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Two alternative petrogenetic models, plagioclase Cotation and serial magmatism have been proposed to explain
the origin of the lunar anorthositic crust, covering *80% of the lunar highland. In this study, we re-examine the
possible relict igneous texture present in an inferred lunar highland breccia clast (area *1 mm2) in the Dhofar
081 meteorite. Our new petrographic and in-situ mineral microprobe chemical data on this clast show this coarse
grained (average grain size *0.5 mm) clast preserves relict igneous texture where subhedral, prismatic low-Ca
pyroxene has intergrown with anhedral anorthitic plagioclase, suggesting its eutectic crystallization from its
parent silicate magma. Absence of maskelynite and similarity of Na, K contents of plagioclase with the FAN
assemblages negate the possibility of crystallization of the studied relict clast from an impact melt. The mineralchemical data of Dhofar 081 suggest it is FAN (Ferroan anorthosite) in composition (after Warren in Annu. Rev.
Earth Planet. Sci. 13:201–240, 1985). Hence, intergrown crystallization of minerals in the present relict igneous
clasts and other reported FAN samples argues against a cumulate origin of the lunar anorthosite. The
orthopyroxenes present in the unbrecciated portion of this meteoritic clast include bimodal low- and high-iron
geochemical sub-groups. The application of orthopyroxene and plagioclase thermobarometry (after Gasparik in
Contrib. Mineral. Petrol. 96:357–370, 1987) on our new microprobe data, and also two-pyroxene thermometry
(after Lindsley in Am. Mineral. 68:477–493, 1983; Putirka in Rev. Mineral. Geochem. 69(1):61–120, 2008) on our
new microprobe data and synthesis of literature data constrain the pressure and temperature of crystallization of
lunar anorthosite parent magma close to 8 kbar and 1050°C, respectively. Application of Fo–An–Q experimental
phase diagram at high pressure (up to 20 kbar) negates the possibility of generation of lunar anorthosite from a
lherzolite source, the parent magma of these anorthosites probably lie on or close to Fo–An join of this phase
diagram close to the spinel Beld.
Keywords. Dhofar 081; lunar anorthosite; orthopyroxene thermometry; plagioclase thermobarometry;
serial magmatism.

