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Figure 1 (FeO-Th).  Regolith samples form 
a triangular array on plots of incompatible ele-
ments like Th against FeO, MgO, or Al2O3 be-
cause the regoliths are mixtures of three classes 
of material: rocks of the feldspathic highlands 
(low FeO, low Th), mare basalts and volcanic 
glass (high FeO, low Th), and mafic, KREEP-
bearing, impact-melt breccias (intermediate 
FeO, variably high Th). In principle, all regolith 
samples plot inside the triangle defined by these 
three components. However, at any given site, 
the actual rock types representing these three 
classes of material are different from those of 
other sites, so the apices of the mixing triangle 
are ‘fuzzy’ (represented by double-headed ar-
rows). For example, Th concentrations of mafic 
impact-melt breccias of the Apollo 12 and 14 
sites are high whereas those from Apollo 16 and 
17 are at the low end of the range. [Soil (<1-mm 
fines) samples from the Apollo and Luna mis-
sions are represented by filled symbols, regolith 
breccias are represented by unfilled symbols, as 
are those lunar meteorites which are regolith or 
fragmental breccias.] 

At sites that are geologically complex and at which 
numerous samples were collected, there are composi-
tional trends representing variable ratios of the three 
classes materials. For example, Apollo 17 soils are 
variable mixtures of (1) mare basalt and volcanic glass 

and (2) a mixture (premare regolith) of material of the 
feldspathic highlands (2a) and KREEP-bearing impact-
melt breccias (2b) [1,2].  

Figure 2 (FeO-Al2O3).  Only 4 minerals account 
for 98% of the crystalline material of the lunar regolith. 

Plagioclase is high in Al2O3 (and CaO) and 
very low in FeO (and MgO) whereas the 
other three minerals – olivine, pyroxene, and 
ilmenite – are low in Al2O3 and high in FeO. 
As a consequence, lunar regoliths (and all 
polymict lunar rocks) plot along a quasi-
linear trend between plagioclase and the Fe-
bearing minerals.  

The kink in the trend at ~10% FeO oc-
curs for two reasons. (1) Mg-rich olivine 
(forsterite) and pyroxene (enstatite) plot at 
the origin and, on average, Fe-bearing min-
erals of the impact-melt breccias have greater 
Mg/Fe ratios (olivine, pyroxene) than those 
of the mare basalts (pyroxene, olivine, ilmen-
ite). (2) Apollo regoliths of intermediate FeO 
concentration contain a substantial propor-
tion of mafic impact-melt breccias (most no-
tably Apollo 14; Fig. 1); they are largely not 
mixtures of feldspathic highlands material 
and mare material, a combination that also 
plots at ~10% FeO. Among regolith samples, 
the only mare–highlands mixtures uncon-
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taminated with KREEP are some lunar meteorites, thus 
only these plot along the mare-highlands leg of the tri-
angle.  

Figure 3 (FeO-CaO).  The triangular distribution 
of regoliths is more evident with CaO than with Al2O3 
because both mafic impact-melt breccias and mare ba-
salts have similar CaO concentrations but a factor-of-2 
difference in FeO concentrations. In part the similarity 
in CaO concentration results because the mafic miner-
als (low-Ca pyroxene and olivine) of the impact-melt 

breccias are poorer in CaO than the clinopy-
roxene of the mare basalts. Again, because 
most Apollo regoliths contain mafic, KREEP-
bearing impact-melt breccias, few regolith 
samples plot on the line between feldspathic 
highlands material and mare basalt.  

The mixing diagrams depicted here do not 
contain an apex representing Mg-rich, non-
mare plutonic rocks because in most Apollo 
regoliths, the Mg-rich norites, troctolites, etc., 
are a subcomponent of the impact-melt-brec-
cia component. The only Apollo regolith that 
contains a volumetrically significant propor-
tion of Mg-rich plutonic rocks in excess of 
that carried by the melt-breccia component 
are the soils from the North Massif of Apollo 
17, which contain troctolitic anorthosite [2]. 
This component accounts for the low-FeO, 
low-CaO Apollo 17 points in the figure. 

Figure 4 (FeO-MgO).  MgO abundances 
in mafic impact-melt breccias are highly vari-
able because they contain from ~0% to 27% 
high-Mg/Fe olivine [3]. Mare basalts also 

span a range of MgO concentrations because of vari-
able ratios of olivine to ilmenite. As a consequence, 
there is no general correlation between MgO and FeO 
in lunar regoliths. Regionally, where one type of melt 
breccia or one type of mare basalt might dominate, an 
MgO-FeO correlation might occur. 

Extrapolation to the Whole Moon.  At most 
places distant from the Procellarum KREEP Terrane, 
the KREEP apex becomes insignificant and the triangle 

collapses to a line, albeit a broad one because 
of the variation in mare basalt compositions 
and possible variation in the Mg/Fe ratio 
within the feldspathic highlands. We might 
anticipate that regoliths from some unsampled 
portions of the Moon, perhaps from the South 
Pole Aitken basin, would deviate from the 
simple systematics described here.   
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