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Discovery, mineral paragenesis, and origin of wadalite in a meteorite
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Abstract
The mineral wadalite (ideal and simplified formula: Ca6Al5Si2O16Cl3) has been discovered for the
first time in a meteorite, specifically in coarse-grained, igneous type B calcium-aluminum-rich inclusions (CAIs) from the CV carbonaceous chondrite Allende. We report the results of electron microprobe,
scanning electron microscopy, and transmission electron microscopy analyses of wadalite-bearing
assemblages in the Allende CAIs and propose that wadalite formed by metamorphic reaction between
åkermanitic melilite and anorthite, likely mediated by chlorine-bearing fluids. Petrographic relationships support the likelihood of multistage alterations by fluids of different chemistries interspersed or
coinciding with thermal metamorphic episodes on the Allende parent asteroid. Fluid involvement in
metamorphism of Allende CAIs implies that these objects experienced open-system alteration after
accretion into the CV chondrite parent asteroid, which may have resulted in disturbances of their
oxygen- and magnesium-isotope systematics.
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Introduction
Wadalite, a chlorine-bearing, sodium-free mineral, has been
identified for the first time in a meteoritic sample in coarsegrained, igneous calcium-aluminum-rich inclusions (CAIs) from
the Allende CV (Vigarano-type) carbonaceous chondrite (Ishii et
al. 2008). It is likely that close examination of other chondrites
that contain sodalite, such as CVs and metamorphosed COs,
will yield additional meteoritic occurrences of wadalite. The
ideal wadalite formula is Ca6Al5[O8(SiO4)2Cl3] and typically, it
is present in terrestrial occurrences as Ca6(Al,Si,Fe,Mg)7O16Cl3.
Wadalite is a chlorine-bearing nesosilicate belonging to the
mayenite-type (Ca12Al14O33) family that incorporates excess
Cl− and compensates charge via Si4+ substitution for Al3+. It is
isometric-hextetrahedral (43m) with space group I43d (Tsukimura et al. 1993; Glasser 1995). Chemically, wadalite is similar to
grossular [Ca3Al2(SiO4)3], a common secondary mineral found in
the Allende CAIs (e.g., Fagan et al. 2007), and to hydrogrossular
in which hydroxyl groups replace SiO4 tetrahedra. Structurally,
wadalite can be considered a derivative of the hydrogrossular
structure, and reaction of hydrogrossular with HCl gas produces
wadalite, a chemical reaction of interest in waste management
(Fujita et al. 2001, 2003).
Wadalite was discovered by Tsukimura et al. (1993) in a skarn
xenolith in a two-pyroxene andesite from a quarry in Tadano,
Koriyama City, Fukushima, Japan. More recently, the mineral has
been found in several other genetically similar deposits including
skarns formed by Tertiary diorite intrusions into Upper Jurassic
to Lower Cretaceous limestone at La Negra mine, Queretaro,
Mexico, where it is associated with rustumite [Ca10(Si2O7)2(SiO4)
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Cl2(OH)2], calcite, hydrogrossular, and andradite [Ca3Fe2(SiO4)3]
and formed as a secondary product of retrogressive hydrothermal
alteration of spurrite [Ca5(SiO4)2(CO3)] and gehlenite (the Alrich end-member of the Ca2Al2SiO7–Ca2MgSi2O7 melilite solid
solution) (Kanazawa et al. 1997). The mineral has also been
found in rocks of the Wiluy River, Yakuia area of Russia, where
it occurs with grossular, hydrogrossular, and other hydrogarnets
(Galuskin and Galuskina 2002); in xenoliths in leucite-tephrite
lava from Bellerberg, Germany; and in skarn xenoliths in the
Lakargi Mountain region of the North Caucasus, Russia, where
it occurs with calcio-olivine and hillebrandite [Ca2(SiO3)(OH)2]
(Gobechiya et al. 2008).
Chlorine-bearing minerals in refractory mineral assemblages
of CAIs are not generally thought to be primary: CAIs are comprised of the highest temperature condensates predicted to form
during cooling of the hot solar nebula and thus not expected to
contain significant volatiles such as chlorine. Instead, alkalis,
halogens, Fe, CO2, and H2O are commonly attributed to later,
secondary alterations (MacPherson et al. 1988; Krot et al. 1995).
Precisely how, when, and where chlorine was incorporated in
CAIs during their lifecycle of formation near the Sun, transport
in the nebula, incorporation in meteorite parent bodies, and parent
body processing is, however, unclear. Nonetheless, chlorinebearing minerals in meteorites are of great importance in establishing the abundance and origin of the short-lived radionuclide
36
Cl. This, in turn, helps us understand the astrophysical setting
for the birthplace of our Solar System. Because of its chlorinerich (12−13 wt%) and calcium-aluminum-rich composition
(~40 wt% CaO and ~20 wt% Al2O3), wadalite offers a unique
opportunity to study the isotope systematics of three short-lived
radionuclides (36Cl-36S with t1/2 = 0.3 Ma, 41Ca-41K with t1/2 = 0.1
Ma, and 26Al-26Mg with t1/2 = 0.73 Ma) (Jacobsen et al. 2009). 36Cl

