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Lunar anorthosites and the magma-ocean plagioclase-flotation hypothesis:

Importance of FeO enrichment in the parent magma
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ABSTRACT

The crust of the Earth’s Moon comprises an anorthosite complex compared to which
even the Bushveld and Dufek igneous complexes appear tiny. The origin of the lunar crust
remains controversial, with current models ranging from crystallization of a “magma ocean”
in the aftermath of whole-Moon melting, to purely “serial” magmatism, confined to nu-
merous relatively small magmatic events. Excluding the volumetrically minor (and excep-
tionally young) mare basalts, the few texturally unaltered lunar rocks generally appear to
be anorthositic, noritic, or troctolitic cumulates. Compositionally “pristine” rocks G.e.,
those not mixed by impact brecciation) exhibit a striking geochemical bimodality. The
bimodality is most clearly manifested by a tendency for one group (roughly half of the
samples) to have far lower Mg/(Mg + Fe) ratios than rocks from the other group having
comparably primitive Na/Ca, Eu/Al, etc. Rocks of the former group have traditionally
been termed ferroan anorthosites, whereas rocks of the latter type are designated as Mg-
rich, or Mg-suite, rocks. This geochemical bimodality appears to imply the crystallization
of two or more unrelated layered series, derived from magmas intruded at two or more
distinct phases of lunar evolution. The only way to reconcile this great geochemical di-
versity with the near-canonical magma-ocean model for earliest lunar evolution is to
assume that one but not both of the two groups formed by plagioclase flotation over the
magma ocean. If so, the obvious choice for the magma-ocean flotation product is the
ferroan anorthositic suite, mainly because the Mg-suite rocks are generally not anorthositic
enough to be plausible flotation cumulates.

A detailed assessment of the average mode of the relatively large (> 10 g) pristine ferroan
rocks indicates that they contain 8.1 = 8.6 wt% mafic silicates. Evaluation of mass balance
to account for the relatively well determined bulk composition of the (upper) crust suggests
an overall composition for the ferroan suite that is roughly one-sigma more mafic than
the average mode. Models of crustal genesis by flotation of plagioclase over an appropri-
ately FeO-enriched (and hence, extraordinarily dense) magma ocean, assuming that enough
mafic silicates are rafted to equalize the bulk-crust density with the density of the under-
lying magma, similarly indicate that the overall ferroan suite, if it truly formed by this
mechanism, should contain roughly 19 wt% mafic silicate. Thus, results from these three
approaches to estimating the overall composition of the ferroan anorthositic suite appear
consistent with the magma-ocean hypothesis, as modified to form the remainder of the
crust (i.e., the Mg suite) within numerous, more localized layered intrusions, emplaced
into the plagioclase-flotation crust (ferroan anorthositic suite) shortly after the magma
ocean completed its crystallization. Acquisition of additional large lunar rocks will prob-
ably be necessary before we can learn with any confidence whether the overall ferroan
suite is truly ferroan anorthosite, in the sense of having =90% plagioclase.

INTRODUCTION; LUNAR SAMPLES AND MODELS OF
LUNAR-CRUSTAL GENESIS

The crust of the Earth’s Moon, roughly 60 km thick
(Taylor, 1982), comprises by far the largest known an-
orthosite complex in the solar system. The lunar surface
area of 3.8 x 107 km? is equivalent to 25% of the entire
land area of the Earth. Although ~17% of the lunar sur-
face is covered by thin patches of a plagioclase-poor type
of volcanic rock loosely described as basalt (mare basalt),
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nearly all of the rest (the lunar highlands) appears to be
highly anorthositic, with AL,O, concentration generally in
the range 24-27 wt%. The Moon was once likened to an
“albite-depleted giant Skaergaard™ (Saxena et al., 1977),
but after 20 years of lunar sample studies, we now know
that the Moon is actually at least as complex as the Bush-
veld. Petrologists continue to debate the hypothesis (Wood
et al., 1970) that some or all of the lunar crust was pro-
duced by plagioclase flotation over a global “ocean” of
magma.
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Y82/86032 ALHA81005 Y791197 Luna 20 Apollo 16 Apollo 17 Apollo 14

Witd. mean Witd. mean Wtd. mean Avg. soil Avg. soil Al-rich soil Avg. soil
Na,O (wt%) 0.42 0.30 0.33 0.39 0.48 0.42 0.72
MgO (wt%) 53 8.2 6.1 9.3 6.0 9.7 9.3
AlLO; (Wt%) 27.7 25.6 26.1 23.1 27.2 213 17.7
Si0, (wt%) 44.6 457 43.9 45.4 44.9 45.2 48.1
Ca0 (wt%) 15.8 15.0 15.4 14.2 15.4 13.0 10.8
TiO, (wt%) 0.23 0.25 0.34 0.47 0.54 1.22 1.78
Cr,0, (wt%) 0.109 0.129 0.130 0.185 0.106 0.216 0.205
MnO (wt%) 0.065 0.075 0.082 0.110 0.066 0.108 0.135
FeO (wt%) 4.6 5.4 6.4 7.2 5.0 8.0 10.3
Th (ug/g) 0.20 0.29 0.32 1.06 2.03 240 13.3
U (xg/g) 0.050 0.098 0.113 0.35 0.54 0.70 3.3
Molar Mg/(Mg + Fe) 0.673 0.728 0.629 0.697 0.678 0.684 0.617
FeO/MnO 70.6 72.3 785 65.9 76.0 73.8 75.8

Note: Samples are arranged in order of Th and U concentrations. Sources: For lunar meteorites, see Koeberl et al. (1989) or Warren et al. (1989).
The Apollo 17 composition is a literature average for 73141, the most Al-rich soil from that site.

Lunar meteorites

Although estimates of the average composition of the
lunar highlands surface have not changed greatly since
the mid-1970s (Taylor, 1975), the uncertainty associated
with these estimates has been considerably reduced by
recent discoveries of lunar meteorites. As reviewed by
Warren and Kallemeyn (1988), meteorites from at least
two, and more likely three, separate lunar source craters
have now been studied. Previous sampling of the Moon
covered only a relatively minuscule area of the central
nearside: a polyhedron can be drawn around the six Apol-
lo and three Luna sites covering a mere 4.7% of the total
lunar surface (Warren et al., 1989). The exact provenance
of the lunar meteorites may never be known, but their
extremely low concentrations of incompatible elements
(e.g., Th, U) confirm the statistical probability that their
sources are not coincidentally within the same 4.7% sam-
pled by the Apollo and Luna programs. Orbital spectrom-
etry results (e.g., Metzger et al., 1977) indicate that the
small area sampled by Apollo and Luna is atypically rich
in KREEP (i.e., REE, Th, U, etc.). The value of the lunar
meteorites as constraints on the average composition of
the crust is enhanced by the polymict nature of their rock
types. Two of the three studied lunar meteorites
(ALHAS81005 and Y791197) are regolith breccias; the
third (a suite of “paired” meteorites: Y82192, Y82193,
and Y86032, hereafter designated by the most massive
of the group, Y86032) is patently polymict and has at
least some of the characteristics of an “immature” rego-
lith breccia.

