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Introduction:  Study of lunar samples in the past 

50 years has revealed their formation under highly re-

ducing conditions with oxygen fugacity (fO2) ranging 

from +0.2 to -2.5 log units relative to the iron-wüstite 

(IW) buffer [e.g., 1]. However, these measurements 

have been mostly performed on mare basalts and vol-

canic glasses, and the data from highland and mantle 

rocks are limited, which questions the redox states dur-

ing the early global igneous event. In our previous 

studies, we measured Fe valence of plagioclase in Mar-

tian meteorites and found that Fe3+/Fe ratios of plagi-

oclase are good indicators of redox states during their 

magmatic formation [e.g., 2]. In this study we applied 

this method to lunar plagioclase in different rock types 

as a continuing study of [3]. Our major interest was to 

estimate redox states during crystallization of magma 

ocean mainly in comparison with mare volcanism, but 

we also paid attention to the relationship between re-

dox states and water contents [e.g., 4] to provide a new 

insight into the formation of lunar anorthositic crusts. 

Samples and Methods:  We selected 11 returned 

lunar samples (Apollo samples: 10019, 12010, 14321, 

15386, 15459, 60025, 61224, 67035, 67415, and 

78236. Luna sample: 24088) and 1 lunar meteorite 

(Dhofar 307: re-analysis after [3]). We first observed 

thin sections of these samples by optical microscopy 

and selected appropriate plagioclase crystals. The 

chemical compositions of plagioclases were analyzed 

with electron microprobe (JEOL JXA-8530F at Univ. 

of Tokyo). The Fe valence states of plagioclase were 

measured with synchrotron radiation (SR) micro-

XANES using Fe K edge at Photon Factory, KEK 

(High Energy Accelerator Res. Org.) in Tsukuba, Japan. 

The SR X-ray beam was ~5 m in size. The analytical 

conditions and calculation procedures of Fe3+/Fe rati-

os were basically identical to [4] although we discussed 

a different approach to estimate Fe3+/Fe as follows. 

Results:  The selected samples include 3 anortho-

sites (ferroan anorthosites (FAN): 60025 and 67035; 

magnesian anorthosite (MAN): Dhofar 307), 5 mare 

basalts (high-Ti (HT): 10019; low-Ti (LT): 12010, 

14321, and 15459; very low-Ti (VLT): 24088), 1 

KREEP (15386), 1 granulite (67415), 1 norite (78236) 

and 1 gabbro (61224). Most of them are breccias and 

so we focused on plagioclase with known occurrences 

(e.g., plagioclase in basaltic clasts).  

Plagioclase in anorthosites is present as mm-sized 

crystals although they are often brecciated. Plagioclase 

in FAN is An97-98 with 0.15-0.2 wt% FeO. Plagioclase 

in MAN is similarly An-rich and Fe-poor (An96-97, 0.1-

0.2 wt% FeO). All of these plagioclase crystals have 

remarkable pre-edge peaks corresponding to Fe3+ in the 

XANES spectra, suggesting high Fe3+/Fe ratios (Fig. 

1). If we employed a linear relationship between cen-

troid energy positions of the pre-edge peaks and 

Fe3+/Fe ratios [2,5], the corresponding Fe3+/Fe ratios 

are 0.5~0.6. However, these values are probably too 

high for the redox states under lunar conditions be-

cause such high Fe3+/Fe ratios of plagioclase require 

fO2 greater than the quartz-fayalite-magnetite (QFM) 

buffer [6]. Therefore, we consider that Fe3+ peaks in 

the pre-edge XANES spectra are due to tetrahedral 

Fe3+ in the plagioclase structure [7,8] although Fe2+ is 

present in the octahedral site. Then, we recalculated 

corresponding Fe3+/Fe ratios to be 0.07-0.23. 
 

 
Fig. 1. Fe K edge XANES spectrum of plagioclase in 

60025 (FAN), showing a clear Fe3+ pre-edge peak. 
 

We analyzed plagioclase grains in 3 different types 

of mare basalts. They showed similar chemical com-

positions with high Fe contents: An80-94 (0.3-0.5 wt% 

FeO) for HT, An90-93 (0.3-0.9 wt% FeO) for LT, and 

An88 (0.5 wt% FeO) for VLT. The SR-XANES spectra 

exhibited wide energy ranges of centroid pre-edge peak 

positions (Fig. 2). However, the estimated Fe3+/Fe 

ratios are low for all samples (0.02-0.03 for HT, 0.02-

0.05 for LT, and 0.03-0.04 for VLT) if we employed 

the same calculation procedure as anorthosites. 

