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Majindeite, M g.M 0;0g, a new mineral from the Allende meteoriteand a

witness to post-crystallization oxidation of a Ca-Al-rich refractory inclusion

Chi Ma* and John R. Beckett
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ABSTRACT

Majindeite (IMA 2012-079), Mg;Mos30s, is a new mineral, occurring as
submicrometer-sized crystals with Ni-Fe and Ru-Os-Ir alloys, + apatite and Nb-
oxide. The observed assemblages are partially or wholly enclosed by MgAl,O4
spinel in a Type B1 Ca-Al-rich inclusion, ACM-2, from the Allende CV3
carbonaceous chondrite. The type majindeite has an empirical formula of
(Mg 57Fe.43)Mo03 000s, and a nolanite-type P6;mc structure with a=5.778 A, c =
9.904 A, V=1286.35 A’ and Z = 2, leading to a calculated density of 5.54 g/cm’.

Majindeite likely formed during the subsolidus oxidation of Mo-rich
precursor phase(s) included in Fe-Ni rich alloys in a system that was open to oxygen,
Mg, and Ca, which were derived externally and introduced via cracks, subgrain
boundaries and/or surfaces exposed at the exterior of the spinel. If magnetite existed
in the phase assemblage, it was lost due to Fe volatilization prior to the formation of
majindeite. The immediate precursor to majindeite was likely kamiokite. Majindeite
formed during an oxidation event contemporaneous with or postdating the formation
of grossular-rich veins in melilite.

Kamiokite, the Fe-rich analog of majindeite, also occurs in ACM-2 but only
within phase assemblages that contain magnetite and which are entirely enclosed in
melilite + alteration products. Here, grossular-rich veins are not observed and the
coexisting awaruites are more Fe-rich than those observed with majindeite. As with
majindeite, the precursors for kamiokite grains were also likely to have been Mo-rich
alloys but the Mo-oxide remained magnetite-saturated throughout the alteration

process and therefore remained Fe-rich.
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INTRODUCTION

The origin and evolution of Ca-Al-rich inclusions (CAls) in meteorites is a story of the
origin and early evolution of the solar system. Although bulk compositions of these objects can
aid in deciphering some of the pages (e.g., Beckett and Grossman 1988; Grossman et al. 2000), it
is in the constituent minerals that most of the information on environment lies. New minerals
can provide special insight because they sample special environments not encountered by most
inclusions (e.g., Ma et al. 2011b) or because they represent responses to aspects of an
environment that was encountered by other phases but poorly recorded (e.g., Ma et al. 2014a).

In this work, we consider a new Mo-Mg oxide mineral, majindeite, Mg;Mo3Og, which was
discovered in the Allende Type B1 Ca-Al-rich inclusion (CAI) ACM-2. In addition to
majindeite, this inclusion is the source of three previously described new minerals, grossmanite
(CaTi’*AlSiOg), monipite (MoNiP), and nuwaite (NigGeS,) (Ma and Rossman 2009b; Ma et al.
2014a; Ma 2015a), and two first occurrences in a meteorite for the Mo-oxides tugarinovite
(M00O,) and kamiokite (Fe;Mo30g) (Ma et al. 2014a). Molybdenum is a major constuituent of
five different minerals in this inclusion [majindeite, kamiokite, monipite, tugarinovite, and
molybdenite (MoS;)], which speaks to varying fates for Mo that depend on microenvironment
and initial phase composition tied together through a common thread of thermal and metasomatic
processing.