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.ias.
ac.in/Journals/Journal˙of˙Earth˙System˙Science).
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1. Introduction
The Earth and Moon are the only known planetary
bodies in the inner Solar System to have voluminous quartzo-feldspathic or feldspathic crusts
(Condie 1982). The origin of these quartzo-feldspathic/feldspathic crusts is one of the key issues in
understanding planetary evolution. The feldspathic crust on the Moon is anorthositic with formation ages ranging between *4.37 and 3.80 Ga
(cf. Shearer et al. 2006; Borg et al. 2015). Unlike
the Earth, this crust covers at least 80% of the
lunar surface excluding the major impact basins
that are occupied by younger basalts with ages
between 3.9 and 3.2 Ga (Shearer et al. 2006). The
formation of lunar anorthositic crust, which has
a thickness ranging *30–40 km (nearside) or
*50–60 km (farside) (Wieczorek et al. 2013), was
not inCuenced by plate tectonic processes similar to
that operating on modern Earth because Earth-like
tectonic activity is believed to have been nonexistent on the Moon (Soloman and Head 1979). Ageequivalent feldspathic crust on the Earth is not
known; however, detrital and xenocrystic zircons
older than 4.03 Ga have been discovered from
western Australia, China, Brazil and India
(Chaudhuri et al. 2018 and references therein). The
oldest known terrestrial anorthosite, recorded from
the Manfred Complex, SW Australia, is only
*3.73 Ga old (SHRIMP U-Pb zircon age) (Rowe
2016).
The petrochemical evolution of the lunar anorthositic crust remains paradoxical. The most
favoured model proposes a cumulative origin for
the lunar anorthosite that is formed by Cotation of
plagioclase from an essentially anhydrous *500
km thick Lunar Magma Ocean (LMO) (Wood et al.
1970; Warren 1990; Shearer et al. 2006). The
alternative models challenging the LMO hypothesis are: (a) serial magmatism, which suggests
crystallization of anorthosite from several parental
melts (Longhi 2003; Gross et al. 2014), (b) asymmetric Cotation hypothesis that involves crystallization and Coatation of plagioclase at different
times during solidiBcation of magma ocean (Arai
et al. 2008), and (c) impact modiBcation model
suggesting modiBcation of lunar crust by impact
bombardment resulting in magma seas that differentiate to produce the heterogeneous crust
(Weatherill 1976; Crawford and Joy 2014).
The currently observed heterogeneity of lunar
anorthositic crust is perhaps one of the challenging
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lines of evidence that contradicts the LMO
hypothesis. The orbital remote sensing data suggest that the lunar anorthositic crust is chemically
heterogeneous (e.g., Shearer et al. 2006; Ohtake
et al. 2009; Taylor 2009; Nagaoka et al. 2014;
Russell et al. 2014). The most recent orbital data
from the lunar highland suggest that apart from
pure anorthosite ([98% plagioclase), intermediate
members of lunar anorthosites such as alkali
anorthosites are equally common, and thus needs
additional constraint on petrogenesis of lunar
anorthosite (Ohtake et al. 2009; Greenhagen et al.
2010). Further, analyses on lunar feldspathic
(*60%) meteorites (Korotev 2005) show that the
lunar crust is more magnesian than represented by
the restricted coverage of Apollo and Luna highland samples (Arai et al. 2008; Ohtake et al. 2009;
Gross et al. 2014; Crites et al. 2015). The distinct,
heterogeneous, incompatible trace element systematics of lunar anorthositic meteorites is also
difBcult to explain by simplistic crystallization of
global magma ocean (Gross et al. 2014; Russell
et al. 2014). Therefore, lunar anorthosites appear
to have crystallised from a range of compositionally
distinct melts supporting the concept of serial
magmatism (Gross et al. 2014).
The lunar meteorites Dhofar 025 and Dhofar
081, along with Dar al Gani 262 and Dar al Gani
400, are feldspathic breccias, which were probably
ejected from the far-side lunar highlands (Greshake
et al. 2001; Cahill et al. 2004; Russell et al. 2014).
Ion-microprobe minor and trace element (including
REE) analyses on minerals and clasts suggest that
all four meteorites dominantly consist of FAN
clasts, and the highlands magnesium suite (HMS)
components in these bulk meteorite samples are
B12% (Cahill et al. 2004). In this study, we have
made fresh observations on the petrography and
generated new in-situ microprobe mineral chemical
data on the lunar anorthositic breccia Dhofar 081
(Greshake et al. 2001; Russell et al. 2014). The
main purpose of this study is to search for any
possible relict igneous textures present within this
sample that could be used to constrain the igneous
process of formation of this lunar anorthosite
sample. New microprobe analyses on the mineral
phases, strictly present within the relict igneous
portion of this meteorite, have been compared with
the results of experimental petrology phase diagrams on pyroxenes (cf. Lindsley 1983) and plagioclase (Gasparik 1987) to constrain the pressure
and temperature (P–T) of formation of this igneous
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The unbrecciated portion of Dhofar 081 meteorite
sample can easily be distinguished from its fragmental, brecciated counterpart in the optical and
Back Scattered Electron (BSE) images (Bgure 1).
The unbrecciated portion of the thin section is

Min

3. Petrochemistry of Dhofar 081

Pyroxene (low Fe)

