V, Sr, Y, Zr, Nb, rare earths, Hf, Ta, Th
and U (I will henceforth refer to these as RL elements). Almost simultaneously with the return of the
first lunar samples, revealing that the Moon's crust is greatly enriched in RL elements, the Allende
carbonaceous chondrite fell. Unlike most chondrites, -5 wt.% of Allende (and other, less well-studied
meteorites of its class) consists of inclusions that are greatly enriched in RL ele_ments. There are
still no whole meteorites that consist exclusively of refractory materials, and the Mg-normalized BC of
Allende is only enriched in RL elements by -38% [20). Nevertheless, Allende showed that the "early
condensate" might have been segregated from the rest of the chondritic condensates.
Early
post-Apollo models suggested that the Moon accreted a refractory shell in its final stages of formation
[e.g. , 16], or even that the whole Moon is as refractory as the Allende inclusions [ 2). Detailed
analysis of lunar geochemical trends revealed that the heterogeneous accretion model "presents more
problems than it solves" [ 4), and estimations of the Moon's BC have tended to have smaller and smaller
proportions of early condensate (see, e.g., the series of Wanke et al. models [45-48]). But most
workers still believe the Moon's BC is at least modestly enriched- in RL elements, relative to
chondrites.
It is generally acknowledged that all the RL elements are in approximately chondritic proportions
to each other (as they are in the Allende BC), even if as a group they are enriched in the Moon.
Thus, the ratio of the trace element U to AI is much more constant in Table 1 than Al/Si. Longhi
[ 27, 28) has argued that the Moon may have a subchondritic Cal Al. I address this issue in a
contributed abstract [50].
There is general agreement about the Si02.. and MgO contents of the Moon, but not about its FeO
content (Fig. 1). This reflects the fact that c-hOndrites vary much more in FeO than they do in MgO
(the elemental abundance of Fe is relatively constant, but there are vast differences in Fe-metal/FeO
ratios, 1.e., oxidation states). Despite the general agreement about MgO and Si0 2 , geophysical
evidence [ 6) strongly indicates that the Moon's Mg/Si is less than 0. 84, whereas the &verage of the
estimates in Table 1 is 0. 92.
In summary, the Moon's BC is generally modeled as a mixture of chondritic materials, greatly
depleted in Fe-Ni, FeS and volatiles. The two main sources of controversy are (1) how large is the
RL component?, and (2) what is the nature of the "regular" chondri tic component?; in particular, what
are its FeO content and Mg/Si?
MAGNITUDE OF THE REFRACTORY LITHOPHILE COMPONENT
The volatile depletions are dramatic, but they should never be confused with significant
refractory element enrichments. The volatiles that are depleted in the Moon amount to only about 2%
of an ordinary chondrite; they may have been lost with little effect upon the major element BC.
Ordinary chondrites and the Earth are depleted in most volatile elements, relative to carbonaceous
chondrites, yet no one argues that these objects are greatly enriched with RL elements.
Heat flow
One of the arguments for large RL enrichments is based on heat flow (HF). Assuming we know
the global avg. HF, it is very simple to derive global concentrations of Th and U (and by implication,
all the other RL elements). In the view of Langseth et al. [23, 24], the global avg. HF is virtually
identical to the avg. of the HFs at the two sites where-HF measurements were obtained (Ap 15 and
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17), which would imply RL. in the Moon
in the silicate portions of H chondrites. This
interpretation has been uncritically accepted by most geochemists. However, other geophysicists have
criticized it, because the HF measurements were both made right on the edges of maria, which are
regions of shallow regoliths depth, and hence, anomalously high thermal conductivity. Mizutani and
Osako [30] stated that "the [average] lunar surface heat flow at the highland should be substantially
smaller than that observed at Apollo 15 and 17 •••• for any reasonable lunar crust model." Conel and
Morton [9] considered 15 different models, and concluded that the HF data were sufficiently low to
match all but one under the assumption that the Moon's RL contents are chondritic (and this was
before the Hf data were revised downward ~ an average of 38% [24]). Another reason to doubt the
representativeness of the two HF data ts that the general area of the AP 15 and 17 sites is richer in
K, Th and U than the bulk of the crust [ 49]. Langseth et al. [ 24] admitted that "uncertainty in the
global average heat flow cannot be estimated until further aata become available."
Mass balance
Another argument for RL enrichments [ 43] assumes that we know the average composition of the
entire upper 60-100 km (i.e., 10-13 vol. %) of the Moon from averaging data for soils. Assuming this
entire layer has 25% A~2o 3 (as an example), either an implausibly large percentage of the Moon's AI
must be bound up in tms layer, or the Moon must be at least a little enriched in AI, over the -3.0%
contained in the silicates of ordinary chondrites. However, remote sensing data clearly indicate that
there are hugh lateral variations in the crust's composition, and there may well be equally great
variations with depth [ 43]. In fact, there is some evidence that the crust grows poorer in AI with
depth [e.g., 36, 53]. The seismic data are about equally consistent with an Al-poor lower crust as
with an Al-rich one [26]. One way of explaining the Moon's center-of-figure/center-of-mass offset
[21] is to invoke a thick, low-density (i.e., Al-rich) crust, which is thicker beneath the farside than
the nearside. However, the offset can also be explained by assuming that the mantle (and crust) are
slightly more Fe-rich beneath the nearside than beneath the farside [54]. This model is no less
consistent with more Fe in nearside soils than in farside ones [e.g., 10], than models invoking a
