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Introduction: The distinction between primary lu-

nar magma ocean (LMO) derived crustal rocks and 

those produced by post-LMO secondary magmatism 

was established by the recognition of apparent differ-

ences in major element differentiation trends [e.g., 1]. 

These differing trends are clearly observed in the oft-

reproduced plot of the Mg# in mafic minerals vs. An# 

in plagioclase (Fig. 1). Geochemical analyses of crustal 

lithologies have shown that ferroan anorthosites (FANs) 

and the secondary crustal rocks of the Mg- and alkali-

suites define different crystallization trends in Mg# vs. 

An#. These trends are interpreted to be the products of 

the different origins for these lithologies [e.g., 2]. As 

nearly pure anorthosite floatation cumulates, the near-

vertical trend in Mg# vs. An# observed in FANs is likely 

the result of crystallization of mafic minerals from 

trapped intercumulus melt, wherein the cumulus plagi-

oclase composition remains constant as the Mg# of in-

tercumulus mafic minerals decreases with crystalliza-

tion or the timing of formation from the LMO. Con-

versely, as intrusive plutonic rocks, the simultaneous 

decrease in both Mg# and An# in Mg- and alkali-suite 

rocks is likely an igneous fractional crystallization trend 

produced by removal of plagioclase and mafic silicates. 

Together these differing trends are widely cited as evi-

dence for the formation and building of the crust 

through different types of early magmatism. 

The continued discovery and analysis of feldspathic 

lunar meteorites, which sample a much larger swath of 

the crust than did the Apollo missions, have added com-

plexity to crustal petrogenetic models. Whereas the 

compositions of Mg-suite samples and FANs are dis-

tinct in Mg# and An#, rock clasts in feldspathic meteor-

ites overlap with the high Mg#s of the Mg-suite while 

also showing little variation in An#, thus overlapping 

the compositions of FANs [3 and refs therein], and also 

extending a wider range in Mg#. Assigning provenance 

to these magnesian anorthosite samples, however, is dif-

ficult. As primarily small clasts in meteoritic breccias, 

the representativeness of their modal abundances is 

questionable and radiogenic isotopic ages and composi-

tions are often difficult or impossible to obtain. Alt-

hough some clasts are likely to represent primary igne-

ous rock fragments of either LMO-derived crust or sec-

ondary magmatism [e.g., 3], it is possible others are im-

pact-derived mixtures of different lithologies [e.g., 4] 

and it is not always straightforward to separate igneous 

from non-igneous examples. This naturally complicates 

the use of magnesian anorthosites in constraining the 

origin and evolution of the lunar crust and the diversity 

in igneous rock types found within it.  

In this work, we have approached this problem 

through modeling the fractionation trends of partial 

melts derived from hybrid source regions akin to those 

of the Mg-suite that contain variable amounts of 

KREEP. In the previous experimental study of Elardo et 

al [5], experiments were conducted that simulated equi-

librium partial melting of Mg-suite source regions con-

sisting of dunite and anorthosite with variable amounts 

of KREEP from 0% to 50%. Here we examine the dif-

ferentiation of those partial melts and the implications 

for the lunar crust.  

Modeling: The process of partial melting of dunite 

+ anorthosite ± KREEP that was experimentally simu-

lated by Elardo et al. [5] was recreated numerically here 

using the pMELTS algorithm. This was done in order to 

produce melt compositions that contained alkalis, since 

controlled-atmosphere furnace experiments such as 

those in Elardo et al. [5] commonly lose Na2O and K2O. 

Partial melts of the same degrees produce by Elardo et 

al. [5] were then used for fractional crystallization cal-

culations using both pMELTS [6, 7] and the MAGFOX 

program [8-10]. For pMELTS, we used the “MELTS-

batch” build of the algorithm (from the MELTS reposi-

tory), edited it to default calculations to the pMELTS 

version, and wrote a Python script to run it sequentially 

through the different melt compositions. The fO2 of each 

starting composition was set at the iron-wüstite buffer at 

the beginning of the pMELTS calculations. Solid phases 

were fractionated until the calculations terminated. The 

Figure 1: Plot of Mg# of mafic minerals vs. An# in plagio-

clase for lunar crustal rock suites (gray fields) and for the re-

sults of fractional crystallization modelling of partial melts 

from KREEP-free sources.   
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FORTRAN version of MAGPOX was edited to bypass 

input requests and a similar Python script was written to 

sequentially process each composition through frac-

tional crystallization.  

Results and Interpretations: The results of frac-

tional crystallization calculations using MAGFOX on 

partial melts derived from a KREEP-free (farside anal-

ogous) source are shown Fig. 1. The most striking ob-

servation from these results is that both of the major ig-

neous differentiation trends observed in lunar crustal 

rock suites can be produced by fractionation of melts 

produced by this single source. At low degrees of partial 

melting, the Na2O contents of the melts are low, as pla-

gioclase retains Na during melting. Fractional crystalli-

zation of these Na-poor, high Mg# melts results in little 

variation in plagioclase composition, thus producing the 

near-vertical trend of magnesian and ferroan anortho-

sites. Higher degrees of partial melting produce melts 

with more Na2O, which then fractionate cumulates that 

overlap the compositions of many Mg-suite rocks. Cal-

culations using pMELTS show similar trends for partial 

melts of KREEP-free sources (Fig. 2).  

The fractionation trends of selected melts from 

KREEP-bearing sources calculated using both model-

ling programs are shown in Fig. 2. MAGFOX and 

pMELTS produce similar, but not identical results. 

However, modelling using both programs demonstrates 

that the Mg-suite to alkali-suite fractionation trend and 

the production of troctolite-norite-gabbronorite cumu-

lates is consistent with partial melting of hybridized 

sources containing early LMO dunites, crustal anortho-

site, and variable amounts of KREEP, followed by in-

trusion and fractional crystallization of those melts.  

More interestingly, our results suggest that at least 

some magnesian anorthosites, and possibly even some 

FANs, may be the product of secondary (i.e., post-

LMO) crustal magmatism produced from KREEP-free 

Mg-suite source rocks. This formation mechanism ob-

viates the need to invoke LMO alternatives such as se-

rial magmatism to explain these lithologies. Detailed 

trace element and/or isotopic studies of individual sam-

ples would likely be required to differentiate between an 

LMO origin vs. a KREEP-free Mg-suite secondary 

magmatism origin. The global extent of Mg-suite mag-

matism is unclear and KREEP-rich Mg-suite magma-

tism is likely far more common than KREEP-free Mg-

suite magmas [5]. However, these results demonstrate 

that the near-vertical differentiation trend in Mg# vs. 

An# is not necessarily attributable solely to lithologies 

produced in the LMO and could, at least in part be the 

result, of other processes.  
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Figure 2: Plot of Mg# of mafic minerals vs. An# in plagioclase for lunar crustal rock suites (gray fields) and for the results of 

fractional crystallization modelling of possible Mg-suite parental magmas produced from KREEP-bearing sources.   
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