A regolith breccia is a rock produced by lithification
(through meteoritic-impact shock) of a former surface
mass of fine-grained, loose debris or “soil.” Lunar soil is
produced by extremely thorough mixing of the underly-
ing crust. Except near mare-highland interfaces, the lunar
regolith shows compositional variation barely detectable
at the centimeter-meter scale and still relatively mild at
the scale of the Apollo lunar traverses—e.g., Apollo 16,
8.3 km, AL,O, range 23-30 wt%; Apollo 14, 1.6 km, ALO,

range 17-19 wt%. Thus, as constraints on the gross com-
position of the Moon’s crust, each separate lunar meteor-
ite is tantamount to an extra Apollo or Luna mission,
albeit to a random site. The compositions of the studied
lunar meteorites are shown in Table 1. Aside from their
relatively low concentrations of incompatible elements,
and some scatter in their molar Mg/(Mg + Fe) ratios [all
allusions to Mg/(Mg + Fe) in this paper refer to the molar
ratio], these compositions closely resemble the average
composition of soil from the one “true highlands™ Apollo
site (Apollo 16), as well as a typical mid-1970s estimation
(Taylor, 1975) for the bulk composition of the lunar crust.

Pristine rocks

Polymict samples, and especially regolith samples, are
ideal for evaluating the bulk composition of the lunar
crust, but models for the genesis of the crust require con-
straints on the compositional and petrologic diversity of
its unmixed or ““pristine” lithologic components. The
ancient nonmare, or highlands, portion of the lunar crust
has been so thoroughly brecciated (and locally melted) by
impacts that only a relatively tiny proportion of the rocks
collected are compositionally unmixed, and fewer still are
texturally pristine. In fact, the term “pristine” in lunar
parlance generally refers only to a sample’s composition.
Roughly 100 pristine nonmare rocks (or rock clasts) large
enough to permit geochemical analysis have been discov-
ered. Pristine lunar rocks are recognizable mainly from
their relict igneous (or in a few cases coarse-granulitic)
textures, and their generally low concentrations of sidero-
phile (i.e., meteoritic-debris-associated) trace elements
(Warren and Wasson, 1977; Warner and Bickel, 1978).

The petrology of pristine nonmare rocks has been re-
viewed by, e.g., Warren and Wasson (1977, 1980a), Nor-
man and Ryder (1979, 1980), James (1980), Warren
(1985), and Shervais and Taylor (1986). Most nonmare
rocks with relatively pristine textures appear to be cu-
mulates, in many cases poikilitic (e.g., Fig. 1), although
KREEP-composition pristine rocks tend to be ophitic ba-
salts. As might be expected for a suite of unmixed ma-
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Fig. 1.
norite 66035¢ (thin section 66035,22); view is 2.1x1.6 mm,
through partially crossed nicols. Note poikilitic texture, with an-
hedral pyroxene oikocryst surrounding plagioclase chadacrysts.

Photomicrograph of small, geochemically “ferroan”

terials from a layered complex, these rocks exhibit great
compositional diversity. They even manifest a striking
geochemical bimodality, when plotted on variation dia-
grams for molar Mg/(Mg + Fe) ratio vs. a “plagiophile”
ratio such as Na/Ca, Ga/Al, or Eu/Al (Fig. 2). One of the
two main classes of pristine rocks has come to be known
as ferroan anorthosite, because its members have dis-
tinctly lower Mg/(Mg + Fe) than all other pristine non-
mare rocks with similarly “primitive” (low) Na/Ca, Ga/
Al, Eu/Al, etc., and because most large samples with this
“ferroan” pattern of geochemical ratios are modally an-
orthosite. The remaining pristine nonmare intrusive rocks
are known by the broad classification “Mg-rich rocks” or
“Mg-suite” rocks. Various subdivisions of the Mg suite
have been proposed (e.g., James and Flohr, 1983; Lind-
strom et al., 1989). James et al. (1989) have also proposed
subdivisions of the relatively uniform ferroan anorthosi-
tic suite.

Models of lunar-crustal genesis

A common interpretation of the ferroan vs. Mg-rich
bimodality among the pristine rocks is that the ferroan
anorthositic rocks formed as the earliest substantial lunar
crust, by flotation of plagioclase over a primordial Moon-
wide magma “ocean,” and that shortly afterward this fer-
roan anorthositic crust was intruded by Mg-rich magmas,
which formed the Mg suite within a number of compo-
sitionally diverse layered intrusions. Early objections to
the magma-ocean model (e.g., Wetherill, 1981) centered
around the difficulty for any heat source to engender si-
multaneous melting throughout a major fraction of the
lunar volume. However, the recently popular giant im-
pact model of lunar origin (Stevenson, 1987) predicts an
extremely hot early Moon. The first age for a ferroan rock
based on either Nd or Sr (in this case Nd) isotopes was
reported for Apollo 16 anorthosite 60025 by Carlson and
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Fig. 2. Bulk-rock Mg/(Mg + Fe) vs. Ew/Al for pristine non-
mare rocks (x and + symbols) and highlands regoliths (a). This
diagram, even better than the more widely utilized Mg/(Mg +
Fe) vs. Na/(Na + Ca) diagram, evinces the geochemical bimo-
dality of the pristine rocks. Data from Table 1 (for regolith sam-
ples) and sources cited by Warren et al. (1989), most importantly
the compilations of Ryder and Norman (1979) and Ryder (1985).

Lugmair (1988). The reported age, 4.44 = 0.02 Ga, is the
second oldest Nd-based age yet determined for a lunar
rock. Several ostensibly older Sr-based ages have been
reported for Mg-suite rocks (see compilation in Carlson
and Lugmair, 1988). The only older Nd-based age, 4.51
+ 0.06 Ga, is a preliminary result for an Mg-suite anor-
thositic norite clast from breccia 15455 (C.-Y. Shih, per-
sonal communication, 1989).

