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Introduction:  Mineralogical and geochemical 

studies of lunar samples returned by the Apollo and 
Luna missions have provided critical information 
about mantle differentiation and magmatism on the 
Moon (see reviews by [1,2]). For example, recognition 
and sampling of anorthositic highland crust and con-
trasting mafic-rich mare basalts lead to the theory of an 
early global lunar magma ocean (LMO) in which pla-
gioclase crystallization and flotation yielded the anor-
thosite crust and coeval dense cumulate sinking (oli-
vine + pyroxene ± plagioclase ± ilmenite) yielded the 
mantle source(s) for later basalt (e.g., low-Ti and high-
Ti mare suites) magmatism (e.g., [3,4]). The partition-
ing of iron between mantle minerals at high tempera-
tures mass fractionates the isotopes of Fe, suggesting 
that Fe isotopes can be used to constrain the conditions 
and processes of planetary evolution such as mantle 
silicate differentiation and partial melting [5-9]. 
Whole-rock Fe isotopic ratios have been reported for 
some lunar materials [6,10,11]. These data reveal dif-
ferences between the Fe isotopic compositions of lunar 
magmatic rocks, namely the low-Ti and high-Ti mare 
basalts (average δ56Fe (vs. IRMM-014)  are +0.10 
±0.04 ‰ (n=15) and +0.20 ±0.05 ‰ (n=10), respec-
tively; Fig. 1). It remains unclear, however, what proc-
esses are responsible for the observed Fe isotopic frac-
tionations (e.g., fractionation during lunar mantle 
ocean differentiation [6]; evaporative Fe loss during 
the Earth-Moon forming impact [11]). To better char-
acterize the range of Fe isotopic compositions in lunar 
magmatic rocks, high-precision Fe isotopic data for 
mineral separates (pyroxene, plagioclase, ilmenite) in 
mare basalts are reported here. Major- and trace-
element distributions indicate that mare basalts were 
derived from a range of mineralogically distinct mantle 
sources (e.g., olivine + pyroxene in low-Ti basalt 
sources and olivine + pyroxene + ilmenite ± plagio-
clase in high-Ti basalt sources; see [1,2]). We examine 
if source differences (e.g., presence of ilmenite) might 
also affect the distribution of Fe isotopes on the Moon. 
By doing so, the processes associated with lunar man-
tle differentiation and magmatism can be better under-
stood. 

Samples and Methods:  In an effort to better un-
derstand the relationship between lunar magmatic 
rocks and their mantle sources, we have determined 
the bulk and mineral separate Fe isotopic compositions 
in suites of low-Ti and high-Ti basalts, which repre-

sent partial melts of the lunar mantle. All lunar materi-
als studied are from the Apollo sample return collec-
tions and most have been well characterized for their 
chemical composition. The samples studied for Fe 
isotopes are from the same aliquots as those analyzed 
previously for their oxygen isotopic composition [12-
14]. The procedures for bulk powder preparation and 
mineral separation are reported by [12]. Typically, >1 
g of material was crushed (to <500 µm) in order to 
obtain homogeneous and representative sampling. For 
most samples, an aliquot was taken first and powdered 
for bulk analysis. From the remaining material, be-
tween 10 and 100 mg of mineral separates were pre-
pared by heavy-liquid separation and hand-picking. 
Mineral purity was confirmed by x-ray diffraction and 
optical microscopy. The procedures for sample diges-
tion, Fe purification and Fe isotopic analysis at the 
Origins Laboratory, University of Chicago are de-
scribed in [15]. All Fe isotopic data are reported rela-
tive to reference material IRMM-14, which has an Fe 
isotopic composition identical to chondrites within 
uncertainty [9]:  
δ56Fe = [(56Fe/54Fe)sample/(56Fe/54Fe)IRMM-014 - 1] x 103. 

The analytical uncertainty (95% confidence interval) 
of routine δ56Fe isotopic measurements in our labora-
tory is ±0.03 ‰. This study is the first to report Fe 
isotopic data in a large suite of lunar mineral separates. 