thicker farside crust.
The Mainz " rimar com onent" model
H. Wttnke and coworkers 4 - 8, 12] estimate the Moon's BC by assuming that the highlands
samples consist of mixtures of a "primary" component that was added to the Moon via meteoritic
bombardment, and never underwent magmatic fractionation, except for removal of enough (31%) olivine
to make for a CI-chondritic Mg/Si, plus a trace-element poor anorthosite component, plus KREEP.
They subtract out KREEP and anorthosite from the highlands compositions, and assume that the
composition of the primary component is equivalent to the Moon's BC. Their latest model indicates a
RL enrichment of only -50% (their first model of this basic type indicated .-500% [ 46]). This model
involves two questionable assumptions: (1) that none of the ll!g in the highlands comes from pristine
cumulates such as norites and troctolites (surely an oversimplification [35]), and (2) that the Moon's
Mg/Si is the same as the CI chondrite value, which is ruled out by geophysical evidence [6].
Mare basalt compositions
Ringwood [32] argues that the low AI (etc.) content of most mare basalts constrains the Moon's AI
to be at least nearly as low as that of pyrolite (Earth's upper mantle).
Constraints (?) from phase equilibria
One argument for RL enrtchments has been effectively overthrown. Several groups [ 44, 17]
argued that the existence of cumulates with cumulus olivine together with cumulus plagioclase means
that the Moon's BC must have very high AI and Ca (or else implausibly low Mg/Si), because under
1-atm phase equilibria primitive lunar magmas would otherwise have ceased crystallizing olivine, and
begun crystallizing pyroxene instead, before crystallizing plagioclase. This overlooks the probability
that the lunar magma "ocean" was deep enough for pressure to completely alter the olivine/pyroxene
phase equilibria [52].
In the view of Ringwood [32], the preponderance of low-Ca pyroxene compared to high-Ca
pyroxene in the crust shows that the Moon is low in Ca. The same phenomenon is explained by
Longhi [28, 29] by invoking a subchondritic Ca/ Al ratio, however. Using the phase diagrams of [37],
norms may be calculated for model BCs at lower mantle pressures [6]. Results indicate that the
geophysical constraints of density and moment-of-inertia factor are best met by BCs with only 4-5%
Al 20:t; otherwise, too much dense garnet is formed.
This difficulty may be circumvented by
post1llating only 3.0% FeO [11]; this seems implausibly low, however (see below).
SILICON, MAGNESIUM AND IRON
The strong geophysical constraint that Mg/Si be <0 .84 [6] is only met by 2 of the 8 model BCs in
Table 1, and one of those is the new one of [ 6]. Of the remaining 6, only one even comes close.
The two satisfactory models have only slightly lower MgO, but considerably higher Si02 , than the
"average" BC. Both yield norms with much lower olivine/pyroxene ratios than the "average'' BC.
An important constraint on FeO comes from magnetic permeability data [13]. Assuming FeO
occurs roughly half in low-Ca pyroxene, half in olivine, the Moon's FeO must be very close to 9%.
With a lower ol/px ratio, the FeO might be a few % higher, but 3 of the 4 models in Table 1 that have
FeO »9% yield norms with ol/px »1, not <1. This model is somewhat oversimplified, because other
FeO-bearing phases, e.g., high-Ca pyroxene, garnet and spinel, have the same effect on the FeO
value as a lower ol/px ratio. Seismic velocity profiles indicate that the l'll_g ratio in the lunar mantle is
only-G.75 [6; but see also 8], considerably lower than that of pyrolite(0.90). The~ inferred for
the mare basalt source region is also -0.75 [33]. However, the mare basalt sources were previously
differentiated, so there is no reason to expect their ~ to precisely equal that of the Moon's BC. The
well-known dichotomy among pristine nonmare rocks probably arose because the ferroan anorthosites
formed by flotation of plagioclase over the primordial magma "ocean," whereas the Mg-rich suite formed
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in numerous later intrusions [52, 19]. If this is so, the .!!!K of the magma ocean was probably roughly
0.85 [52], and the !!!K of the source region of the magmas parental to the Mg-rich intrusives was
probably at least 0.80 [50]. The .!!!K ratios of KREEP basalts are surprisingly high (generally 0.5-0.7
[ 18, 51]), considering their extremely high incompatible element contents. Incidentally, whatever the
correct value for FeO is, the value for MnO ought to be precisely 80 x lower, because FeO/MnO is
extremely constant among all types of lunar samples [25].
IMPLICATIONS FOR AND FROM MODELS FOR THE ORIGIN OF THE MOON
According to Ringwood [e.g. , 33 J, if meteoritic contamination is theoretically removed from
highlands samples, the residual siderophile ._element patterns are evidence of a "close relationship"
between Earth and Moon, but this model has been sharply criticized [1, 53]. However, one genetically
important aspect of the Moon's BC is known with great precision: Most meteorite groups, particularly
the only known primitive solar system objects that are greatly enriched in RL elements relative to
chondrites (the Allende-type inclusions), feature oxygen isotope ratios that make it clear that they are
genetically distinct from Earth; but lunar samples could not be distinguished from Earth rocks, if our
only data were for oxygen isotopes [7]. As Taylor [39] puts it, this "may have dealt a fatal blow to
the capture hypothesis, by requiring formation of the Earth and Moon in close association." If so, the
BC of the Moon's silicate fraction should not be totally unrelated to the BC of Earth's silicates. It is
much easier to explain why the much smaller Moon accreted less metal and volatiles, than why it should
have greatly different RL contents, Mg/Si, .!!!K• etc.
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Table 1
Model
Si02
MgO
FeO
A1203
CaO
Cr203
MnO
Tt02
Na20
K20