The petrographic observation on a polished thin
section of Dhofar 081 sample (BM2004, M5,
P12263, NHM, London) was made using a transmitted light Nikon (Eclipse LV100 Pol) polarizing
microscope at the Physical Research Laboratory,
Ahmedabad, India. The major and minor oxide
mineral compositions in the rock thin section were
obtained using a CAMECA SX 100 electron
microprobe, equipped with three wavelength dispersive spectrometers (WDS), at the same laboratory (table 1). The counting time for the elements
were generally kept between 10 and 20 s except for
Na, which was limited to 7 s to reduce volatilization loss. The operating conditions of our analyses
were 15 kV accelerating voltage, sample current
20 nA and 1 lm beam diameter. Natural mineral
and metallic standards (e.g., Na: albite; K: orthoclase; Al: kyanite; Ca: wollastonite; Mg: olivine;
Si: diopside/plagioclase; Mn: rhodonite; Fe:
almandine/magnetite/Fe-metal; Ti: TiO2; P: apatite; Cr: chromite/ Cr-metal; Ni: Ni-metal) were
used for normalization, and the data were corrected for absorption, Cuorescence and atomic
number eAects using a routine PAP procedure
(Pouchou and Pichoir 1988). The synthetic glass
NIST 610 was run at intervals to evaluate instrument drift during analyses. Uncertainties (2r) in
our measurements for most of the elements were
better than ±5%. The modal mineralogy was
determined using a mosaic of Back Scattered
Electron (BSE) images of the studied portion of the
thin section along with an automated EPMA line
scan at 1 lm spacing following the procedure
described in Ray and Shukla (2018). A common
analytical set-up was deployed during point analyses and stage mapping to capture same set of
calibration intensities for both point and map data.

Plagioclase

2. Analytical techniques

Table 1. Average electron microprobe analyses of plagioclase, pyroxene (low-Ca) and chromite (range given, individual data available in online supplement) of Dhofar 081.
Literature data for plagioclase and pyroxene (high-Ca) are from Greshake et al. (2001).

clast. The new outcome of these observations could
be useful in re-evaluating various hypotheses currently existing on the origin of lunar anorthosite.
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Figure 1. Back Scattered Electron (BSE) image of Dhofar 081. EAect of impact mostly preserved in the right portion of the clast
similar to impact breccia. The left portion appears to preserve the relict igneous texture.

Figure 2. Enlarged view of the left portion of Bgure 1 showing relict igneous texture and textural relationships showing
intertonguing relationship between plagioclase and low-Ca pyroxene.

coarse grained (average grain size *0.5 mm), and
shows intergrown plagioclase and pyroxene grains,
a textural relationship commonly observed in the
terrestrial igneous rocks crystallizing from silicate
melts. In the magniBed image shown in Bgure 2,
the intergrown relationships between plagioclase
and pyroxene grains are more prominent. In more
magniBed images, captured under the optical
microscope as well as in BSE images, the intergrown relationships among mineral grains within
the unbrecciated portion of the meteorite sample
are clearly documented (Bgures 3, 4, SF2). The
igneous clast of Dhofar 081 appears to resemble
FAN based on mineral-chemical point of view

(Bgure 5a). Based on coarse (\1 mm) size and
intergrown nature of constituent minerals, homogeneity in the mineral composition, low siderophile
concentration, low incompatible elemental abundances further testify the endogenous igneous
nature of Dhofar 081 anorthositic clast (Warren
and Wasson 1977; Russell et al. 2014). The absence
of strongly foliated or granular textures, which are
common in shock-metamorphic products on the
lunar surface (cf. Gibson et al. 2002), negates any
eAect of shock metamorphism on our studied portion of the thin section. Neither the unbrecciated
part (Bgure 3) nor the brecciated part of the
thin section (Supplementary Bgure S1) contain
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Figure 3. Plane Polarized Light (PPL) and Crossed Polarized Light (XPL) photomicrographs of relict igneous textures present
in unbrecciated portion of Dhofar 081 meteorite sample. The intertonguing relationships are well apprehended between
plagioclase (Plag) and low-Ca pyroxene (low-Ca Px).

any maskelynite indicating against any textural
modiBcation due to high-pressure ([30–50 GPa)
shock metamorphism (cf. French 1998; French and
Koeberl 2010). Further, the Na and K concentrations in plagioclases from the igneous clast are
similar to FAN lithologies (Bgure 5b), which also
negate crystallization of this igneous clast from any
thick impact-melt sheet that could have a previous
history of volatilization (cf. Cahill et al. 2004).
Pyroxene grains occurring within the unbrecciated part of the studied meteorite are subhedral,
prismatic in shape, whereas plagioclase grains are
relatively anhedral and occur as interstitial minerals among pyroxene grains (Bgures 3, 4).
Although olivine with pyroxene rims is the most
common maBc mineral in the Dhofar 081 meteorite
(Cahill et al. 2004), the studied portion of the thin
section contains no olivine. The only accessory