 

 
Fig. 1. Iron isotopic composition (δ56Fe) versus Ti 
content of mare basalts. Isotopic data shown by black-
filled symbols are from this study and shown by gray-
filled symbols are from [6, 10, 11]. Error bars (this 
study) are 95% confidence intervals. 
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Results and Discussion:  A key result of this study 
is that significant Fe isotopic fractionation is evident 
among co-existing minerals in lunar mare basalts., 
with most having the following distribution: 
δ56Feilmenite ≈ δ56Feplagioclase > δ56Fepyroxene (Fig. 2). The 
δ56Fe of ilmenite in most low-Ti and high-Ti basalts 
are between +0.16 to +0.24 ‰ and +0.20 to +0.42 ‰, 
respectively. The δ56Fe of plagioclase in low-Ti basalts 
are +0.15 to +0.28 ‰; slightly lighter than that of 
high-Ti basalts with δ56Fe = +0.28 to +0.34 ‰. The 
δ56Fe of clino- (±ortho-) pyroxenes in low-Ti and 
high-Ti basalts are most similar with δ56Fe = +0.08 to 
+0.15 ‰ and δ56Fe = +0.14 to +0.17 ‰, respectively. 

 

 
Fig. 2. Measured Fe isotopic (δ56Fe) compositions of 
pyroxene, plagioclase, and ilmenite separates in low-
Ti and high-Ti mare basalts. Bulk measured and cal-
culated Fe isotopic compositions shown by gray 
(filled) and red (open) stars, respectively. Agreement 
between bulk measured and calculated Fe isotopic 
compositions is generally good; small discrepancies 
likely arise from uncertainties in the reported modal 
mineral abundances used mass balance calculations. 

 
An isotopic mass balance, calculated from reported 

modal mineral abundances of the bulk sample and 
measured Fe concentrations in the mineral separates, 
suggests that the Fe isotopic composition of low-Ti 
basalts is controlled primarily by that of pyroxenes 
(~80 to 95%), whereas that of high-Ti basalts is gov-
erned by ilmenite (~50 to 67%) and pyroxenes (~20 to 
50%) (see also Fig. 2). The heavy average Fe isotopic 
composition of high-Ti relative to low-Ti basalts can 
be correlated with the significantly higher modal abun-
dance of isotopically-heavy ilmenite in the former 
(~17 vol% vs. <3 vol%, respectively). The behavior of 
ilmenite during lunar mantle differentiation and melt-
ing, therefore, appears key to understanding the distri-
bution of Fe isotopes on the Moon. 

It is possible that the distinct Fe isotopic composi-
tions of low-Ti and high-Ti basalts are inherited di-
rectly from mantle sources that were isotopically frac-
tionated early during lunar mantle differentiation. 
Large-scale lunar mantle differentiation owing to crys-
tallization and cumulate formation within the putative 
LMO [1-3] and Fe isotopic fractionation between melt 
and cumulate minerals (early olivine + orthopyroxene;  
clinopyroxene; late plagioclase + ilmenite), might 
yield early lunar silicate reservoirs with fractionated Fe 
isotopic compositions. Estimates of the modal mineral 
composition for low-Ti and high-Ti basalt sources (not 
without uncertainty) are ~98% olv + opx and 1% plg 
and ~95% olv + opx + cpx, 2% plg and 3% ilm, re-
spectively (e.g., [16,17]). The presence of ~3% ilmen-
ite in a high-Ti basalt source with δ56Fe ~ +0.2 to +0.4 
‰ would yield a bulk high-Ti basalt source <0.04 ‰ 
heavier than that of a bulk low-Ti basalt source. The 
difference in δ56Fe of +0.1 ‰ between high-Ti and 
low-Ti basalts, therefore, implies further Fe isotopic 
fractionation between bulk silicate and melt during 
lunar mantle partial melting to yield these basalt suites. 
Geochemical studies indicate preferential consumption 
of ilmenite relative to olivine + pyroxenes during non-
modal melting of ilmenite-bearing mantle sources [16]. 
Experimental studies indirectly support discriminate 
ilmenite dissolution relative to other phases (e.g., py-
roxene) during melting [18]. Preferential enrichment of 
silicate melts parent to high-Ti basalts with ilmenite 
with a heavy Fe isotopic composition can explain the ~ 
+0.1 ‰ heavier δ56Fe values of high-Ti versus low-Ti 
basalts. Oxygen isotope data for the same mineral 
separates will be compared with Fe isotope data to test 
the validity of these hypotheses. 
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