A key constraint for this “magma ocean” (or more spe-
cifically, magma ocean plus later Mg-rich magmatism)
scenario of lunar-crustal genesis is the consistently an-
orthositic nature of the geochemically ferroan rocks. The
plagioclase-flotation aspect of the model obviously pre-
dicts a high average modal feldspar content for the fer-
roan suite, although so far remarkably little work had
been done toward quantifying that prediction. Also, as-
suming that the ultimate parent magma of the ferroan
suite was roughly basaltic (phase equilibria militate against
production of anorthositic melt, albeit anorthositic crys-
tal mushes might be derived from basalt by concentration
of feldspar and residual melt apart from earty mafic sili-
cates), its crystallization should have yielded a compa-
rable mass of cumulate that is “ferroan” geochemically,
but relatively mafic. Apparently all of these mafic ferroan
materials are buried at least several tens of kilometers
deep (i.e., too deep to have been sampled by even the
largest lunar craters). The scale of this separation process
suggests that the genesis of the ferroan suite involved a
deep, global-scale magma. A roughly analogous situation
is found for the anorthositic suite of the Duluth Complex,
which Weiblen and Miller (1988) have interpreted as a
result of buoyant detachment of anorthositic crystal
mushes apart from mafic cumulates, generated in deep-
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crustal or subcrustal magma chambers associated with
the dynamic environment of the Midcontinent rift.
Longhi and Ashwal (1985) have argued that the lunar
ferroan suite might have formed by detachment and rise
of anorthositic crystal mushes from a “stack” of many
overlapping layered intrusions, produced by accretionary
heating as the Moon grew. Longhi and Ashwal (1985) did
not propose a detailed scenario for the origin of the Mg
suite. They suggested that the Mg suite formed from high-
degree partial melts that were intruded “beneath the layer
of accumulated [ferroan] anorthositic diapirs.” This model
scarcely predicts the geochemical bimodality separating
ferroan suite rocks from Mg-suite rocks (Fig. 2), however.
The magma-ocean (plus later Mg-rich magmatism) mod-
el unambiguously predicts the strangely “ferroan” Mg/
(Mg + Fe) ratios of the main variety of lunar anorthosite,
because the fractional crystallization of an ultra-high-de-
gree partial melt (the magma ocean) does not engender
abundant plagioclase cumulate until the melt Mg/(Mg +
Fe) ratio is greatly diminished by olivine and pyroxene
fractionation. Thus, calculations indicate that for any giv-
en set of assumptions about the bulk-Moon contents of
AlLO;, MgO, and FeO, the higher the degree of melting
involved in the genesis of the magma ocean, the lower
the Mg/(Mg + Fe) ratio that results for the magma-ocean
plagioclase-flotation crust (Warren, 1986b). In contrast,
the many separate ““stacked” intrusions of the Longhi and
Ashwal (1985) model would probably produce anortho-
sites with diverse Mg/(Mg + Fe) ratios, depending main-
ly on the ALO, concentration (and thus, the extent of
before-plagioclase fractional crystallization) of the initial
melt. According to the magma-ocean model, the Mg suite
formed by subsequent crystallization of magmas intruded
into (and thus prone to assimilate) a highly anorthositic
crust. Consequently, plagioclase cumulates formed while
the melt Mg/(Mg + Fe) was still relatively high, and the
Mg-suite rocks seldom have low Mg/(Mg + Fe) unless
they also have high Na/Ca, Eu/Al, etc. (Warren, 1986b).
Noting that our sampling of the pristine nonmare crust
is still limited to a few tens of rocks from a mere handful
of central nearside sites, Korotev and Haskin (1988) have
argued that mass balance for the better-sampled polymict
portion of the crust requires that ferroan anorthosite must
be only a minor crustal component. Korotev and Haskin
(1988) based this conclusion primarily on an inferred
“excess” of Eu among polymict samples. The issue of
bulk-crustal Eu is beyond the scope of this paper, but is
discussed by Warren et al. (1990) [who have argued that
the “excess” disappears if the results from lunar meteor-
ites are factored into estimations of the mean composi-
tion of the crust; see also Warren and Kallemeyn (1988)].
However, Korotev and Haskin (1988) also suggested that
modeling typical lunar polymict samples as mixtures of
ferroan anorthosite with plausible combinations of pris-
tine Mg-rich rocks cannot work because of mass-balance
problems involving the elements Mg, Fe, and Al. Basi-
cally, they argued that the polymict samples have Mg/
(Mg + Fe) ratios too ferroan to be derived by mixing Mg-

rich rocks with ferroan anorthosite, because the ferroan
anorthosite (virtually pure plagioclase) contributes neg-
ligible Mg + Fe. Korotev (1983) had earlier employed
similar reasoning to conclude that “ferroan anorthositic
norite” (a rock type dominated by plagioclase and low-
Ca pyroxene, with plagioclase between 60 and 77.5 vol%—
Stoffler et al., 1980) may be an important “primary” lu-
nar rock type, despite its virtual absence among large
pristine rocks. For similar reasons, ferroan anorthositic
norite has also been consistently advocated as an impor-
tant “precursor” rock type by the Lindstroms (e.g., Lind-
strom, 1983; Lindstrom and Lindstrom, 1986). A prob-
lem with the models of Korotev (1983) and Korotev and
Haskin (1988), to which we shall return later, is that the
composition assumed for ferroan anorthosite (35.5 wt%
Al,0,) is unrealistically mafic poor.

The three aims of this paper are (1) to review the avail-
able evidence regarding the average modal feldspar con-
tents of both the ferroan and the Mg-rich suites of pristine
lunar rocks; (2) to compare the results with constraints
from mass balance (as done by Korotev and Haskin, 1988)
for polymict samples; and (3) to compare the results from
both of these approaches with the average mode predict-
ed for the ferroan suite by a model of flotation of plagio-
clase (along with “rafted” mafic silicates) atop a magma
with Mg/(Mg + Fe) low enough to make a suitable parent
for the ferroan suite.

AVERAGE PLAGIOCLASE CONTENT OF
THE FERROAN SUITE, OR, HOW HIGH IS HIGH?

Remarkably, no one has ever before attempted to de-
rive a statistical average for the modes of the two basic
classes of pristine nonmare rocks. Perhaps the nearest
precedent is the histogram of modes for pristine rocks
>2 g in mass shown by Warren and Wasson (1980a). Of
course, cumulates are notoriously heterogeneous in mode.
Terrestrial cumulates often feature modal banding, such
that monomineralic anorthosite is found a few centime-
ters apart from harzburgite or dunite. An estimate for the
overall mode of the ferroan suite must allow in some
fashion for the great disparity in mass among the samples
for which modes have been published. Clearly, the mode
of the tiny 5-mm? ferroan gabbro (35% plagioclase) clast
found in a thin section of the ALHA81005 lunar meteor-
ite (Warren et al., 1983a) should not be equated in sig-
nificance with the mode of the 4.6-kg ferroan anorthosite
60015. In fact, a bias might be introduced into the da-
tabase if all available modes are used, because modes for
very small samples are probably seldom measured and
published unless they appear extraordinary.

Table 2 shows a compilation of modal feldspar and
whole-rock alumina contents for all pristine ferroan-suite
rocks with well-determined masses of =10 g. All of these
rocks are unambiguously ferroan in their geochemistry,
and in most cases they are certainly pristine. Two of the
tabulated rocks (15418 and 67215) have somewhat am-
biguous textures (Nord et al., 1977; Ryder, 1985; Ryder
and Norman, 1980; Taylor, 1982; Warren et al., 1983b;



50

TaBLE 2. Simplified modes and Al,O, concentrations for pristine

WARREN: LUNAR ANORTHOSITES AND THE MAGMA-OCEAN HYPOTHESIS

lunar ferroan-suite rocks with masses >10 g

Sample 15415 60015 60025 60055 60135 60215 60515 61016 62236
Mass (g) 269 4600 1836 35.5 120 300 16.7 200 57.3
Plagioclase (vol%) 99.5 99 90 98 77 97 95 99.5 86
Mafic phases (vol%) 0.5 1 10 2 23 3 5 0.5 14
Mafic phases (wt%) 0.6 1.3 12.6 26 28.0 3.9 6.4 0.6 17.5
AlO; (Wi%) 35.5 355 31.9 34.0 327 35.5 35.3 34.6 30.1
Al,O; implied by mode 35.7 354 31.4 35.0 26.0 345 33.6 35.7 29.7
References™ 1 2,3 4,5 3 4,6 2,7 4,6 2,3 2,3,4,8,9
Sample 62237 62255 62275 64435 65315 65325 67075 67915 15418t 67215%
Mass (g) 62.4 800 443 100 285 65 50 50 1141 276
Plagioclase (vol%) 85 99.5 93 97 98.5 98.5 95 85 70 77
Mafic phases (vol%) 15 0.5 @ 3 15 1.5 5 15 30 23
Mafic phases (wt%) 18.7 0.6 8.9 3.9 19 1.9 6.4 18.7 35.8 28.0
AlLO, (Wt%) 31.2 353 34.2 35.5 34.9 35.1 32.1 28.9 26.4 25.9
Al,O, implied by mode 29.3 35.7 327 345 35.2 35.2 33.6 29.3 23.3 26.0
References” 3,10 2,3 6, 11 2,12 3 2 2 7,13 1 14,15, 16
Surely pristine rocks only Surely pristine rocks + 15418 Including 15418 and 67215
Mw Srw Mw Srw Mw Srw
Mean Std.dev. mean mean Mean Std.dev. mean mean Mean Std. dev. mean mean
Plagioclase (vol%) 93.7 6.7 96.3 95.1 92.4 8.6 93.5 92.5 91.6 9.1 93.0 91.7
Mafic phases (vol%) 6.3 6.7 3.7 4.9 7.6 8.6 6.5 7.5 8.5 9.1 7.0 8.3
Mafic phases (wt%) 8.1 8.6 47 6.3 97 10.9 8.3 9.5 10.7 11.5 8.9 10.5
Al,O, (Wt%) 33.7 21 345 34.1 333 2.7 33.6 341 32.9 3.1 334 33.0
Al,O; implied by mode 33.0 2.9 34.2 33.7 325 3.6 32.9 325 321 3.8 32.8 32.2