mineral present in the unbrecciated part of the thin
section is Cr-spinel, which occurs as subhedral
inclusions with square cross-sections (size *100
lm) both within the low-Ca pyroxene and plagioclase grains (Bgures 2, 6a–d, SF3) indicating its
early crystallization from the parent silicate liquid
followed by formation of pyroxene and then
plagioclase.
Our microprobe analyses suggest that the anorthite (An) content of plagioclase in the unbrecciated part of the Dhofar 081 meteorite sample
ranges from An98 to An94 (Bgure 7a), which is
similar to the range described in Cahill et al. (2004)
(An94 to An97, table 1, Supplementary table S1).
The FeO and MgO contents of the anorthitic plagioclase display lower range (\0.4 wt.% and rarely
reaches up to 1 wt.%, respectively) than the
equivalent anorthite in terrestrial plagioclase.
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Figure 4. BSE image of unbrecciated portion of Dhofar 081 meteorite showing intertonguing texture by plagioclase (Plag) and
low-Ca pyroxene (Low-Ca Px).

Microprobe traverses from center to margin of a
few randomly selected plagioclase grains suggest
that the mineral is essentially homogeneous in
chemical composition (Supplementary Bgure S4).
The pyroxenes in the unbrecciated part of the
Dhofar 081 meteorite sample are mostly low-Ca
pyroxene (Wo *2 to 3%), which can further be
subdivided into two sub-groups. A low-iron
orthopyroxene sub-group (Mg# 69–72) that is the
most common and has a restricted compositional
range of En69–72Fs26–31; and a subordinate highiron orthopyroxene sub-group (Mg# 54–57) that
also shows a restricted variation in composition (En52–56Fs41–45) (Bgure 7b, Supplementary
Bgure S4, table 1). Line scan traverses on a few
randomly selected orthopyroxene grains from each
group show these pyroxenes are also essentially
homogeneous in composition (Supplementary
Bgures S5, S6). Literature survey further suggests
that the low-iron orthopyroxene (Mg# *71) also

coexists with Ca-rich clinopyroxene (Mg# *65)
forming exsolved lamellae in augite in this group of
meteorites (Greshake et al. 2001). Plots of literature data as well as our newly generated data in
pyroxene quadrilateral (after Lindsley 1983) show
that the low-iron orthopyroxene has a very limited
variation in wollastonite content (Wo *2–5%).
However, its Ca-rich clinopyroxene counterpart
shows wide variation in composition mostly
between sub-calcic augite to augite.
The spinel group of minerals described in the
Dhofar 081 meteorite were previously known as
Ti–Cr spinel (TiO2 *8.2 wt.%; Cr2O3 *36.9
wt.%) (Greshake et al. 2001). Our data show that
these spinels fall within the range of Mg–Al chromite (TiO2 *0.58–0.75 wt.%, MgO *3–4 wt.%,
Al2O3 *12–14 wt.%; Cr2O3*52–55 wt.% and
FeO*28–30 wt.%) (Bgure 6e, table 1 and Supplementary table S3, also cf. Haggerty 1971, 1973).
The end member composition of spinel
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Figure 5. (a) Anorthite content (An mol%) in plagioclase vs.
Mg# [100Mg/(Mg+Fe)] in maBc minerals in lunar samples.
Data from Warner et al. (1977), Warren and Wasson (1979),
Warren (1993), Meyer (2013), Gross et al. (2014); Belds from
Goodrich et al. (1984). (b) Trace element variation (Na vs. K)
in plagioclase from lunar highland meteorites (Dhofar 021,
Dhofar 081, Dar al Gani 262 and Dar al Gani 400) compared to
ferroan anorthosite (FAN), high magnesian suite (HMS) and
high alkali suite (HAS) plagioclase. Data source: Cahill et al.
(2004), Floss et al. (1998) and this study. Note the unbrecciated portion of Dhofar 081 meteorite plots in FAN Beld in
both diagrams.