Phases of the type X,Mo3;0s, where X is a divalent cation, are readily synthesized using a
wide variety of cations including Cd, Co, Cu, Fe, Mg, Mn, Ni, and Zn (e.g., McCarroll et al.
1957; Knorr and Mueller 1995; Abe et al. 2010) and they are of considerable interest in research
on frustrated magnetic systems (e.g., Nakayama et al. 2011) because of the layered honeycomb
structures in which Mo-O and X**-O coordinated sheets alternate. However, only two of these
compounds, kamiokite (Fe;Mo0303) and iseite (Mn,Mo3Og), were previously known to exist in
nature (e.g., Johan and Picot 1986; Nishio-Hamane et al. 2013). In this work, we describe the

first occurrence in nature of the Mg-endmember of the X,Mo30s class of phases. This mineral is
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named majindeite (Mg:Mo30Og). We show through electron backscatter diffraction (EBSD) that
majindeite has a nolanite-type P6;mc structure, isostructural with kamiokite and iseite. We use
electron probe microanalysis (EPMA) and high-resolution scanning electron microscopy (SEM)
to characterize the petrographic settings and compositions of majindeite and associated phases.
We then connect these data and those for kamiokite-bearing phase assemblages, which also
occur in the CAI ACM-2, to implications for precursors and the processes that led to their

formation. Preliminary results of this work are given by Ma et al. (2009).

MINERAL NAME AND TYPE MATERIAL

The mineral and the mineral name (majindeite) have been approved by the Commission
on New Minerals, Nomenclature and Classification (CNMNC) of the International Mineralogical
Association (IMA 2012-079) (Ma 2013). The name is in honor of Ma Jinde (1939-1991), a
mineralogist at the China University of Geosciences (Wuhan), China, who passed away during a
teaching field trip. He demonstrated in his classes and in the field that mineralogy can be great
fun and introduced SEM and EPMA techniques to the first author. Ma Jinde contributed to
mineralogical investigations of many mines and regions in China, including the Baiyun Obo rare
earth element - iron mine in the 1960s, where he was the lead mineralogist in charge of mineral
separation.

The holotype material for majindeite occurs within a Caltech optically thick polished
section of Allende (Allende 12, section E) in the type B1 CAI ACM-2, which is deposited under
catalog # USNM 7615 in the Smithsonian Institution’s National Museum of Natural History,
Washington DC, USA. Holotype material for two recently described new minerals, grossmanite
and monipite, occur in a different section (USNM 7554) obtained from the same CAI (Ma and
Rossman 2009b; Ma et al. 2014a).

OCCURRENCE
The Allende meteorite fell in and near Pueblito de Allende, Chihuahua, Mexico on
February 8, 1969 (Clarke et al. 1971). This CV3 carbonaceous chondrite is probably the most
heavily studied meteorite in existence and the results of these studies have greatly influenced
current thinking about processes, timing, and chemistry in the primitive solar nebula and in small

planetary bodies. Allende continues to be a source of new information on materials produced in
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the early solar system. For example, majindeite is just one of sixteen new minerals discovered in
Allende since 2007 (Ma 2015b; Ma et al. 2015).

The mineral majindeite is present within the CAI, ACM-2, which was serially sectioned
from a ~1 cm diameter Allende fragment (Caltech Meteorite Collection No. Allende12A). Only
a small portion of a once much larger inclusion, bounded by a matrix of mostly fine-grained
olivine and troilite, still exists, and this leads to ambiguity concerning the nature of the host
inclusion. Ma et al. (2014a) argued, based primarily on geometric considerations and the
presence of low-Ti clinopyroxene phenocrysts, that ACM-2 was a large type B1 CAI, ~7 mm in
diameter, and that the presence of a Wark-Lovering rim where the inclusion contacts matrix
implies that the remaining material was originally a portion of the melilite-rich mantle. We
accept this designation in the present work and refer the reader to Ma and Rossman (2009b) and
Ma et al. (2014a) for additional mineral compositions and a general petrographic description of
this inclusion.