Note: Abbreviations: Std. dev. = standard deviation, Mw = mass-weighted, Srw = square-root mass-weighted (see text).

* References: 1, Ryder (1985); 2, Ryder and Norman (1979); 3, Ryder and Norman (1980); 4, Butler et al. (1972); 5, Warren et al. (1987); 6, Warren
et al. (1983¢); 7, Rose et al. (1975); 8, Nord and Wandless (1983); 9, Warren and Wasson (1978); 10, Haskin et al. (1981); 11, Prinz et al. (1973); 12,
James et al. (1989); 13, Marti et al. (1983); 14, McGee (1988); 15, Lindstrom and Lindstrom (1986); 16, Warren et al. (1990).

+ Samples 15418 and especially 67215 are dubiously pristine.

McGee, 1988), but appear to be contaminated with me-
teoritic siderophile elements (Ganapathy et al.,, 1973;
Lindstrom and Lindstrom, 1986; Warren et al., 1990).
McGee (1988) has inferred that 67215 is polymict, albeit
dominated to an unusual degree by a single parent rock
type, ferroan noritic anorthosite. It seems likely that 15418
is of similar derivation. Table 2 shows only a total for all
of the mafic phases in each sample. The modes of fer-
roan-suite rocks include very little of anything other than
plagioclase, pyroxene (mostly “inverted” pigeonite), and
olivine. However, the “mafic phases” category of Table
2 includes traces of Cr- and Fe-bearing spinel, ilmenite,
FeNi metal, and troilite. The pyroxene/(pyroxene + oli-
vine) ratio varies widely, from 0 in 67915¢ and ~0.06 in
62237, to 1 in many instances [in general, the more nearly
monomineralic anorthosites have the highest pyroxene/
(pyroxene + olivine) ratios, but a few relatively mafic
samples such as 60135 also lack olivine].

Table 2 shows a mean and standard deviation for the
plagioclase, total mafic phases, and AL,O, contents of the
ferroan suite, with and without the dubiously pristine
15418 and 67215. Mass-weighted means are also shown.
However, much of the diversity among the samples prob-
ably reflects real meter- and even kilometer-scale heter-
ogeneity in the crust, and a single 4.6-kg sample (60015)
accounts for 50% of the total mass of the suite, so the
simple mean is probably a better gage of the true crustal
average. Means based on weighting in proportion to the
square root of the mass are also shown. Modes are mea-

sured in volume percent, but Table 2 also shows modal
content of mafic phases, translated into weight percent.
For purposes of this calculation, the mafic fraction was
modeled as a mixture of equal proportions of low-Ca
pyroxene and olivine, with Mg/(Mg + Fe) ratios of 0.66
and 0.63, respectively, implying a mean density of 3.56
g-cm~3 (Deer et al., 1965). At these Mg/(Mg + Fe) ratios,
the densities of low-Ca pyroxene and olivine are similar,
so the pyroxene/(pyroxene + olivine) ratio has little effect
on the density of the mafic fraction. The average com-
position of the plagioclase was assumed to be Any,, re-
sulting in an average density of 2.74 g-cm~* (Campbell et
al., 1978). The weight fraction of mafic phases, w,, was
thus calculated as

Wa = 3.56v,/(3.56v, + 2.74v)), n

where v,, is the volume fraction of mafic phases, and v,
is the volume fraction of plagioclase (= 1 — v,). This
method probably leads to a slight underestimate of the
“true” w,,, because traces of the material assigned to the
mafic category in the simplified modes of Table 2 are
actually chromite, ilmenite, FeNi metal, and troilite, all
of which are denser than the mafic silicates.

For purposes of comparison between modes and anal-
yses, Table 2 also shows estimates for the bulk-rock con-
centration of Al,O, implied by the mode. These were
calculated by simply assuming that all plagioclase has an
ALO, content of 35.9 wt% and all mafic material has an
average AlL,O, content of 0.57 wt%. In some cases, these
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TasLE 3. Simplified modes and Al,O,, MgO, and FeO concentrations for pristine Mg-suite and KREEP rocks with masses >5 g

Sample 1538X 15445c 15455c 67667 72255 72275¢c 7241X 76255¢c 76335 76535 76536 77035¢c 77215+ 782XX
Mass (g) 10.7 10 200 7.9 10 5 58.7 300 360 155 10.3 100 840 395
Plagioclase

(vol %) 42 62.5 72 22 40 40 50.6 77 58 60 60 55 46.8
ALO, (Wt%) 157 22,5 27.0 7.6 15.5 144 1.3 15.8 29.4 207 263 19.1 15.1 20.8
MgO (wt%) 8.6 9.9 6.9 26.0 16.0 8.4 45.0 1.0 9.0 19.0 140 12.0 13.0 11.0
FeO (wit%) 9.7 3.9 2.9 17.0 7.4 14.0 12.0 9.7 23 5.0 3.6 5.8 9.9 5.0
References* 1 2 2,3,4 5,6 7 1 1,7 8,9 10 7 51 5 1,12 5,7,11,13

Intrusive rocks only Intrusive rocks + 1538X Intrusive rocks + 1538X + 72275¢
Mw Srw Mw Srw Mw Srw
Mean  Std.dev. mean mean Mean  Std. dev. mean mean Mean Std.dev. mean mean
Plagioclase

(vol%) 50.7 20.6 56.8 55.1 50.0 19.9 56.7 52.6 49.3 19.3 56.7 54.6
AlLO, (Wt%) 184 8.1 19.4 194 18.2 7.8 19.4 18.8 17.9 7.6 19.4 19.2
MgO (wt%) 16.0 10.4 12.4 13.8 15.5 10.2 12.4 13.6 15.0 10.0 124 13.6
FeO (wt%) 7.0 4.4 6.9 6.7 7.2 4.2 6.9 6.7 7.7 4.5 6.9 6.8

Note: Abbreviations: 1538X = combination of 15382 and 15386; 7241X = combination of 72415, 72416, 72417, and 72418; 77215+ = combination
of 77075, 77076, 77077, and 77215; 782XX = combination of 78235, 78236, 78238, and 78255; Std. dev. = standard deviation, Mw = mass-weighted,

Srw = square-root mass-weighted (see text).

