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Understanding the early history of the moon and the formation of the lunar crust 
rests on explaining the origin of the lunar ferroan anorthosites (LFA), seemingly the 
oldest and most abundant of the "pristine" rocks from the lunar highlands. The most 
popular model forthe origin of LFA depicts themashaving formed as a floating crust 
atop a globe-encircling "magma ocean" (1). This M e 1  satisfi%? th%6qross isotopic and 
petrologic characteristics of the LFA: extremely primitive sr/ Sr ratios (2) and the 
absence of comagnatic mafic rocks ( 3 ) .  The m d e l  also explains the complementary 
rqlationship of the lunar crust (plagioclase-enriched) and mantle (plagioclase-depleted). 
However, the magma ocean model is at odds with nunerical models of planetary accretion by 
planetesimals that predict time scales too long to a l l w  a magma ocean to develop (4 ) .  
Furthermore, thermal models require that a nagma ocean develop a thick (>lo km) insulating 
crust relatively early in its evolution in order to last the 100 mil lion years apparently 
required by early lunar differentiation ( 5 1 ,  yet plausible meteorite fluxes at 4.5 b.y. 
could have disrupted such an insulating crust accelerating solidification ( 6 ) .  

In this paper we offer as an alternative working hypothesis a rode of origin for 
LFA (diapiric intrusion),similar to that postulated for terrestrial massif 
anorthosites, but different in scope, which would satisfy the isotopic and petrological 
constraints on the origin of LFA's as well as the physical conditions suggested by s l w  
accretion. 

Comparision of & Terrestrial Anorthosites 
Most efforts to draw analogies between LFA and terrestrial anorthosites have 

focused on anorthositic layers developed in large basic intrusions such as the Stillwater 
Complex (7 ) .  Althouqh such anorthosites have proved useful in studying the relation 
batween texture, mineral compositions, and trace element patterns (El),  their host 
intrusions fail as direct analogs to the parent intrusions of LFA because comagmatic 
mafic and ultramafic rocks (representing 5X the volume of anorthosites in the Stillwater 
Complex for example) have not been found among the lunar crustal samples ( 3 ) .  While 
layered intrusions are presumably the ultimate source of anorthosites, we believe that 
more useful analogies can be drawn between Archean and, especially, Proterozoic 
anorthosite complexes (9, 10). 

As with the exposed lunar crust, Archean and Proterozoic anorthosite complexes are 
more feldspathic (75-908 plaqioclase component) than reasonable melt compositions. The 
lack of direct or indirect evidence for large volumes of complementary ultramafic 
cumulates has led some workers to postulate the existence of hyperaluminous magmas (e.g., 
11, 12). Recognizing the obvious diffic~llties in generating such anorthositic melts, 
other workers have favored models in which anorthosites represent cumulates that sanehow 
became detached from their ultramafic complements. For example, (13) proposed that 
mantle-derived olivine tholeiite magmas ponded at the base of the crust (Proterozoic) 
where large volumes of mafic silicates crystallized and accumulated. The resulting 
aluminous residue, a plagioclase-laden mush, then detached from the cumulate pile and 
ascended into the crust. A similar scenario has been suggested for Archean anorthosites 
( 9 ) .  Such a model successfully accounts for the general preponderance of anorthositic 
rocks in these complexes and for the homogeneity and coarse grain size of plagioclaee in 
both Archean (up to LO cm) and Proterozoic (up to several meters) anorthosities (14, 15). 
For the Proterozoic massifs, the model also accounts for the relatively high Fe/Mg of the 
rocks (13) and for the presence of high-A1 pyroxene megacrysts, interpreted as high 
pressure crystal1 ization products. (16). Evidence is accumulating (e.9.. 17) that the 
level of final emplacement of many, if not all, massifs is shallow ((10 km). 

A consequence of the "detachment" model of anorthosite genesis is that there is no 
limit to the mafic content of the parental melt. If tholeiitic magmas are parental to 
Proterozoic anorthosite, then komatiites are plausible parents of the Archean anorthosites 
(9). In any event we speculate that the melt/crystal ratio at the time of detachment of 
the plagioclase-rich mushes was higher in the Archean case. ?he mobilization of largely 
aolid-state labradorite diapirs may explain the granulated to seriate texture conmon to 
many Proterozoic anorthosites (18). Pressure-release melting acting in concert with flow 
differntiation as the partiall> molten diapir moved past more rigid country rocks would 
tend to concentrate crystals in the i~lterior of the diapir and melt along its margins, 
thus increasing the purity of the interior anorthosites -- a feature some feel is 
difficult to account for solely by iqnttous processes such as adcumulus growth (e.9.. 19). 