corresponding 70% chromite, 20% spinel, 20% Mg
chromite and 30% hercynite.
Modal analyses of the unbrecciated portion of
the meteorite sample, which covers only an area of
*1 mm2, give estimated volumes of plagioclase
*50 vol%, low-Ca pyroxene *49 vol% and Crspinel \1 vol%. Although, these modal data suggest noritic composition for the unbrecciated part
of the meteorite, more reliable geochemical plot in
plagioclase An% vs. pyroxene En% diagram (after
Goodrich et al. 1984) suggests that this part of the
Dhofar 081 sample is compositionally similar to
FAN (Bgure 5a), and hence comparable to other
lunar FAN meteorite samples. However, the modal
analysis of this fragmental feldspathic remnant
may not be the true reCection of the general statistically homogeneous mineralogical composition
of its original protolith (cf. Sander 1950).
We re-examine the P–T of formation of the
fragmental feldspathic part of the Dhofar 081
meteorite under current investigation (Bgures 1–3)
using plagioclase and orthopyroxene thermobarometry after Gasparik (1987). The application
of this thermobarometry is justiBed in our study
because the phase diagrams proposed in Gasparik
(1987) are also (a) sensitive to the occurrence of
forsterite or spinel or garnet (pyrope) in the rock
association, and (b) this thermobarometric method
was used before to constrain P–T of formation of
lunar rocks (cf. McCallum and Schwartz 2001).
The occurrence of nearly pure anorthitic plagioclase (CAn95) in the unbrecciated part of the
meteorite constrains the P–T of its crystallization
of *8 kbar and *1050°C, when compared with
standard plagioclase stability diagram for the rock
containing orthopyroxene + clinopyroxene + forsterite + spinel assemblage (cf. Bgure 9 in Gasparik 1987). Further, majority of orthopyroxene in
the unbrecciated part of the Dhofar 081 meteorite
has Fe* [100  Fe/(Fe+Mg)] around 29 (table 1).
When this range of orthopyroxene composition is
compared with the pressure vs. Fe* in orthopyroxene isothermal phase diagram in the CFMAS
system at 1050°C (Bgure 5 in Gasparik, 1987), the
pressure of formation of this particular feldspathic
clast appears to be \8 kbar. The upper limit of
pressure (*10 kbar) as understood from this phase
diagram can be ignored because the Dhofar 081
meteorite does not contain garnet. The low-iron
orthopyroxene-clinopyroxene pair, described in
feldspathic clasts of the Dhofar 081 meteorite
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Figure 6. (a, b) Plane Polarized Light (PPL), reCected (c) and Back-Scattered Electron (d) photomicrographs of irregular and
subhedral square shaped chromites. (c, d) equant shaped chromite in reCected light. (e) Cr/Cr+Al (Cr#) vs. Fe/Fe+Mg (Fe#)
plot showing the spinel composition from Apollo samples and spinel from the relict clast (this study). Data source: Haggerty
(1971) and this study.

(Greshake et al. 2001), can be used further to
reconBrm the temperature of crystallization of its
parent silicate liquid by projecting the pair on
pyroxene quadrilateral after Lindsley (1983)
(Bgure 7b). If the maximum pressure of magma
crystallization was close to 10 kbar (i.e., the maximum stability limit of plagioclase, Yoder and

Tilley 1962), the temperature of parent magma
generation of Dhofar 081 meteorite could be
estimated as *1000°C. The use of pyroxene thermometry–barometry software developed for volcanic rocks (Putirka 2008) estimates the maximum
temperature and pressure of crystallization of
parent Dhofar 081 magma as *1054°C and
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Figure 7. (a) Plagioclase (An mol%) of Dhofar 081 plotted in An–Ab–Or ternary diagram. Note the high An content of
plagioclase. Data source: Russell et al. (2014) and this study. (b) Polythermal enstatite–diopside–hedenbergite–ferrosilite
quadrilateral at 10 kbar (after Lindsley 1983) showing position of low and high-Ca pyroxene of Dhofar 081. Dotted line represents
high-Ca–low-Ca pyroxene cotectic line. Data source: Greshake et al. (2001); Cahill et al. (2004) and this study.

7.6 kbar, respectively. Hence, the estimated
temperature using the two-pyroxene thermobarometry on the Dhofar 081 anorthosite well
corresponds with the Bndings of our plagioclase–orthopyroxene thermobarometry on the
unbrecciated part of our studied meteorite.