* References: 1, Warren (1990); 2, Ryder (1985); 3, Warren and Wasson (1980b); 4, Butler et al. (1971); 5, Warren and Wasson (1979b); 6, Ryder
and Norman (1980); 7, Ryder and Norman (1979); 8, Phinney (1981); 9, Warner et al. (1976); 10, Warren and Wasson (1978) and unpublished UCLA
data; 11, Butler et al. (1973); 12, Chao et al. (1976); 13, Warren et al. (1986).

results show only rough agreement with the ALO, con-
centrations of the actual analyses of the rocks. However,
in the case where agreement is poorest (60135), the chem-
ical analysis is based on a relatively tiny sample (645 mg)
of an exceptionally coarse-grained (4—5 mm) rock (War-
ren et al., 1983), whereas the mode is based (in part) on
binocular-microscopic observations of a surface exposure
of many square centimeters (Butler et al., 1972).

Two important conclusions can be drawn from Table
2. First, although the ferroan suite is frequently regarded
as a collection of rocks that are virtually monomineralic
plagioclase (e.g., Korotev and Haskin, 1988), in fact their
statistical mean plagioclase content is 92 wt% (or 90 wt%
if 15418 is included). Second, even if we ignore the large
uncertainties still associated with some individual modes
(e.g., 60025, 60135), the uncertainty in the statistical mean
of the modes is very large. In terms of weight percent
mafic phases, the standard deviation is slightly greater
(8.6 wt%) than the mean (8.1 wt%). It should be noted,
however, that the standard deviation for a “closed” data
set, such as a set of modes (which are constrained to sum
to 100%), is inherently more ambiguous than the stan-
dard deviation for a perfectly random “open” data set
(Butler, 1979).

MIXING-DECONVOLUTION CONSTRAINTS ON
THE AVERAGE FERROAN-SUITE COMPOSITION

As was adduced (somewhat indirectly) by Korotev and
Haskin (1988), the average plagioclase/mafic ratio of the
ferroan suite can also be usefully constrained by exam-
ining mass-balance models for Mg, Fe, and Al in the av-
erage lunar crust. The average composition of the upper
crust can be inferred with relative precision by averaging
the compositions of the diverse highlands regolith sam-
ples, including the lunar meteorites (Table 1). More dif-

ficult to determine, however, is the average composition
of the material that was mixed with the ferroan suite to
form the total nonmare upper crust. Simplified modes
and concentrations of Al,O,, MgO, and FeO for relatively
large Mg-suite and KREEP rocks (i.e., all nonmare, non-
ferroan rocks =5 g in mass) are shown in Table 3. Sam-
ples designated with “c” appended to their NASA num-
bers (e.g., 15445c¢) were found as clasts within much larger
polymict breccias. Statistics analogous to those in Table
2 are also shown. Separate statistics are shown for the
data set stripped of one or both of the extrusive (KREEP)
rock types, but for purposes of modeling bulk-crustal mass
balance, the full data set is presumably the most appro-
priate.

For Al Q,, the standard deviation of the mean in Table
3 is large, but fortunately an additional constraint is
available besides the direct rock analyses. Even among
smaller pristine rocks, dunites are relatively scarce com-
pared to troctolitic rocks. Thus, it appears that the pa-
rental magmas of the overall assemblage were generally
at least nearly saturated with plagioclase even as they
began crystallization. Phase-equilibria constraints (e.g.,
Fig. 4 of Longhi and Pan, 1988) imply that moderately
magnesian magmas prone to crystallize minor dunite be-
fore commencing to form troctolites (and later norites)
begin with roughly 18 wt% Al,O,—which agrees with the
imprecise mean of the measured rocks (Table 3). Note
that the mean modal plagioclase (49 vol%, or roughly 44
wt%) also implies roughly 16-18 wt% ALOQ,.

For FeO and especially MgO, the standard deviations
(Table 3) are extremely large. Therefore, it seems best to
constrain these two elements by an indirect method, as
follows. The SiO, concentration of the nonferroan mé-
lange is known to within 1-2 wt%, simply because the
crust is extremely homogeneous for S10, (Table 1). The
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Fig. 3. (a) Bulk-rock Al,O,; vs. MgO/FeO for pristine non-

mare rocks and highlands regoliths (a). Also shown are results
from mixing models involving an estimate for the bulk nonfer-
roan portion of the crust (ALLO, = 18 wt%) mixing with two
different estimations for the bulk ferroan portion: PFA = “pure”
ferroan anorthosite, MFA = “mafic” ferroan anorthosite (see
Table 4). Note that among nonferroan pristine rocks (other than
the volumetrically minor alkali anorthosites), the MgO/FeO ra-
tio tends to be positively correlated with Al,O, and thus inverse-
ly correlated with the total content of MgO + FeQ. The vertical
tick marks along the mixing lines represent 10 wt% increments
in the mixing proportions. Regarding data sources, see Fig. 2.
(b) Expanded view of the lower right portion of (a); with an
additional set of mixing models shown (dashed curves), based
on a MgO/FeO ratio of 2.0 for the assumed composition of the
nonferroan portion of the nonmare crust (sce text).

CaO/AlL O, ratio also appears relatively homogeneous
throughout the sampled crust. The average CaO/AlLO,
ratio from Table 1 (0.59) is only marginally higher than
the typical ratio for ferroan anorthosites, ~0.55 (Ryder
and Norman, 1979). Hence, if Al,O, is assumed to be 18
wt%, then CaO must be 10-11 wt%. Thus, the sum for
Si0, + CaO + AL, must be close to 74 wt%. Other

components such as Na,O and TiO, combine to contrib-
ute about 1 wt%, which leaves 25 wt% for the total of
MgO + FeO. Finally, we need to infer the MgO/FeO
ratio. The MgO/FeO ratio implied by the average com-
positions of large pristine Mg-suite and KREEP rocks
(Table 3) is roughly 2.0, but this result carries an enor-
mous uncertainty. However, we can establish a relatively
secure upper limit by noting that very few lunar olivines
are more magnesian than Fo,, and virtually none are
more magnesian than Fo,, (Warren, 1986a, cf. Fig. 2). At
lunar-crustal pressure, the K, for olivine-melt Fe/Mg ex-
change is ~0.30 (Warren, 1986a), and thus magmas that
failed to form olivines more magnesian than Fo,, prob-
ably never had melt Mg/(Mg + Fe) higher than ~0.73
[i.c., MgO/FeO higher than 1.52]; and the lack of Fo.,,
olivines implies that melt Mg/(Mg + Fe) was virtually
never higher than 0.78 (i.e., MgO/FeO higher than 1.99).
Of course, if the Mg suite truly formed in many different
layered intrusions, then presumably not all of their parent
magmas were as magnesian as the most extreme ones.
The KREEP basalts (our only clearly extrusive pristine
nonmare rocks) obviously formed from magmas with Mg/
(Mg + Fe) <0.73. Thus, the average MgO/FeO for the
nonferroan portion of the nonmare crust is implied to be
<2.0, and most likely slightly <1.5. On balance (consid-
ering also the more direct evidence from the composi-
tions of the large rocks; Table 3), 1.5 appears to be a good
estimate for the average MgO/FeO ratio of the nonfer-
roan portion of the nonmare crust. Thus, the concentra-
tions of MgO and FeO are inferred to be 15 and 10 wt%,
respectively. The inferred bulk composition of the non-
ferroan crust is shown in Table 4.