Figure 1a shows a back-scattered electron (BSE) image of the region containing the
holotype material in USNM 7615 and the location of the majindeite, which is ~600 um from the
rim of ACM-2. Figure 1b shows a close-up of the majindeite-bearing phase assemblage in host
spinel and melilite (Ak24). Two subhedral majindeite grains, 0.5x1.0 pm and 0.15%0.3 pm, and
euhedral majindeite nanolaths, occur in a 3x4 um phase assemblage, which is mostly enclosed
by spinel [Mg; 00(Al;.97Ti9.01 Vo0.01Cro.01)O4; containing < 0.3 wt% FeO] but also bordered in part
by a thin bleb of Al-,Ti-rich diopside [(Cag79Mgo 60Alo36T10.25)(S11.16Al0.84)Os]. A solid solution
of clinopyroxene, ranging in composition from Al-,Ti-rich diopside to grossmanite, is commonly
observed in contact with spinels in ACM-2 and other type B1 inclusions (e.g., Paque et al. 2009).
The Al-,Ti-rich diopside is bounded by a grossular-rich vein after melilite. Within the
majindeite-bearing phase assemblage, apatite is in contact with the Al-,Ti-rich diopside, awaruite
(NizsFe,sPt;), which contains inclusions of Ru-Os-Ir alloys (Ru/Os/Ir atomic ratio: ~63:32:5) and
Mo-bearing oxides (elongate crystals in Fig. 1b), and spinel. There is also a grain of Nb-rich
oxide within the apatite, which is likely a new mineral but too small for a full investigation using
currently available techniques. Both of the majindeite grains are in contact with awaruite, the
largest of which is roughly centered in the phase assemblage and contacts apatite, awaruite, and

Ru-Os-Ir alloy grains.
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An additional grain of majindeite, ~ 1.0 pm wide, was observed in a 3x5 pm inclusion
within ACM-2 in Caltech sample Allende 12, section B2 (Fig. 2). This inclusion is dominated by
a single crystal of awaruite (Nig;Fe;sPt;Rh;), labeled “NiFe” in Fig. 2b, wholly enclosed in
spinel [(Mgo.93Fe0.04Ca0.01)(Al1.99Ti0.01V0.01)O4, with 2.1 wt% FeO] that contains grains of Ru-Os-
Ir alloy (Ru/Os/Ir/Mo atomic ratio: ~57:15:3:1), although not in contact with the majindeite.
Most of the majindeite grain contacts the Ni-rich alloy; some is in contact with spinel and
material along one side near spinel is missing (Fig. 2b). The spinel host of this majindeite
crystal is only ~140 um from the rim of the inclusion. Note that a vein containing grossular plus
a highly aluminous phase (corundum?) is in contact with one side of the host spinel. Given that
sections through ACM-2 are roughly perpendicular to the surface of the inclusion (Ma et al.
2014a), the much greater distance to the inclusion rim for the majindeite shown in Fig. 1 implies
that the occurrence of majindeite is not strongly dependent on distance from the rim. There is,
however, a petrographic commonality for both majindeite occurrences in their association with
spinel and grossular-rich veins. The kamiokite-bearing phase assemblages are also variably
distributed within the mantle of ACM-2 (e.g., Fig. 5) and they too have a petrographic
commonality in that all of the other Mo-rich phases observed in ACM-2 are in phase assemblages
included within melilite [five occurrences of kamiokite (Fe;Mo30g); one occurrence each of
tugarinovite (MoO,) and monipite (MoNiP), both of which occur in a kamiokite-bearing phase
assemblage (see Ma et al. 2014a); one occurrence of molybdenite (MoS;)]; none of these is
associated with a grossular-rich vein. Thus, phase assemblages containing majindeites are at
least partially enclosed by spinel associated with grossular-rich veins and all other Mo-rich
phases, including kamiokites, are invariably included in melilite.

Both of the majindeite-bearing phase assemblages are truncated by faces with spinel that
intersect at high angles (Figs. 1b and 2b) and are consistent with zones containing interfacial
angles of 60, 90, and 120°, suggestive of a hexagonal or cubic (in certain orientations) crystal.
These angles may refer to the outline of a precursor crystal included in spinel (e.g., a P6s/mmc
alloy such as hexamolybdenum) or a negative crystal imposed by the host spinel. The latter
requires that both of the majindeite occurrences sample a plane roughly perpendicular to a [111]
axis of the spinel. Since the observed axes perpendicular to the plane of the section are [103] for
the spinel host of the type majindeite shown in Fig. 1b (there is also a fine-grained inclusion

within the spinel host for the type example that has a trigonal outline) and [156] for the host
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spinel grain in section B2 (Fig. 2b), the crystallographic observations are consistent with
negative crystals. The fact that the phase assemblage for both majindeite occurrences display
outlines independent of the phases within the assemblage suggests that the current multi-phase

assemblages shown in Figs. 1-2 are pseudomorphs.