4. Discussion
The unbrecciated portion of the Dhofar 081 meteorite is similar to the FAN group in terms of its
plagioclase and orthopyroxene composition
(Bgure 5a). The intergrown relationships between
plagioclase and pyroxene grains in this unbrecciated igneous clast of Dhofar 081 meteorite
(Bgures 2, 3) indicate the evolution of their parent

magma through eutectic crystallization. McGee
(1993), in his detailed petrographic descriptions of
lunar FAN, suggested that although these samples
are brecciated, most of these rocks contain relict
lithic clasts with preserved pyroxene–plagioclase
grain boundaries. For example, the relict clasts in
FAN samples 15415,30 and 62255,42 show intergrown relationship between pyroxene and plagioclase grains in their study. Similar intergrown
relationships of plagioclase and pyroxene grains are
also common within comparatively coarse-grained
anorthositic–noritic clasts of brecciated lunar
anorthosite samples (Apollo 16 and 17 samples,
e.g., 62236, 64435, 66035, 67215, 67915, 67955,
77017, 78503, Ashwal 1993). Hence, textural
evidence in support of intergrown crystallization
do not favour a cumulate origin for the igneous
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FAN clast of fragmental breccias or the entire
string of lunar anorthosites. In fact, their origin
through eutectic crystallization in serial magmatism is more favoured (e.g., Longhi and Ashwal
1985; Longhi 2003; Gross et al. 2014; Gross and Joy
2016; Pernet-Fisher et al. 2019).
Additionally, in the Dhofar 081 feldspathic clast,
presence of Mg-suite rocks (similar to Apollo Mg
suite) are negligible, which is consistent with other
lunar anorthositic meteorites (Treiman and Gross
2013). The presence of other LMO product like
KREEPy materials in this brecciated lunar meteorite, is also hardly recognised. Hence, it could be
concluded that the feldspathic clasts in the brecciated Dhofar 081 meteorite is the representative of
highland lunar crust and a crystallization product
of distinct parcel of melt like other lunar highland
meteorites. The compositional spread of reported
lunar feldspathic meteorites is shown in
Bgure 5(a) (blue colour Beld). About *20% of
meteorites containing anorthositic clast are
apparently similar to Apollo FAN samples, while
*25% meteorite population shows a wider compositional range (highly magnesian to hyper ferroan). The majority group of samples, comprising
[55% of the total population of lunar feldspathic
meteorite, represents the magnesian anorthosite
accounting more representative member of global
lunar highland crust (cf. Gross et al. 2014). The
feldspathic clast in the Dhofar 081 meteorite in the
present observation falls within this Beld.
The new petrographical data on the feldspathic
clast within the Dhofar 081 meteorite (Bgure 1) are
not consistent with LMO hypothesis. The most
precise ages for Ferroan Anorthosites (FANs),
whose detailed petrochemical and isotopic data
were used as the foundation of the LMO hypothesis,
often yielded age *4.29 Ga or younger suggesting
crystallization ages of FAN often overlaps with
secondary Mg-suite of rocks (cf. Nemchin et al.
2009; Elkins-Tanton et al. 2011; Marks et al. 2014;
Borg et al. 2011, 2017). This span of crystallization
ages of anorthosites (4.5–4.3 Ga) can also be
explained, if Moon has formed late or the LMO
hypothesis is unequivocally not accepted. However,
reported ages need critical assessment further due
to inconsistencies of isotope systematics and limitation of samples (Borg et al. 2015). Nevertheless,
the point we want to make here is that the LMO is
not capable of explaining the entire suite of lunar
anorthosites and that is why serial magmatism
model needs to be invoked. Alternatively, the idea
of serial magmatism is further strengthened with
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the current observations on lunar meteorites that
crystallized from a range of chemically distinct
melts. Given the Mg# (72) of Dhofar 081, the
meteorite could be considered as magnesian anorthosite and likely to bridge the gap between Mgsuite and FAN (Takeda et al. 2006; Arai et al.
2008). Further, the REE compositions of anorthitic
clasts in Dhofar 081 suggest that their parental
melts were comparatively enriched in incompatible
elements in comparison to those of Apollo FAN
samples (Russell et al. 2014). This perhaps suggests
a different magmatic process, not related to the
typical LMO crystallization, may have generated
the anorthoisitic clast of Dhofar 081.
Application
of
orthopyroxene–plagioclase
thermobarometry based on current microprobe
analyses (table 1) and also two-pyroxene thermobarometry (Bgure 7b) constrain the temperature of
formation of the parent lunar anorthosite magma
at *1050°C, i.e., above the crystallization temperature of low-Ca orthopyroxene in Dhofar 081
sample, and the pressure at *8 kbar. Hence, a
plausible model could be that the parent Dhofar