Sum

V (ng/g)

Ca/Al

VIAl

Al/St
Mg/Sl

~0/MnO
ClPW pl
CIPW ol
CIPW px
ol/px

0.1

Silicate Froction of the Moon (wt%)

W77
45.6
32.3
13.0
4.6
3.8
0.39
0.18
0.20
0.061
0.006
100.14
27
1.12
11.1
0.114
0.914
0.816
71.1
12.8
51.6
34.8
1.48

M78
43.3
29.1
13.0
7.6
6.1
0.3
0.15
0.39
0.10
0.01
100.05
40
1.08
9.9
0.20
0.867
0.800
85.3
21.1
55.9
18.5
3.02

LB79
42.8
33.6
9.4
8.36
4.88
0.17
0.03
0.44
0.07
0.01
99.76
0.79
0.22
1.01
0.864
308.3
23.1
62.7
12.9
4.86

WW79
B/WW79
51
45.1
32.6
38.1
8.5
7.9
3.0
3.9
2.5
3.1
0.7
0.3
0.11
0.10
0.14
0.2
0.045
0.045
0.005
0.005
98.60
98.75
20
1.13
12.6
0.067
0.825
0.872
77.3
8.4
22.5
66.4
0.34

25
1.07
12.1
0.098
1.09
0.896
79.0
10.8
58.8
28.4
2.07

R79
44.8
32. 7·
13.9
4.2
3.7
0.4

BT80
48.4
29.0
12.9
5.0
3.83
0.3

0.3
0.05

0.4
0.15

100.05

99.98

25

1.19
11.2
0.106
0.942
0.807

11.7
55.5
31.8
1. 75

1.03
0.117
0.773
0.800
14.2
33.2
51.4
0.65

T82
"Average"
SD
2.73 (6.0)
44.4
45.68
32.8
32.53
2.84 (8.7)
11.0
11.20
2.33 (21)
6.1
5.35
1.86 (35)
4.6
4.06
1.12 (27)
0.61
0.40
0.18 (44)
0.05 (44)
0.15
0.12
0.30
0.11 (37)
0.3
0.076 0.036 (47)
0.09
0.01
0.0077 0.0026 (34)
100.06
99.68
34
1.02
10.5
0.156
0.953
0.842
72.2
16.8
54.4
25.2
2.16

28.5
1.05
11.25
0.135
0.92
0.837
116
14.9
49.3
33.7
1.51

7.2 (25)
0.12 (11)
0.98 (8.7)
0.053 (39)
0.10 (11)
0.037 (4.4)
95.(82)
5.1 (34)
13.9 (28)
17.5 (52)
0.23 (16)