Figure 3 shows AL,O, vs. MgO/FeO for pristine non-
mare rocks of all categories, along with results from mix-
ing (mass-balance) models, based on two different as-
sumptions regarding the overall composition of the ferroan
suite. The PFA composition (Table 4) is almost (not quite)
as devoid of mafic phases as the FA composition (35.5
wi% Al,O,) discussed by Korotev and Haskin (1988). The
MFA composition is almost precisely one-sigma more
mafic than the mean ferroan-suite composition based on
Table 2. Figure 3b includes a pair of mixing models
(dashed curves) with the MgO/FeO ratio of the nonfer-
roan crust assumed to be 2.0, instead of the more likely
value of 1.5. Figure 3 shows that the fit to the highlands
regoliths is clearly more generally satisfactory using the
MFA end-member than using the PFA end-member, and
the proportion of the ferroan-suite material is generally
in the range 45-75 wt%. Even the MFA-based model
results in a poor fit for Apollo 14 regolith (and both MFA-
based and PFA-based models are inadequate for all but
the ALHA81005 regolith if the MgO/FeQ ratio of the
nonferroan crust assumed to be 2.0). However, the ex-
traordinarily U-rich Apollo 14 composition is clearly
dominated by KREEP and thus is not expected to contain
a large proportion of ferroan-suite material. [It is also
worth noting that in addition to the components mod-
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TasLE 4. Compositions of end-members used for mixing models and (for comparison with PFA and MFA) compositions predicted
for primordial crust by four models of plagioclase flotation over a ferroan magma ocean

Mg/
" Na,0 MgO Al O, Sio, K,O Ca0 TiO, Cr,0, MnO FeO (Mg + Fe)
Wit%)  (Wt%)  (Wi%)  (wi%) (Wt%) Wi%)  (Wt%)  (wt%)  (wi%)  (Wi%)  (mol%)

Est. avg. nonferroan crust* 15 18 45-46 10-11 10 72.8

PFA (“pure” FAy** 0.38 0.31 35.1 44.4 0.014 19.1 0.017 0.004 0.008 0.33 63.0

MFA (“mafic” FA)} 0.27 4.15 30.2 43.7 0.010 17.4 0.054 0.075 0.068 4.48 62.3
Model flotation crustsi

A 0.37§ 3.84 20.4 44.9 0.016§ 174 0.068 0.059 0.048 3.99 63.2

B 0.32§ 3.87 29.1 45.1 0.014§ 16.9 0.063 0.037 0.061 4.19 62.2

C 0.30§ 4.10 28.3 44.4 0.013§ 16.1 0.051 0.046 0.099 6.49 52.9

D 0.40§ 4.23 29.0 44.6 0.018%§ 16.6 0.065 0.134 0.073 4.59 62.2

* Regarding estimated average nonferroan crust, see text.

** “Pure” ferroan anorthosite: average of 15415, 60015, 60025 "“pure” portions, and 65315 (see Table 2).
T “Mafic” ferroan anorthosite: average of 60025,696 (a “‘mafic” portion), 60135, 62236, and 62237 (see Table 2).
¥ Model flotation crusts are derived from Warren's (1989) model of magma-ocean crystal fractionation, with various initial compositions—(A) mixture
of %5 peridotite KLB-1 (Takahashi, 1986) and ¥z Warren's (1986a) ‘Sl,”” (B) pure KLB-1, (C) bulk-Moon composition proposed by Dreibus et al. (1977),
and (D) bulk-Moon composition proposed by Taylor (1982)—and arbitrarily chosen initial depths of (A) 500, (B) 1200, (C) 1500, and (D) 1500 km.
§ In model flotation-crust compositions, initiat magma concentrations of Na,O and K,O are essentially free parameters (Na and K are depleted in the
whole Moon as volatile elements). The Na,O and K,O concentrations for KLB-1 have been arbitrarily adjusted to 0.05 and 0.005 wt%, respectively.

eled, highlands regoliths contain traces of mare-basaltic
and meteoritic debris, both of which tend to slightly di-
minish the overall Mg/(Mg + Fe) ratio and Al,O; con-
tent. In Table 1 and Figure 3, all Fe is treated as FeO, as
is customary among lunar petrologists, but actually a small
proportion of the Fe in any lunar soil is FeNi metal,
mainly of meteoritic derivation. Among the regoliths in-
cluded in Figure 3, the proportion of mare material is
probably highest for Apollo 14 and 17.] Thus, mass-bal-
ance considerations hardly imply that ferroan anorthosite
must be a minor component of the lunar crust (Korotev
and Haskin, 1988), but they do tend to suggest that the
overall composition of the ferroan suite is roughly MFA-
like, i.e., about one-sigma more mafic than the compo-
sition implied by simple averaging of massive ferroan-
suite samples.

The MFA composition implies a modal plagioclase
content of ~87 vol%. The name recommended by the
Lunar and Planetary Sample Team (LAPST) Nomencla-
ture Committee (St6fHer et al., 1980) for such a rock type
is noritic anorthosite (or troctolitic anorthosite, if the py-
roxene/olivine ratio is less than 1). In ITUGS nomencla-
ture, it is a leucogabbronorite (the only TUGS rock type
with anorthosite as part of its name has =90% plagio-
clase). Considering the ambiguity of the present lunar da-
tabase regarding the average composition of the ferroan
suite, the customary tendency to refer to the entire suite
as “ferroan anorthosite” should probably be eschewed,
or at least the term should be used advisedly. A less prej-
udicial, but similarly descriptive, term might be “ferroan
anorthositic suite (which might as an option be abbre-
viated as FAS, or even converted into a new rock name
with the traditional ““ite” ending, e.g., ferranite), defined
on the basis of a high, but not necessarily extreme, pla-
gioclase content, coupled with low Mg/(Mg + Fe) and
Na/Ca ratios.

PLAGIOCLASE-FLOTATION MODELS OF
FERROAN-SUITE ORIGIN

Many models have been developed to simulate the
cooling and fractional crystallization of a primordial lu-
nar magma ocean (e.g., Longhi, 1977; Warren and Was-
son, 1979a; Shirley, 1983). Although the floated-plagio-
clase crust would obviously have “rafted” a small
proportion of mafic material, surprisingly little work has
been done toward quantitatively constraining this effect.
The proportion of rafted mafic matter must be closely
related to the density, and thus indirectly to the compo-
sition, of the parent melt. The density of a silicate melt
of any given composition can be inferred, to within ~ 1%
relative, by calculation of the mean molar volumes of its
oxide constituents (Bottinga and Weill, 1970; Mo et al.,
1982). Calculations using the method of Bottinga and
Weill (1970) have previously been shown to predict flo-
tation of plagioclase if the parent melt is relatively Fe-
rich (Warren and Wasson, 1979a), but not if the parent
melt is relatively magnesian (Roeder et al., 1977). In this
section, the implications of the close relationship between
melt composition and density will be more fully ex-
plored, by (1) evaluating petrologic constraints on the
composition of the magma ocean as it putatively crystal-
lized the FAS and (2) translating the densities implied by
those compositional constraints into predictions for the
plagioclase to mafic silicate ratio of the FAS.