An

Dho 081 (WR)
Lunar anorthosite (WR)
Troctolitic anorthosite,
Norite
Troctolite(WR)
Lunar anorthosite
(Meteorite)
Exp Run (Hirose, 1991)

20 kbar
10 kba
1 bar r
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Figure 8. Plots of whole-rock lunar anorthositic rocks in
Anorthite–Forsterite–Silica ternary phase diagram, and their
comparison with liquidus phase boundaries at 20 kbar with
those at atmospheric pressure and at 10 kbar (modiBed after
Liu and Presnall 1990). Data source: Cahill et al. (2004),
Wieczorek et al. (2006). The normative hypersthenes in lunar
anorthosite are recalculated to olivine plus silica, and necessary corrections in normative compositions are made for this
plot, accordingly. These corrections are reasonable because
textural studies suggest that anorthitic plagioclase and olivine
were the Brst phases to crystallize from the parent magma of
Dhofar group of meteorite (Cahill et al. 2004). For further
details see text.
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081 magma was generated at a pressure equal or
marginally [ 8 kbar (because the highest pressure
range for the stability of plagioclase is *10 kbar;
Yoder and Tilley 1962; Borghini et al. 2009),
corresponding to a temperature [1050°C.
The nature of lunar parental feldspathic melt is
currently not known. Hence, in this study we also
attempt to constrain the possible parent magma
composition of the FAN clast in the Dhofar 081
meteorite (Bgure 1) and/or other lunar anorthosites using the well-studied forsterite (Fo)-anorthite (An)-quartz (Q) experimental phase diagram
applicable to the pressure up to 20 kbar (after Liu
and Presnall 1990) (Bgure 8). This experimental
phase diagram has been used before to infer petrogenesis of lunar anorthosites (e.g., Longhi 2003;
Prissel et al. 2014). In this phase diagram, the Belds
of quartz and enstatite phases increase mainly at
the expense of forsterite and anorthite phase Belds
as pressure increases. However, it is a matter of
fact that the lunar anorthosites are relatively rich
in iron, and hence the eAect of iron on the crystallization in Fo–An–Q system needs to be evaluated. For example, the available analyses on
the early formed olivine composition in lunar FAN
has Fo between 49 and 68 wt% (McGee 1993;
Ashwal 1993), the Dhofar 025 lunar meteorite has
olivine with Fo between 80 and 69, that in Dhofar
081 has Fo between 75 and 70 (Cahill et al. 2004),
and in ALHA 81005 and NWA 2996 have Fo
between 79 and 38% (Gross et al. 2014). This olivine composition unequivocally suggests involvement of iron during crystallization of the parent
lunar anorthosite magma(s). The only experimental information on CAMS–FeO system at 1 bar
pressure suggests that addition of FeO to the system CAMS lowers the liquidus temperature of
the assemblage liquid + anorthite + clinopyroxene + olivine, and also transforms the liquid=
anorthite + diopside + forsterite thermal divide
into a thermal ridge that is stable over a wide range
of temperature (Shi and Lobourel 1991). With this
limitation, the Fo–An–Q experimental phase diagram (Liu and Presnall 1990) has been used in this
study to interpret peterogenesis of lunar anorthosites (Bgure 8). On the other hand, the application
of this phase diagram is also credible as this diagram explains the crystallization of spinel as well
as enstatite from a parent lunar anorthosite
magma.
In the normative Fo–An–Q experimental phase
diagram, the FAN, lunar anorthosite, troctolitic
anorthosite and troctolite form a linear trend
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extending from the spinel Beld to An apex along or
close to Fo–An join (Bgure 8). This plot excludes
the possibility of the Dhofar 081 and other lunar
anorthositic meteorites being the representative
members of any deep-seated lunar impact-melt
sheet (thickness *15 km) (cf. Vaughan et al.
2013). Because in their geochemical modelling, the