References: W77 (48), M77 (31), LB79 (29), WW79 (521 (this is a 1:1 mixture H and lAB chondritic
silicates) , B/WW79 (52, 3) (this is "pyrolite," according to (34), with volatiles Na and K adjusted by
[52) to suit the lunar BC), R79 [33), BT80 (6), T82 (40).
Note: SD = standard deviation, the numbers in parentheses give the SD in \.
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PETROGENESIS IN A MOON WITH A CHONDRITIC REFRACTORY LITHOPHILE PATTERN
Paul H. Warren, Institute of Meteoritics, Dept. of Geology, University of New Mexico, Albuquerque,
New Mexico 87131.
Among models of the Moon's composition [35] there is considerable controversy about refractory
lithophile (RL) elements: Al, Ca, Sc, Ti, V, Sr, Y, Zr, Nb, rare earths, Hf, Ta, Th and U. Most
models assume that RL elements are enriched in the Moon relative to chondrites. The extent of the
enrichment is controversial. However, most models assume that even if the RL elements are enriched
as a group, they are still in chondri tic proportions to each other. Thus, the ratio of the trace
element U to AI is much more constant in Table 1 of [35] than Al/Si. This is a crucial assumption,
because: a) U and Th are the dominant sources of heat in the Moon; b) isotopes of Sr, Sm, Nd,
Th and U are used to calculate model rock ages; and c) the Moon's crust is extremely RL-rich
(how?-- why??).
Longhi [15-18] has made the intriguing suggestion that the Moon has a Ca/Al ratio considerably
lower than that of chondrites. He points out that in the crystallization sequence inferred for the
Mg-rich pristine rocks, orthopyroxene came before clinopyroxene. Moreover, opx predominates over
cpx in most highlands breccias. Whether modeling these rocks as products of a magma ocean [15, 16,
18], or younger magma(s) formed by partial melting [17], it is difficult to explain their high opx/opx
ratios. Ryder [28] concurs. Of course, if the Ca/Al ratio is not chondritic, most of the other RL
element ratios are probably not chondritic, either.
This constraint is model-dependent. First, let us assume that the noritic rocks are products of
the magma ocean. Longhi tends to favor high (AI + Ca) in his magma ocean models. Consequently,
his models generate relatively large amounts of plag-olivine cumulates (troctolites), before any norites
can form. As· noted by Longhi [ 16], plag crystallization increases Ca/ AI. Thus, a model that
assumes high (AI + Ca) in the initial composition requires a lower Ca/ AI than a model that assumes
low (Al + Ca). If the magma ocean is modeled assuming low initial (AI+ Ca) [36], the composition of
the ocean at the point that it begins (copious) plag crystallization yields a CIPW norm with a
diopside/hypersthene ratio of only 0. 26 (this is for the model assuming a 1:1 hybrid of H and lAB
silicates as the initial composition, and 360 km as the initial depth). For comparison, the estimated
average composition of the highland crust [31] yields a CIPW norm with a di/hy ratio of 1.45
Now let us assume that the noritic members of the Mg- rich suite are products of younger
magma(s) formed by partial melting [36, 10]. The source region(s) under this assumption were not
necessarily primitive, undifferentiated materials of whole-moon composition [ 37]; they may have lost
Ca relative to AI during the formation of the "ocean" (e.g., at very high pressures the residuum
from the formation of the ocean may have been rich in low-Ca, but high-A! pyroxene). But let us
assume for the sake of argument that the sources were completely undifferentiated. Models of high
pressure partial melting [ 17] indicate that, assuming a source with chondritic Ca/ AI, only large
degrees of partial melting, >40%, produce melts that would crystallize low-Ca pyroxene before high-Ca
pyroxene at low pressure. This seems excessively high , so again there is a suggestion that the Moon
has a subchondritic Ca/ AI.
However, high percentage partial melting is required to explain the high l!!_g of many Mg-rich