Plagioclase in the KREEP sample studied is An86-87 

with 0.25-0.3 wt% FeO. The calculated Fe3+/Fe ratios 
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of plagioclase from the XANES spectra are 0.02-0.04. 

Apollo 67415 is described as a lightly-shocked, granu-

lite breccia with a cataclastic matrix [9] and we ana-

lyzed ~1 mm plagioclase fragments. The plagioclase 

composition is An94-95 with very low Fe abundance 

(0.05 wt% FeO). The Fe3+/Fe ratios of plagioclase are 

0.03-0.05. The Apollo 78236 norite has plagioclase 

with similar compositions (An94, 0.03-0.04 wt% FeO). 

Its Fe3+/Fe ratios are 0.02-0.03. The Apollo 61224 

gabbro has plagioclase with a similarly low Fe content 

(0.01-0.1 wt% FeO) and the Fe3+/Fe ratios of plagio-

clase are 0.05-0.07. 
 

 
Fig. 2. Centroid energy positions of the Fe-K pre-edge 

peaks of lunar plagioclase and corresponding Fe3+/Fe. 
 
Discussions and Conclusions:  The obtained 

Fe3+/Fe ratios of plagioclase are mostly less than 0.05 

except those in anorthosites as summarized in Table 1. 

Although we analyzed 3 different types of mare basalts, 

we did not find difference in Fe3+/Fe ratios of plagio-

clase and all of them have low Fe3+/Fe ratios, suggest-

ing formation under highly reducing condition. This 

result is consistent with earlier studies [e.g., 10]. Simi-

lar low Fe3+/Fe ratios of plagioclase are also found for 

KREEP, granulite, norite and gabbro although their An 

and Fe contents have wide ranges (Table 1). These 

samples show diverse degrees of shock metamorphism, 

but Fe3+/Fe ratios of plagioclase are shown to be in-

dependent from shock effects [2]. Therefore, all these 

samples suggest formation under highly reducing con-

ditions similar to mare basalts. The 61224 gabbro 

shows slightly higher Fe3+/Fe ratios of plagioclase 

than others, but are within errors.  

The most interesting result of this study is that all 

anorthosite rocks studied have clearly high Fe3+/Fe 

ratios of plagioclase, suggestive of formation at high 

fO2 although [11] reported low fO2. If we compare with 

Fe3+/Fe of plagioclase in Martian meteorites, the es-

timated fO2 of lunar anorthosites would be well above 

the IW buffer [2]. Such high fO2 suggests that crystalli-

zation of lunar magma ocean occurred at relatively 

oxidizing conditions. Anorthositic regolith breccia 

60016 contains magnetite [12], which may be another 

suggestive of oxidative formation of anorthosites.  

The high fO2 of anorthosites are somewhat contrary 

to what we expect from the low water content of anor-

thosites compared to mare basalts [e.g., 4]. If water 

was absent in the lunar magma ocean, the high fO2 of 

anorthosites should have been attributed to another 

oxidative agent such as CO2 gas. Low-temperature 

(<570 oC) reaction by H2O steam or CO2 gas has been 

proposed for the magnetite formation in 60016 [12]. 

However, the case for high fO2 of anorthosites obtained 

from this study was probably by different mechanism 

because high Fe3+/Fe ratios of anorthositic plagio-

clase would record original magmatic redox states [2].  
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Table 1. Chemical compositions and estimated Fe3+/Fe ratios of plagioclase in lunar samples studied. 
 

Sample 60025 67035 
Dhofar 

307 
10019 12010 14321 15459 24088 15386 67415 78236 61224 

Rock 
type 

FAN FAN MAN 

Mare 
basalt 
(HT) 

Mare 
basalt 
(LT) 

Mare 
basalt 
(LT) 

Mare 
basalt 
(LT) 

Mare 
basalt 
(VLT) 

KREEP 
Granu-

lite 
Norite Gabbro 

An# 97-98 97-98 96-97 80-94 91-92 91-92 90-93 88-95 86-87 94-95 94 81-85 

Wt% 
FeO 

0.15-
0.2 

0.15-
0.2 

0.1-
0.2 

0.3-
0.5 

0.8-
0.9 

0.8-
0.9 

0.3-
0.5 

0.5 0.2-0.3 0.05 
0.03-
0.04 

0.01-
0.1 

Fe3+/Fe 
0.18-
0.23 

0.08 
0.07-
0.11 

0.02-
0.03 

0.02-
0.04 

0.03-
0.05 

0.02-
0.03 

0.03-
0.04 

0.02-
0.04 

0.03-
0.05 

0.02-
0.03 

0.05-
0.07  
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