bulk compositions of impact-melt sea from the
lunar impact craters of 200–1000 km diameter plot
on or close to the En–An join in the Fo–An–Q
phase diagram (Bgure 12 in Vaughan et al. 2013).
No pure anorthitic impact melt is suggested in
their model. Our plot of lunar anorthosite samples
on or close to Fo–An join, and the presence of pure
anorthic anorthosite (Bgure 8), however, are in
disagreement with impact melt origin of the lunar
anorthosite.
The high Mg-andesite melt compositions generated during hydrous melting experiments on natural terrestrial lherzolite (KLB-1) at 10 kbar
between temperature 1000 and 1050°C (Hirose
1997) have been included in this diagram as a reference (Bgure 8) to examine the possibility of this
source and melting conditions for the generation of
lunar anorthosite parent melt. The possibility of
generation of lunar anorthositic magma by partial
melting of an ultramaBc mantle-like source existing
in the present Earth is unlikely. This is because the
andesitic melts (SiO2: 54–60 wt%) generated during hydrous experimental melting of natural mantle lherzolite at 10 kbar pressure (Hirose 1997) are
distributed mainly within the quartz Beld in the
Fo–An–Q phase diagram close to the En–An–Q
eutectic, and appear to be geochemically unrelated
to any of the lunar anorthosite group. The distribution of the lunar anorthositic rocks (containing
spinel) in the Fo–An–Q phase diagram suggests
that their parent melt composition could lie on or
close to Fo–An join perhaps close to the spinel
Beld. This is because generation of lunar anorthosite parent magma by partial melting of precursor
lunar chondritic source has been suggested by
some workers (Rankenburg et al. 2006), and our
observation shows that the low-SiO2 oxidized melts
formed during low-pressure partial melting experiments of H-chondrite (Usui et al. 2015) also plot
on the Fo–An join close to the spinel Beld in the
experimental Fo–An–Q phase diagram (not shown
in Bgure 8). However, high-pressure melting
experimental data on chondritic meteorites (e.g.,
Usui et al. 2015) are needed to better constrain
the source rock composition of lunar anorthosite
parent magma.
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5. Conclusions
(a) The relict feldspathic igneous clast in lunar
anorthositic meteorite Dhofar 081, which is
similar to FAN in term of mineral–chemical
data, shows intergrown relationship between
low-Ca pyroxene (En69–72Fs26–31) and plagioclase (An98 to An94) suggesting its eutectic
crystallization from a parent silicate liquid.
The paragenetic sequence of crystallization in
this relict igneous clast includes crystallization
of Mg-spinel, followed by low-Ca pyroxene and
Bnally anorthitic plagioclase.
(b) The eutectic texture observed in the feldspathic igneous clast present within the Dhofar
081 meteorite favours more towards the serial
magmatic process rather than cumulate origin
of the lunar meteoritic FAN.
(c) The low-Ca pyroxenes include two distinct
geochemical groups: low-iron and high-iron
types. The application of thermobarometric
phase diagrams developed on plagioclase and
orthopyroxene (after Gasparik 1987) shows
that the relict igneous clast in the Dhofar 081
meteorite was crystallized at pressure *8 kbar
and temperature of *1050°C. The P–T estimations obtained from two-pyroxene thermobarometry (after Lindsley 1983; Putirka 2008)
on literature data (Greshake et al. 2001) and
on our present in-situ mineral chemical data
are also in accordance with our present P–T
range.
(d) Application of experimental phase diagram on
Fo–An–SiO2 system constrains that the lunar
anorthosite could not be generated from earthlike lherzolitic source through partial melting.
The parent lunar anorthosite magma could
have a composition on the Fo-An join perhaps
close to the spinel Beld in the Fo–An–SiO2
phase diagram.
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