Some models (e.g., Delano and Ringwood, 1978) have
assumed that the mafic component of the lunar crust orig-
inated as the intercumulus “trapped melt” fraction of the
primordial flotation crust (with the proportion of trapped
melt chosen to fit the bulk composition of the crust, as-
suming all of the cumulus matter is plagioclase and the
parent melt was basaltic). Such models are grossly incon-
sistent with the complex, bimodal geochemistry of the
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pristine rocks (Fig. 2). Moreover, incompatible-element
systematics and textural evidence (Warren and Wasson,
1980a; Ryder, 1982; James et al., 1989) imply that most
of the mafic material of the ferroan-anorthositic suite
originated not as trapped melt, but rather as cumulus
olivine and pyroxene crystals and compositionally equiv-
alent adcumulus (and poikilitic “heteradcumulus’’) mat-
ter. (For an alternative interpretation, see Haskin et al.,
1981.) For modeling purposes, I will assume that none of
the mafic matter originated as trapped melt. The final
proportion of mafic silicates calculated in this manner
might be a slight underestimate, because the density of
the melt is much lower than the density of the mafic
silicates. The underestimation is probably not large, how-
ever, because even the mafic silicates produced by the
trapped melt must have crystallized contemporaneously
with, if not faster than, the underlying magma ocean.

The magma-ocean crystal-fractionation model used here
has been described in detail by Warren (1989). It is the
latest in a series than has been continually refined since
first developed by Warren and Wasson (1979a). The en-
tire family of models originated by adaptation of, and
continues to resemble, a series of models by Longhi (e.g.,
1977, 1980). Briefly described, these models use a finite-
difference technique to simulate fractional crystallization
of olivine, pyroxene, plagioclase, etc.; in sequences, pro-
portions and compositions constrained by mathematical
representations of phase diagrams (most notably for the
system olivine-plagioclase-silica) and crystal/liquid dis-
tribution coefficients, based on pertinent results from the
experimental-petrology literature. For lunar purposes, the
most important difference between the present model and
its forebears lies in its extended modeling of density ef-
fects during the crustal-genesis process.

In the model, the density of the nascent crust is con-
strained to match that of the underlying magma ocean,
or more specifically, the melt fraction of the magma ocean
(presumably, at least for most of its life, a finite propor-
tion of the “ocean” comprised loose, yet-to-accumulate
crystals). Arguably, the effective stability of the crust may
have been enhanced by the strengthening effect of its
domical shape (J. T. Wasson, personal communication,
1978), and its buoyancy may have been enhanced by po-
rosity produced by brecciation in the upper few kilome-
ters. Again, these effects would lead to an underestima-
tion for the final proportion of mafic silicates; but probably
not a large underestimation. Cratering would have con-
tinually undermined the crust’s strength, and heat-sinter-
ing would restrict the zone of substantial porosity to with-
in a kilometer or two of the surface. Factors unrelated to
buoyancy might have tended to enhance the plagioclase
to mafic silicate ratio of the floated crust. For example,
Morse (1982) noted that the stability of plagioclase rela-
tive to mafic silicates increases with decreasing pressure.
(However, in the H,O-poor lunar environment, pressure
also strongly affects the relative stabilities of pyroxene
and olivine, and yet pyroxene and olivine occur in rough-
ly equal proportions among relatively mafic ferroan-suite

rocks.) On balance, it seems best to simply assume that
the density of the flotation crust roughly matched that of
the underlying magma ocean.

Given the assumption that p_, and p., (the average
densities of the melt and crust) are equivalent, one can
write

@

where p,,, is the density of the plagioclase, v,,, is the
volume fraction of plagioclase in the FAS crust, and p.,
is the average density of the mafic component of the FAS
crust. Solving for v, yields

pmell = pplagvplag + pmai(l - vplag)7

3

Of the quantities on the right side of Equation 3, the
best known is p,,,. Ferroan-suite plagioclase is uniformly
Ang,.,,, implying a near-solidus (roughly 1000 °C) density
of 2.70 + 0.02 g/cm? (Campbell et al., 1978). The value
of p..s can likewise be constrained by noting that the maf-
ic silicates of the FAS are also relatively uniform in their
Mg/(Mg + Fe) ratio and thus in their densities. As dis-
cussed above, the mafic component of the FAS comprises
roughly equal proportions of low-Ca pyroxene and oli-
vine (with minor high-Ca pyroxene), and the Mg/(Mg +
Fe) ratio of the low-Ca pyroxene averages ~0.66, whereas
the olivine averages ~Fo,;, implying a mean near-solidus
density of ~3.49 (+ ~0.10) g cm~* (Deer et al., 1965).
Constraining the remaining unknown, p.,, will be more
difficult. However, p... is also constrained (indirectly) by
the conveniently uniform Mg/(Mg + Fe) ratios of the
FAS mafic silicates. For both olivine/melt and low-Ca
pyroxene/melt equilibria, and K, for Fe/Mg exchange (at
low pressure) is constrained by a large number of exper-
imental studies to be ~0.30 (+ ~0.02) (Warren, 1986a).
Consequently, the observation (Fig. 3b) that FAS rocks
with significant mafic components (i.e., having ALO, <
35 wt%) consistently have MgO/FeO between 0.6 and 1.4
[Mg/(Mg + Fe) between 0.52 and 0.72] implies that their
parent melt(s) had Mg/(Mg + Fe) confined to the range
0.25-0.44.

Among the results of the magma-ocean crystal-frac-
tionation model of Warren (1989), regardless of initial
melt-zone composition (within reason) and depth, the melt
FeO content shows a steady increase, and its Mg/(Mg +
Fe) ratio shows a steady decrease, throughout the frac-
tionation sequence (except for the final few percent of
fractionation, where ilmenite begins to fractionate). This
result is by no means unique to Warren’s (1989) model
(cf. Binder, 1976; Drake, 1976; Longhi, 1977, 1980;
Gromet et al., 1981) and is a natural consequence of the
uniformly low K, for Mg/Fe exchange involving (Mg, Fe)-
rich primitive lunar minerals (i.e., olivine and few vari-
eties of pyroxene). Compared to the other constituents of
silicate melts, FeO has an extremely high density; e.g., at
1200 °C, the ratio M,/ V, (gram formula weight over molar
volume) is 5.35 for FeO, 3.70 for Fe,0,, 3.57 for CaO,
3.56 for MgQ, 2.22 for SiO,, and 2.82 for AL,O, (Mo et
al., 1982). Consequently, melt density in the anhydrous,

vplag = (pmaf - pmelt)/(pmaf - pplag)
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Fig. 4. Melt density vs. FeO concentration for magma oceans
of various initial compositions and depths (permutations of the
values listed in Table 4, plus a few models starting with the “H-
TAB-RKUM 1:1:1 hybrid” composition of Warren and Wasson,
1979a), evolving according to the crystal-fractionation model of
Warren (1989). Melt density is calculated with the use of Bottinga
and Weill’s (1970) model and updated partial molar volumes
from Mo et al. (1982).

Fe,0,-poor Moon is strongly correlated with melt FeO
concentration. Thus, when during magma-ocean evolu-
tion the melt becomes progressively enriched in FeQ, its
density (i.e., pme;) Shows a commensurate increase (Fig.
4), and p,,., shows an equally strong inverse correlation
with melt Mg/(Mg + Fe) (Fig. 5). From these results, it
appears that for any given melt Mg/(Mg + Fe) in the
vicinity of 0.30, the value of p,, is constrained to within
1-2% relative.