suite samples, regardless of constaints involving Ca/ AI. According to seismic eVIdence [ 4] (but see
also [5]), the~ of the lunar mantle is probably <80, and almost certainly <83 (data are shown in
[ 4] up to a depth of 1000 km; only 16 vol. % of the Moon is deeper than 1000 km, so we may assume
that this holds for essentially the entire mantle. Of course, partial melts always have lower ~ than
their source compositions. Yet, a high percentage of the pristine Mg-rich suite samples have olivines
with ~ >87 [e.g., 33]; several even have l!!_g-92 olivines. The value of K ( = (Fe/Mg,crystal)/
(Fe/Mg,liquid)) for olivine ranges from 0.26 to0.36 as a function of Si content [19]; in Longhi's [17]
models the mole fractions of Si in the partial melts range from 0.46 to 0.51, in which cases the most
likely value for K .would be ...0.34. If so, the parent magma(s) of the ~-87 olivines had to have ~
69 (assuming, conservatively, that the troctolites contain no trapped liquid, and no ferroan
anorthosite material was assimiliated). That the magma(s) parental to the Mg-rich suite had high !!!i
values is also manifested by the l!!_g values of highlands soils. Among the Apol!o-16 soils !!!i is very
constant, and averages 66 [11]. ---rhe .!!!.II of the Luna-20 soil is -69 [2, 8, 12, 25]. Non-Mg-rich
suite pristine rocks (mostly ferroan anorthosites and KREEPy rocks) generally have !!!i <65, so the
avg. !!!.&: of the Mg-rich component in the soils is probably at least 68.
Table 1 lists a few of the possible combinations of K, liquid ~g~ bulk system !!!i• and % melting,
that might have yielded the Mg-rich suite. Note that the K varue'S in these cases are composites,
because part of ·the solids would be pyroxene, which probably has a lower K than olivine: 0.30 was
used by [17] for low-Ca pyroxene. Literature data [3, 27, 29, 39] for the K of low-Ca pyroxene
scatter somewhat, but pyroxene should easily offset the small effect of pressure to increase the
olivine K [3, 19]. Models with composite K >0.33, or liquid~ <69, are probably not very realistic.
Whatever composite K is assumed during melting, the liqutd must have a high enough ~ to
subsequently precipitate .!!!..II-88 olivine, where K is virtually the same, possibly even higher. As may
be seen from the Table, there are no conceivable combinations of assumed K plus assumed liquid l!!_g
that are capable of yielding l!!_g- 88 olivine, unless the degree of melting is very large, or the !!!j[Of
the bulk system is »80. Indeed, in view of the low probability of melting far b eyond 40%, the
1\lg-rich suite data suggest that the lunar mantle's ~ is not quite as low ( <80)a s the seismic data
(as interpreted by [4]) indicate. Note that the restduum from the melting has a much higher !!!j[
than the bulk system, so if a significant amount of the mantle were involved, the !!!i of the
present-day mantle should be higher than the bulk system value.
Crustal abundances of Eu and Sr support the hypothesis that RL elements in the Moon's bulk
composition are in at least nearly chondritic proportions to each other. At extremely low oxygen
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fugacities, such as prevailed on the Moon, the Eu plag/liquid distribution coefficient, D(Eu,pl) -1.1
[24, 39]. Likewise, D(Sr,pl) -1.6 [6, 23, 24, 30; review: 9]. With all other important lunar
minerals, these two RL elements act as incompatible elements. Hence, Ca and AI (two other RL
elements), which determine plag-liquid equilibria, also determine Eu and Sr fractionations.
The proportion of plag precipitated along mafic silicate-plag cotectics varies somewhat as a
function of ~· but probably averages very close to 50 wt. % for lunar magmas [see 1, 14, 29, 32].
T:herefore, the point at which plag is exhausted during partial melting (and commences crystallizing
d-u ring fractional crystallization) comes when the % liquid in the system -2.0 x the % plag in the norm
