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Introduction: The discovery of spinel rich rock on 
the Earth’s Moon, detected by the M3 near-IR mapping 
spectrometer on the Chandrayaan-1 spacecraft [1] is 
among the most intriguing discoveries in a time filled 
with lunar revelations (e.g., [2]). The M3 spectrometer 
discerned several areas on the rim of the far-side 
Moscoviense basin which had near-IR reflectance 
spectra characteristic of abundant (Mg,Fe)Al2O4 
spinel, with less than 5% mafic silicate minerals (e.g. 
olivine, pyroxene). Pieters et al. [1] suggested that 
these outcrops represent a previously unknown lunar 
rock type, spinel anorthosite, which might be an im-
portant component of the lunar crust. However, the 
origin(s) and formation mechanism(s) of such spinel-
rich rocks still remain unclear. In addition no such 
material has previously been described from lunar 
rocks, either in returned samples or in meteorites.  

In this study, we describe a fragment of rock con-
taining ~30% Mg-Al spinel from the lunar meteorite 
ALHA 81005 (Fig. 1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This fragment is not identical to the spinel rich rock 
recognized by M3 (as it contains 15% more mafic com-
ponent) but it is the most spinel-rich material reported 
from lunar samples. To understand the origin and forma-
tion history of this new rock type, we also present pre-
liminary crystallization experimental results to constrain 
possible igneous origins for such spinel-rich rocks. 

Sample and Method: Antarctic meteorite Allan Hills 
A81005 is a polymict, anorthositic regolith breccia from 
the lunar highlands [3,4] as is believed to come from the 
farside [16,17]. Its clasts include granulites, FAN, mare 
basalts, impact melts, and impact glasses. Thin section 
ALHA 81005,9 contains a single fragment of a lithol-
ogy rich in Mg-Al spinel.  

Mineral proportions were determined from BSE 
and element X-ray maps, using methods similar to 
those of [5]. Uncertainties in mineral proportions are 
proportional to the square root of the number of grains 
in the clast. A count of grains gives ~150 spinels, ~75 
olivines and plagioclases, and three pyroxenes, imply-
ing uncertainties of ~ 8%, 12%, and 60% respectively. 

Petrology and mineral chemistry: The rock frag-
ment in this study is a spinel-anorthositic-troctolite, 
350x150 µm in size, with a holocrystalline, intergranular 
texture. Mineral grain sizes are fairly uniform, ~30-50 
µm in ‘diameter’. The clast consists of 49±6% plagio-
clase, 30±3% spinel, 15±2% olivine, and 6±4% pyrox-
ene. Plagioclase occurs as subhedral to anhedral grains 
up to 90μm in length. The composition is relatively con-
stant at An94-97. Spinel occurs as euhedral to subhedral 
equant grains, with a size of 10–50 μm (Fig 1). In some 
areas, spinel grains are clustered together. The spinel 
has a constant composition, with Fe# [molar 
Fe/(Fe+Mg)] ~0.35; Cr2O3/(Cr2O3+Al2O3) =0.04, and 
TiO2/(TiO2+Al2O3) <0.005 (Table 1). Olivine occurs as 
anhderal to subhedral, equant crystals which are 10-60 
μm in size. It has an essentially constant composition of 
Fo74 to Fo76. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pyroxene is present as 3 anhedral grains, one 
110x50 µm and the others ~30 µm in size. The pyrox-
enes have complex internal structures. Their cores are 
finely exsolved, with flecks of high-Ca pyroxene in a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 1: Spinel rich clast in lunar meteorite ALHA 81005: a) 
plane polarized light; b) BSE image; c) colorized element maps of 
Mg, and d) of Al. Plag = plagioclase; Ol = olivine; Sp = spinel; 
Pyx = pyroxene. 

Table 1: Representative mineral analyses of the spinel-rich clast in 
ALHA81005  
 

 Spinel Olivine Plagioclase Pyroxene 
SiO2 0.06 38.34 43.97 54.31 
TiO2 0.33 0.09 0.01 0.43 
Al2O3 63.23 0.16 33.51 1.64 
Cr2O3 4.05 0.05 0.01 0.26 
FeO 15.91 22.35 0.84 12.83 
MnO 0.12 0.24 0.02 0.22 
MgO 16.83 37.80 1.00 25.83 
CaO 0.09 0.18 18.23 3.81 
Na2O 0.01 0.00 0.46 0.01 
P2O5 0.00 0.01 0.19 0.04 
Total 100.63 99.24 98.28 99.38 
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low-Ca pyroxene host. The Mg#s of pyroxene, pure 
low-Ca pyroxene, and mixed spots is constant at ~79. 
The average pyroxene composition is ~Wo12En70Fs18, 
suggesting that the original pyroxene was pigeonite. The 
pyroxene grains are the only mineral phase that is not in 
contact with spinel (only with olivine and plagioclase). 

