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Implications for volatile histories of late-stage lunar magmas.
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Abstract
We report the occurrence of a previously unidentified mineral in lunar samples: a Cl-,F-,REE-rich
silico-phosphate identified as Cl-bearing fluorcalciobritholite. This mineral is found in late-stage
crystallization assemblages of slowly cooled high-Ti basalts 10044, 10047, 75035, and 75055. It
occurs as rims on fluorapatite or as a solid-solution between fluorapatite and Cl-fluorcalciobritholite.
The Cl-fluorcalciobritholite appears to be nominally anhydrous. The Cl and Fe2+ of the lunar Clfluorcalciobritholite distinguishes it from its terrestrial analog. The textures and chemistry of the Clfluorcalciobritholite argue for growth during the last stages of igneous crystallization, rather than by
later alteration/replacement by Cl-, REE-bearing metasomatic agents in the lunar crust. The igneous
growth of this Cl- and F-bearing and OH-poor mineral after apatite in the samples we have studied
suggests that the Lunar Apatite Paradox model (Boyce et al. 2014) may be inapplicable for high-Ti
lunar magmas. This new volatile-bearing mineral has important potential as a geochemical tool for
understanding Cl isotopes and REE chemistry of lunar samples.
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Introduction
In the past decade, the phosphate mineral fluorapatite has
become the most important source of information about the
water and D/H evolution of the Moon (Boyce et al. 2010, 2014;
McCubbin et al. 2010; Greenwood et al. 2011; Barnes et al. 2013,
2014; Tartèse and Anand 2013; Tartèse et al. 2014; Robinson
and Taylor 2014; Singer et al. 2017). Lunar fluorapatite also has
the largest range of Cl isotope ratios of natural materials in the
solar system (Sharp et al. 2001; Boyce et al. 2015, 2018; Barnes
et al. 2016) and may prove critical to understanding isotope
fractionation processes that have affected lunar reservoirs, such
as degassing of lunar magmas, lunar magma ocean evolution,
and loss of volatiles during the giant impact event that formed
the Moon.
In lunar samples, the phosphate mineral merrillite is the main
carrier of rare earth elements (REE); as such, determining the
partitioning of REE between lunar magmas and lunar phosphates
has been the subject of extensive investigation (e.g., Jolliff et al.
1993 and references therein). Interestingly, the high REE contents
of lunar merrillite have led some investigators to argue for lunar
metasomatism (Neal and Taylor 1991) rather than late-stage
magmatic enrichment of trace elements.
Fluorbritholite is a member of the britholite group of apatite
supergroup minerals, a terrestrial REE-bearing phosphate mineral
with a similar structure to apatite and characterized by a significant proportion of SiO2 and REE due to the coupled substitution:
Si4+ + REE3+ = Ca2+ + P5+ [apatite: Ca5(PO4)3(F,Cl,OH); Britholite:
(REE, Ca)5(SiO4, PO4)3(OH,F)] (Pasero et al. 2010). Fluorcalciobritholite was approved as a mineral in 2006 and has the simpli* E-mail: jgreenwood@wesleyan.edu. Orcid 0000-0003-0502-9526.
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fied formula (Ca,REE)5[(Si,P)O4)]3F (Pekov et al. 2007). It differs
from fluorbritholite, (REE,Ca)5(SiO4)3F, in having Ca>ΣREE and
differs from fluorapatite in having Si>P. Fluorcalciobritholite has
the compositional range Ca2.5REE2.5(SiO4)2.5(PO4)0.5F (boundary
with fluorbritholite) and Ca3.5REE1.5(SiO4)1.5(PO4)1.5F (boundary
with fluorapatite) (Pekov et al. 2007). Britholite-group minerals
are commonly found in alkaline rocks and in metasomatites and
pegmatites related to syenite and nepheline-syenite complexes
(Pekov et al. 2007). They typically contain high abundances of
U and Th and can be metamict. They are also found in solidsolution with apatite in a peralkaline volcanic suite of the Kenya
Rift Valley (Macdonald et al. 2008) and as inclusions in magmatic
zircon of the Bandelier Tuff (Wolff and Ramos 2014).
Here we describe a previously unidentified silico-phosphate
mineral in several slowly cooled high-Ti Apollo 11 and
Apollo 17 basalts and identify it as Cl-bearing fluorcalciobritholite. The mineral contains abundant volatiles (F, Cl) and REEs,
and it could be an important mineral for future studies of lunar
volatile evolution, petrogenesis, and metasomatism.

Samples
Thin-sections of Apollo rock samples were requested from
the Lunar Sample Curator and were prepared at Johnson Space
Center. We studied Apollo 11 thin-sections 10044,12, 10044,633,
and 10047,70 and Apollo 17 thin-sections 75055,50, 75055,51,
75055,55, and 75035,79. A sample chip of 75055 was requested
from NASA and mounted with low-temperature melting point
eutectic metals in the Lunar Laboratory at Wesleyan University,
and then polished without the use of water or oil (75055,123b).
The four Apollo basalts that we study here are very similar
to each other in petrology and mineralogy. They are all high-Ti
Apollo 11 and 17 basalts, all of the low-K variety. Dymek et al.
(1975) found that 10044 and 75055 are nearly identical. 75035 is
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