for the system. Barring complex, multi-stage differentiations, a lunar liquid's contents of Eu and Sr
can never be higher than they are at this point, without acquiring "anomalies" due to plag
fractionation. Also, the more "primitive" lunar plag compositions all contain -13 x as much Al as the
silicates of an H chondrite. Therefore, for the liquid to be 50% "plag" means that its Al content must
be -7 x H chondrite silicates, assuming the system's Ca/Al is not much lower than chondritic (Ca/Al
is much lower in plag than in chondrites). Thus, there are two predictions that follow from the
hypothesis that RL in the Moon are in chondritic proportions to each other: 1) Rocks of the
feldspathic lunar crust, obviously formed from liquids "evolved" past the point where plag was a
liquidus phase, should have Eu and Sr contents that are seldom <7 x chondritic silicates, and seldom
>>7 x (because D(Eu ,pl) and D(Sr ,pi) are high enough to result in almost zero fractionation, when
plag is a liquidus phase). 2) The ferroan anorthosites are believed to have formed from the
primordial magma "ocean" [36, 37, 10], and many of them are nearly pure plag. These samples
should have Eu almost precisely = 7 x 1.1 (i.e., D(Eu,pl)) x chondritic silicates, and likewise Sr = 7
X 1.6 X.
Fig. 1 and 2 show Eu and Sr contents of pristine lunar rocks (the unlabeled noncumulates are
averaged data for mare basalt groups, taken from [31]), plotted vs. Sm (a REE adjacent to Eu).
The numbers along the <- diagonal) lines of chondritic ratios give enrichment factors relative to the
silicate fractions of H chondrites. The nearly vertical lines in the upper right of each figure trace
fractional crystallization, with various D(pl) values being assumed. Cumulates other than the pure
plag anorthosites are difficult to interpret on an individual basis, because they may contain trapped
liquid (which has the effect of displacing them almost vertically upwards) or cumulus mafics (which
displace them almost horizontally to the left). Fortunately, almost none of the pristine cumulates
contains more cumulus mafics than cumulus plag (two exceptions are 72417 [7, 13] and 67435c [20,
26]). Western cumulates seem to be atypical of the overall crust [38], so they should almost be
ignored. Nevertheless, the general distribution of the rocks is well in accord with prediction (1)
above. As for prediction (2), the pure plag anorthosites are seen to plot precisely as predicted (the
nearly vertical lines in the lower right of each figure), assuming plag fractionation started when the
magma ocean was enriched in AI, Sm, Eu and Sr to 7.3 x H-chondritic silicates. The value for D
(Sm,pl) is from [21], lowered slightly to be commensurate with the most likely T of the parental
magmas [ 22].) Note that the anorthosites that plot farthest to the left of the lines are those which
contain relatively large amounts of cumulus mafics [e.g., 37].
These tests are fairly precise. If, for instance, Eu/ AI were 2 x chondritic, then the pure plag
anorthosites would contain 2 x as much Eu as they do; if Eu/ AI were 0.5 x chondritic, then they
would contain 0. 5 x as much Eu. Incidentally, the same types of predictions can be tested for the
eucrite parent body [34], with greater precision, because the eucrites underwent less complex
differentiation than most lunar rocks. The eucritic data can even be utilized to check the accuracy
of the experimental D(Eu,pl) and D(Sr,pl). The indicated values are -1.1 for D(Eu,pl) (this is
based on a better model than that of [ 34], which was oversimplified, and indicated -1.4), and -1.4
for D(Sr,pl). The bulk composition of the eucrite parent body appears to have RL elements in
precisely chondritic proportions to each other.
In summary, the evidence for the Moon having a subchondritic Cal AI is at best ambiguous. The
evidence for chondri tic Eu/ AI and Sr/ Al is stronger. It is hard to imagine how RL trace elements
could be in chondritic proportions to AI, if Ca is not, as well.