Although Archean anorthosite complexes are widespread, they tend to be small ( ~ 7 5 0  
km2) and represent only a miniscule traction of the Earth's cru t (9). By contrast, 19 Proterozoic anorthosite massifs are much larger !up to 30,000 km ) and represent as much 
as 20% of the Grenville and Nain oroqcnic provinces of eastern Canada (20). The 
relatively large volume of massif anorthosites combined with their apparent restriction in 
time to a relatively short interval in rarth histor:), 1.15-1.0 b,y. (?I), can be considered 
analogous to the lunar anorthosite formins event (26), albeit on a much smaller scale. 
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The Origin of - 
We envGion the following picture of the moon durinq the later stages of slow 

accretion based upon the models of (4, 22, 23): the outermost she1 1, perhaps tens of 
kilometers deep, was a low density l,3yer consisting of breccias and impact melts of mafic 
to ultramafic material: underneath this shell was a zone of overlapping layered intrusions 
and buried impact melts; and heneath this zone was a partially molten mantle that fed the 
zone of layered intrusions. The impact of a large projectile (1022-23 at this stage 
is likely to have had three important efEects: (1) to load ejecta into the surface 
regions marginal to the impact basin: (2) to create substantial quantities of melt by a 
combination of direct transfer of kinetic energy and byvressure-release melting of the 
mantle rebounding beneath the impact; and (3) lateral movement of material at depth 
beneath the areas marginal to the impact into the rebounding plug. The impact-generated 
melt is unlikely to have remained at depth in a chamber with dimensions greater than a few 
kilometers as depicted by ( 4 1 ,  but is likely to have migrated upward and formed a new 
series of flows and layered intrusions (24). 

The scenario outlined above offers two related environments for the generation of 
LPA's by diapiric intrusion. The first environment is that of the intrusion created by 
the large impacts: slow coolinq of these bodies with development of anorthositic layers 
may have led to density contrasts between anorthosite and overlying mafic layers 
sufficient to cause gravitational instabilities and diapirism. The second environment is 
the section of crust consisting of overlapping layered intrusions which subsides in 
remponse to a nearhy impact. Reheating of these intrusions by subsidence into the hotter 
interior would lead to lower viscosities and possibly to upwelling of buoyant anorthositic 
layers. 

In both of these environments, if the anorthosite layer was near its solidus 
temperature as it started to rise, adiabatic decompression of the ascending diapir would 
lead to pressure-release melting of associated mafic minerals and plagioclase in equimolar 
proportions. Flow differentiation would tend to draw the melt from the interior of the 
diapirs to its margins, thus creating evcn purer anorthosite in the central portion of the 
diapirs and facilitating protoclastic texture. Thus the annealed and granulated texture 
of many LFA may not he due entirely to impacts as is generally assumed. Another 
consequence of this two-stage model for LFA is that there may be a measurable time span 
betveen the oldest mafic rocks and the intrusion of some of the LFA diapirs. 

Just as lowdensity layers in earlyintrusions are thought tohave risen, so toothe 
densest layers, ilmenite-pyroxene cumulates, would have been prone to sinking. Two 
consequences of this latter phenomenon are the formation of the source regions of high-Ti 
mare basalt. at depth (25) and the development of a region of upper mantle depleted inTi 
and Sc. Radioactive decay abetted by continued meteorite bombardment would have produced 
partial melts in this zone with geochemical characteristics simiLar to KREEP. 

Conclusions 
Widespread diapiric intrusions of plagioclase-rich crystalline mushes and not 

development of an anorthositic crust floating atop a magma ocean may have been responsible 
for the *anorthosite forming event" (26) that. appears to have been the earliest phase of 
lunar crustal formation. Despite obvious tectonic and compositional differences, there 
may be tangible analogs to the formation of lunar anorthosites among the "detachment" 
mechanisms invoked to explain terrestrial anorthosite complexes. 
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