Even including near-monomineralic anorthosites, the
range in average mafic silicate Mg/(Mg + Fe) ratio among
FAS rocks extends only from 0.50 (67455¢, Minkin et al.,
1977) to 0.72 [64435c, James et al., 1989; note: for the
bulk-clast Mg/(Mg + Fe) ratio of 64435c, the INAA data
of James et al. indicate 0.74, but their microprobe anal-
yses of its constituent minerals indicate precisely 0.72;
the value used for Figs. 2 and 3 is 0.72]. Applying the K,
~ (.30 constraint, the corresponding range for the Mg/
(Mg + Fe) of the parent melt is 0.23-0.44 (Fig. 5). The
average Mg/(Mg + Fe) of the FAS is almost certainly in
the range 0.56-0.67 (dotted lines in Fig. 5), implying a
parent melt Mg/(Mg + Fe) in the range 0.28-0.38. Thus,
the magma-ocean modeling results (Fig. 5) imply that the
density p.e. of the FAS parent melt was never far from
2.85 g cm~3. Adding this result to the previously derived
values for p.,,c and p,,,, Equation 3 implies that v,,, should
be ~0.81 (or, expressed as weight fraction of plagioclase
in the FAS crust, ~0.77).

The application of Equation 3 has thus far been dis-
cussed in a generic fashion, taking only an average (based
on all models tested) for the unknowns p,, and, more
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Fig. 5. Melt density vs. Mg/(Mg + Fe) ratio for magma oceans
of various initial compositions and depths, evolving according
to the crystal-fractionation model of Warren (1989); analogous
to Fig. 4. Mafic silicate MgO/(MgO + FeO) ratios shown are
calculated assuming K, = 0.30 (see text).

important, for ... However, the model of Warren (1989)
applies Equation 3 to each individual magma-ocean sce-
nario tested and calculates an average composition for
the floated crust as a function of the crystals floated over
the entire course of crystallizatic» The individual models
are thus analogous to the generic model just described,
except more precise. The models assume that the average
composition of the mafic fraction floated (during any giv-
en interval) is the same as the average composition of all
mafic crystals contemporaneously fractionated. (Al-
though olivine is slightly denser than pyroxene of equiv-
alent Mg/(Mg + Fe), this density effect may be roughly
offset by the tendency for pressure to foster a higher oli-
vine/pyroxene ratio among the crystals grown at the top
of the magma than among those grown at its base.) Re-
sults for the “final” (crystallization 99 wt% complete)
composition of the flotation crust, based on a range of
different magma-ocean scenarios, are compared with the
PFA and MFA compositions in Table 4. The results
shown are merely representative of results that have been
obtained from models starting with a great diversity of
magma-ocean initial composition and depth combina-
tions—models too numerous to describe here. However,
all models that generate a flotation crust with an appro-
priately “ferroan” Mg/(Mg + Fe) ratio lead to an Al,O,
content for that crust within a few weight percent of 29.
Expressed in terms of the volume fraction of plagioclase
predicted for the FAS crust (v,,,), this result is ~85 vol%
or, in terms of the weight fraction of plagioclase, ~81
wt%.

CONCLUSIONS

1. The average mafic content of the ferroan anortho-
sitic suite (FAS) of pristine lunar rocks, as directly con-
strained by statistics for modes of relatively large sam-
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ples, is 8.1 + 8.6 wi%. This mean is only marginally
consistent with the common tendency to refer to the
overall suite as “ferroan anorthosite.” The large standard
deviation for the FAS implies that the true overall com-
position of the suite could easily be too mafic to justify
the term ““anorthosite,” at least in its narrower sense (im-
plying plagioclase =90 vol%). However, the mean mafic
content for large pristine rocks with nonferroan geochem-
ical affinities (based on Fig. 2 and similar diagrams) is
much farther from anorthosite, and yet the overall com-
position of the crust (or at least the upper portion of the
crust, which contributes material to highlands regoliths)
is now well constrained, thanks to recent discoveries of
lunar meteorites, to be relatively anorthositic, with ~24—
27 wt% ALO,.

2. An assessment of bulk-crustal mass balance for Al,O,,
MgO, and FeO suggests (a) that the overall composition
of the FAS is about one-sigma more mafic than the av-
erage mafic content of the large pristine FAS rocks (i.e.,
the overall mafic content of the FAS is roughly 17 wt%)
and (b) that the proportion of FAS rocks in the crust is
generally in the range 45-75 wt%; i.e., 60 £ 15 wt%. It
should be noted here that according to Warren’s (1986Db)
model for the subsequent origin of the Mg suite, roughly
one fourth of the material now found as Mg-rich rocks
originated by assimilation of FAS rock into the Mg-rich
parental magmas; hence, the proportion of the (upper)
crust ultimately derived from the magma-ocean plagio-
clase-flotation process is implied to be 70 £ 15 wt%. A
high proportion of FAS material in the overall (upper)
crust has also been inferred on the basis of extrapolation
from Apollo orbital spectrometery results (Spudis and
Davis, 1986).

3. Models of genesis of the FAS by flotation of plagio-
clase plus rafted mafic silicates atop a magma ocean with
an appropriately “ferroan” Mg/(Mg + Fe) ratio also sug-
gest that the overall composition of the suite should be
about one-sigma more mafic than the average mafic con-
tent of the large pristine FAS rocks. This “high” mafic
content is predicted for the flotation crust because the
parental magma is inferred to have been uncommonly
FeO-rich, and consequently, far more dense than pure
plagioclase.

4. The same density-modeling approach tends to con-
firm earlier suggestions that the combined FAS and Mg-
suite portion of the crust could not have formed entirely
by plagioclase flotation over a magma ocean. Addition of
the Mg suite to the overall flotation crust would imply a
lower average FeO content, and thus a lower density, for
the parental magma; which would in turn have engen-
dered a higher overall plagioclase content (i.e., an Al,O,
content > 29 wt%) for the flotation crust. However, even
among samples derived primarily from the upper crust
(Table 1), the overall Al,O, concentration is clearly not
> 27 wt%.

5. The uncertainties in all three approaches (1-3 above)
10 estimating the overall mafic silicate content of the fer-
roan suite are such that the results appear to agree about

as well as could reasonably be expected. Unfortunately,
there are probably few large pristine Apollo rocks that
have not yet been examined for mode. The modes for
many of the “known” large pristine rocks could be im-
proved by further study, but in many cases a precise mode
would require disaggregation of a major proportion of the
total sample. Until we acquire more large rock samples
from the lunar highlands, the average mafic content of
the ferroan anorthositic suite may never be constrained
better than to within a factor of two.

6. Should future studies indicate that the overall com-
position of the ferroan anorthositic suite is truly ferroan
anorthosite (sensu stricto, =90 vol% plagioclase), the
converses of conclusions 2 and 3 on crustal mass balance
and magma-ocean crust flotation, respectively, would tend
to suggest that the currently favored model of lunar-crus-
tal genesis (magma-ocean plagioclase flotation followed
by scattered Mg-rich intrusives) may be seriously flawed.
The most likely alternative, from a petrologic perspec-
tive, would be to discard the magma-ocean hypothesis,
in favor of purely “serial” magmatism (e.g., Walker, 1983).
However, even the two-stage model for lunar petrogen-
esis without a magma ocean (Longhi and Ashwal, 1985),
according to which the anorthosites originally accumu-
lated earlier and deeper than the Mg-suite rocks, scarcely
predicts the strong geochemical bimodality of the pristine
rocks (Fig. 2). Moreover, the magma-ocean hypothesis
has recently been strongly favored (in a reversal from the
first 15 years of post-Apollo lunar science) by a consensus
of geophysical models for the origin of the Moon (Ste-
venson, 1987).
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