Table 1
K
0.25 0.25 0.30 0.25 0.30 0.35 0.25 0.30 0.35 0 . 30 0.35 0.40 0.30 0.35 0.40
74
70
72
72
68
68
70
70
72
74
74
76
76
76
liquid !!!I
66
solids !!!I
88.6 89.5 87.6 90.3 88.6 87.0 91.1 90.0 88.0 90.5 89.0 87.7 91.3 90.0 88.8
75
73
69
81
79
77
86
85
83
92
92
m%m, if !!!I = 78
64
70
66
93
67
67
63
58
74
70
78
75
72
81
= 80
55
61
56
85
83
69
58
52
45
65
60
55
68
64
76
= 82
52
45
59
73
45
54
47
40
30
54
48
40
56
50
42
65
60
= 84
41
31
34
Note: "m\m, if !!!I= " stands for mole % melting, and is calculated for various assumed bulk system .!!!I values,
based on the (conservative) assumption that mole % (Mg + Fe) in the solids = 2 x mole % (Mg + Fe) in the liquid.
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Current interpretation of differences between ferroan anorthosites and
the Mg-rich plutonic suite rocks of the lunar highlands crust suggests (on
the basis of Ti/Sm data) that the Mg-suite reflects an episode of ilmenite
fractionation prior to crystallization of norites and troctolites ( 1) •
Similarly, the present consensus for high-Ti mare basalt petrogenesis
appears to require ilmenite bearing source rocks (2-4).
Despite this
indirect evidence for ilmenite-bearing cumulates in the lunar crust, such
rocks are conspicuous by their absence in the catalogue of identified rock
types in highlands samples.
This may be a sampling problem related to
levels of excavation during early meteorite bombardment of the highlands
crust; a reflection of the limited sampling of the Luna and Apollo programs, or merely due to the incomplete characterization of the collections.
Two ilmenite-rich rock types have been described from the Apollo collection: sodic ferrogabbro clasts in Apollo 16 polymict breccia 67915 (5
and references therein) and just recently an olivine-spinel cumulate clast
with 4 modal % intercumulus ilmenite in Apollo 14 breccia 14305 (Fig. 1,
Table 1) (6). In light of present data, the genetic relationship of both
of these two types of ilmenite bearing clasts to the two highlands suites
is equivocal ( 1, p. 323 and 6). However additional data on their origin
can place critical constraints on fractionation models of early evolution
of the lunar crust and/or partial melting models of mare basalt petrogenesis.
The texture and mineralogy of an ilmenite peridotite from the Duluth
Complex (Fig. 2, Tables 1,2) bears a striking resemblance to the olivinespinel ilmenite bearing clast in 14305 (Fig. 1). The significance of the
ilmenite peridotite as an analog lies in the fact that data on its origin
can constrain fractionation models.
It appears to represent the mafic
counterpart of the anorthositic series rocks in the Duluth Complex (7).
Mass balance calculations on major elements indicated that an early high-Mg
lava composition could be the parent for the peridotite, anorthositic
series rocks and late stage granophyre in the porportions 65:25:10. Recent
REE data further substantiate this interpretation (8).
Analysis of the
processes of crystal melt segregation which resulted in efficient separation of plagioclase from mafic~ have been hampered by the limited exposures
of peridotite at Duluth (Fig. 3) and the fact that the peridotite is probably in fault contact with overlying anorthositic rocks. However recent
drilling has intersected the peridot! te north of Duluth and analysis of
layering in the drill core will aid in interpretation of segregation
models.
Geochemical studies of major elements and REE of the ilmenite
peridotite and anorthositic series rocks in the Duluth Complex may shed
light on the processes by which the Ti/Sm and SciSm depletions in the Mgsuite lunar magma systems occurred (1).
The lower An and mg values of the Duluth Complex and the rift environment in which it formed does not make it at first sight a likely source for
terrestrial analogs of lunar petrogenetic processes. However, in addition
to the relevance of the ilmenite peridotite to lunar petrogenesis, .it is
intriguing that one major element analog of high-Ti Apollo 11 basalt is a
recrystallized lava from the Duluth area (Table 2). It is possible that
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this flow tapped the magma chamber that produced the ilmenite peridotite
analogous to the model proposed for the 14305 Fra Mauro clast (6) •

