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Introduction:  According to Lunar Magma Ocean 

(LMO) theory, lunar samples that fall into the ferroan 
anorthosite (FAN) category represent the only samples 
we have of of the primordial crust of the Moon (e.g., 
[1]). Modeling indicates that plagioclase crystallizes 
after >70% LMO crystallization and formed a flotation 
crust (e.g., [2-6]), depending upon starting composi-
tion. The FAN group of highlands materials has been 
subdivided into mafic-magnesian, mafic-ferroan, anor-
thositic-sodic, and anorthositic-ferroan, although it is 
not clear how these subgroups are related [7]. Recent 
radiogenic isotope work has suggested the range in 
FAN ages and isotopic systematics are inconsistent 
with formation of all FANs from the LMO [8-12]. 
While an insulating lid could have theoretically extend 
the life of the LMO to explain the range of the pub-
lished ages [3], are the FAN compositions consistent 

with crystallization from the LMO? As part of a fund-
ed Emerging Worlds proposal (NNX15AH76G), we 
examine this question through analysis of FAN sam-
ples. We compare the results with various LMO crys-
tallization models, including those that incorporate the 
influence of garnet [13,14].  

Samples and Methods. As an initial step in this 
project, we use published data to examine the hypothe-
sis that FANs are a direct product of the LMO. Plagio-
clase major and trace element data from FAN samples 
are used [15,16].  Partition coefficients are calculated 
using the method of [17,18] that was modified by [19]. 
This method uses the Anorthite (An) content of the 
plagioclase to calculate partition coefficients using an 
array of experimental data to define a correlation be-
tween An% and RT lnD (Fig. 1). This approach allows 
realistic estimates of the liquid compositions from 
which the plagioclase in each FAN sample crystal-
lized. The equilibrium data are then compared with the 
models of LMO crystallization [2-7]. 

LMO Crystallization. Crystallization of the LMO 
has been modeled in several studies, both theoretical 
(e.g., [2,3]) and experimental [4-6]. The trace element 
composition of the LMO can be modeled assuming a 
starting composition (3 × chondrites after [2]). As 
shown by [14], the different mineral proportions in the 
models of [2-6] can approximate KREEP REE pat-
terns, but these are better generated by incorporation of 
3-5% garnet once the LMO has become saturated in 
Al2O3 (see [2-6] for details). Following the methods of 
[20], the REE evolution of each LMO model has been 
calculated. These evolution paths have been compared 
with the equilibrium liquid compositions of the FAN 
plagioclases. Results are shown in Figs. 2 & 3. 

Discussion. The LMO models terminate at ≥99% 
crystallization, which is considerd to be the amount of 
crystallization required to generate urKREEP. The 
high-K KREEP composition of [20] is plotted in Figs. 
2 & 3 for comparison. In the LMO modeling, various 
amounts of garnet are included at the expense of plagi-
oclase when plagioclase is a liquidus phase. If the 
FANs crystallized from the LMO, the equilibrium liq-
uids should plot along the LMO evolution lines where 
plagioclase is a liquidus phase. 

The slope of the light REE is examined by plotting 
La vs. Nd (Fig. 2), and the slope of the overall REE 
profile is examined by plotting La vs. Er (Fig. 3). The 
FAN plagioclase equilibrium liquids do plot along the 
LMO evolution paths in regions where plagioclase is a 
liquidus phase. The equilibrium liquids can be generat-

 

 
Fig. 1: Correlation of experimental plagioclase trace 
element partitioning data that allows calculation of parti-
tion coefficients based upon An content [19]. 



ed by either the “No Garnet” or “3-5% Garnet” evolu-
tion lines (Figs. 2ab, 3ab). These model results permit 
up to 10% garnet fractionation from the LMO. Our 
subsequent work will evaluate this possibility in more 
detail. 

Conclusions. The data presented here are con-
sistent with the FANs crystallizing from the LMO. The 
range of equilibrium compositions also demonstrates 
that plagioclases contained in FANs crystallized 
throughout the final stages of LMO solidification, in-
cluding when urKREEP was formed. The range of 
FAN ages reported in [12] appears inconsistent with a 
direct origin from the LMO. However, a combination 
of an insulating “lid” coupled with tidal friction could 
extend the crystallization of the crystallizing LMO to 
account for the FAN age range [3]. Elkins-Tanton et al. 
[3] concluded “The resulting crust will be heterogene-
ous and nonmonotonic in age and composition as a 
function of depth, and it would be expected to contain 
rocks with ages ranging over ~200 Ma.” The fact that 
FAN subgroups are difficult to relate to each other is 
consistent with this. The range of equilibrium liquids 
calculated in this study are consistent with an extended 
lunar crust formation. This initial study of FAN petro-
genesis posits that those FANs with plagioclase that 

crystallized from a liquid with relatively low REE 
abundances are older than those that crystallized from 
liquids containing high REE abundances. This hypoth-
esis remains to be tested. 
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Fig. 2. La vs. Nd for LMO evolution with no garnet (a), 3-5% garnet (b), and 10% garnet (c). The LMO models are from [2] 
(LMO Snyder), [3] (LMO Elkins), and [4-6] (LMO Rapp). High-K KREEP is from [20] FAN data are from [15,16]. 

 
Fig. 3.  La vs. Er for LMO evolution with no garnet (a), 3-5% garnet (b), and 10% garnet (c). The LMO models are from [2] 
(LMO Snyder), [3] (LMO Elkins), and [4-6] (LMO Rapp). High-K KREEP is from [20] FAN data are from [15,16].  