Experimental Technique: One bar liquidus and 
crystallization experiments were conducted in a 1 atm 
Deltech gas mixing furnace (ARES Laboratory, JSC). 
The oxygen fugacity was controlled by mixing CO-CO2 
gas to the desired fO2, at ~1 log unit below the iron-
wüstite (IW) buffer. A synthetic powdered starting ma-
terial with the composition of the Apollo pink-spinel 
troctolite 65785 was made from a homogenized mixture 
of element oxides [6]. The starting mixture was pasted 
onto Re-wire loops (rather than Pt) to prevent Fe loss 
[7]. The charges were melted for 1 day and crystallized 
for 1 day to reduce the volatilization of Na2O. All ex-
perimentally crystallized phases are homogenous and no 
quench crystals are present in any experiment, suggest-
ing a successful equilibrium quench. The experiments 
were conducted from 1500ºC -1250ºC. 

Experimental Results: The first results on the 1 bar 
experiments on 65785 show that spinel is the first phase 
to crystallize at 1450ºC and reaches a maximum of 
9vol% crystallization at 1350ºC. Experimental run prod-
ucts include glass, spinel, plagioclase and olivine in dif-
ferent proportions (Fig. 2). 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

To assess whether the experiments and therefore 
the crystallizing phases were at chemical equilibrium, 
we calculated olivine-glass (liquid) equilibrium-
distribution-coefficients KDFeO-MgO= [XFeO(Ol)XMgOL]/ 
[XMgO(Ol)XFeOL] and compared it to literature data. All 
olivine fall within the expected range for equilibrium 
(0.3–0.35) implying that they were in equilibrium with 
melt [8,9]. 

Discussion and Implications: The discovery of new 
spinel-rich rock types [1] is important because they 
may have formed deep in the lunar crust. Spinel-bearing 
samples, troctolites and cataclasites (with less than 10% 
spinel), are rare among lunar samples (as are spinel-rich 
locations on the Moon). Nevertheless, they provide evi-
dence that spinel cumulate layers could occur near or 
below the lunar crust-mantle boundary [e.g. 13-15]. 
However, spinel-rich rocks (i.e., Al2O3-rich composi-
tions) cannot represent primary liquids in a (lunar) basal-
tic system, because basaltic and corundum-normative 
melts are separated by a thermal divide [e.g., 10-12]. To 
form a lunar rock as rich in Mg-Al spinel, it would re-
quire extensive magmatic fractionation, as might have 
occurred in a post-magma-ocean pluton [e.g., 13,14]. In 
the absence of spinel-rich samples from the Moon, how-
ever, these ideas have been highly speculative. Thus, the 
spinel-rich clast reported in this study offers a new im-
portant opportunity to learn about potential formation 
histories and the origin of spinel-rich rocks.  

The clast’s small grain size and its apparent dis-
equilibrium (lack of physical contact) between spinel 
and pyroxene suggest fairly rapid crystallization at low 
pressure, i.e. formation in a near-surface impact melt. 
However, the precursor material remains unclear. Our 
preliminary liquidus/crystallization experiments on a 
spinel-bearing material (Apollo 65785) show a maxi-
mum spinel crystallization of 9vol%. That means by 
melting and crystallizing a precursor material similar 
to Apollo 65785 in an impact event, some sort of ac-
cumulation processes must have taken place to pro-
duce a rock containing 30% spinel. Further experi-
ments on other precursor materials, like the 
ALHA81005 bulk composition, will help us place con-
strains whether melting the source region of this mete-
orite could produce such a spinel-rich rock. Neverthe-
less, a deep-seated origin cannot yet be excluded and 
high pressure experiments will bring insights into this 
hypothesis. 
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Figure 2: Variation in phase abundances (wt%) for Apollo 65785 
starting mixture at 1 bar as a function of temperature, showing the early 
crystallization of spinel with a maximum of 9wt% spinel at 1350ºC. 
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