..

Fig. 1. Olivine-spinel cumulate clast
Ilmenite peridotite from the
in 14305,92 (6). 01 and Spare poikil- Duluth Complex. Cumulus 01 is enclositically enclosed in pyroxene and Ilm. ed by intercumulus augite and Ilm.
Table 1. Modal Proportions of Ilmenite Peridotites
Mineral/Mode
1
2
Plagioclase
15.2
10.
Spinel
2. 5
1.
Olivine
39.7
50.
Ca-rich pyroxene
9.8
25.
Ca-poor pyroxene
28.8
?
Ilmenite
4.2
14.
1. Mode of clast in 14305,92 (6).
2. Typical mode of ilmenite rich layer i.n ilm-oeridotite in the Duluth
Table 2. Mineral and rock analyses from the Duluth Complex
Complex.
Number

2

3

4

5

6

35.10
0.11
0.05
38.40
26.30
0.32
0.16

0.09
11.47
7.42
51.04
2.52
0.46
o.oo
o.oo

41.31
7.04
12.12
17.72
6.58
0.21
11.07
2.06
0.16

47.65
1.93
8.31
13 . 14
10.99
0.19
11.84
1.98
0.88

98.32

96.91

Si02
Ti02
Al203
FeO
MgO
HnO
CaO
Na20
K20
Cr20
NiO

51.70
1.32
2.09
10.30
14.70
0.19
19.50
0.23

0.10
50.20
0.10
45.70
2.43
0.54
0.10

0.24
0.02

0.37

0.12
0.09.

19.10
0.04

Total

1'00:29

99.54

100.65

92.14

-------------------------------------------------------------------------------Atoms
0
Si
Ti
Al
Cr
Fe
Hn
Mg

Ca

6.oo
1.925
0.037
0.091
0.007
0.311
0.006
0.816
0.778

Hi

0.001

Total

3.988

K

Notes:

6.00

1.916
0.015
1.939
0.023
o. 184

4.077

4.00
0.986
0.002

4.00
0.004

0.003
0.903
0.008
1.102
0.005

0.350
0.604
1.707
0.016
0.150
o.oo

0.002

0.001

3.010 ·

3· 176

1-4 Mineral Compositions from ilmenite bearing cumulate (Fig. 1, Table
1)

_ 1. augite; 2. ilmenite; 3· olivine; 4. chrome spinel; 5. basalt hornfels at Duluth (9) resembles Apollo 11 High-Ti; 6. Keweenawan bas~t flow which
is a possible parent basalt magma composition for ilmenite peridotite, anorthositic gabbro and granophyre.
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