APPEARANCE, PHYSICAL, AND OPTICAL PROPERTIES

Majindeite was observed as three small subhedral grains in ACM-2, two grains, ~ 0.5 X 1
um and 0.15 x 0.30 um in the section plane of USNM 7615 (Fig. 1), and one ~ 1 um grain in
Caltech Allende 12 section B2 (Fig. 2). The larger grain (marked with a cross) in Fig. 1b is the
type material. The ~1 pm majindeite crystal shown in Fig. 2b unfortunately plucked during a
polishing touchup and was lost.

Color, luster, streak, hardness, tenacity, cleavage, fracture, density, and optical properties
could not be determined experimentally because of the small grain size, but these properties may
be similar to those of kamiokite. The density, calculated from its crystal structure and the
empirical formula, as described below, is 5.54 g/cm’ using the cell parameters of Knorr and
Mueller (1995). As might be expected based on the relative atomic weights of Mg, Fe, and Mn,
this is similar to but lower than densities of the other known X;Mo030g minerals, kamiokite (5.79
g/em’; Johan and Picot 1986) and iseite (5.84 g/cm’; Nishio-Hamane et al. 2013). Majindeite is

not cathodoluminescent under the electron beam and we observed no crystal forms or twinning.

CHEMICAL COMPOSITION

Chemical analyses of majindeite and associated spinel and melilite were carried out using
a JEOL 8200 electron microprobe interfaced with the Probe for EPMA program from Probe
Software, Inc. and operated in focused beam mode at 10 kV and 5 nA to minimize the interaction
volume on majindeite (estimated to be ~ 500 nm in diameter using Monte Carlo simulations
through the electron trajectory program Casino v2.42), and 15 kV and 20 nA for spinel and
melilite. Standards for the analysis of majindeite and other oxides were Mo metal (MoLa), MgO
(MgKa), fayalite (FeKa), spinel (AlKa), NiO (NiKa), anorthite (SiKa, CaKa), albite (NaKa),
TiO, (TiKa), Cr,03(CrKa), and V,05 (VKa). Quantitative elemental microanalyses were
processed with the CITZAF correction procedure (Armstrong 1995) and analytical results are

given in Tables 1 (majindeite) and 2 (associated oxides). An Oxford INCA X-ray energy
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dispersive spectrometer (EDS) on a ZEISS 1550VP field emission SEM was also used for
elemental analysis of associated alloys. These data were processed using the XPP correction
procedure of Pouchou and Pichoir (1991) and Oxford factory internal standards. Ma and
Rossman (2009b) and Ma et al. (2014a) give compositions of the major igneous phases in ACM-
2 and of various phases associated with kamiokite in one occurrence.

The end-member formula for majindeite is Mg,Mo3Os, which gives 17.36 wt% MgO and
82.64 wt% MoO,, referenced to an oxide sum of 100. The type majindeite (section E; Fig. 1b)
has an empirical formula of (Mg; s7Fep.43)Mo03,000s, which is very similar to the composition of
the majindeite grain in Fig. 2b (section B2), (Mg ¢sFeo.36)M02.990s. Figure 3 shows a histogram
of Mg#s (molar Mg/(Mg + Fe) expressed as per cent) for majindeite and kamiokite from ACM-2.
The oxide compositions hint at two distinct populations (melilite-hosted and spinel-hosted),
rather than a continuum. This contrasts with the observation of Ma et al. (2014b) for
hexamolybdenum and other refractory element-rich alloys. Given that both minerals occur in the
same CAl, this suggests that the observed differences in composition reflect fundamental
differences in petrogenesis. Magnesium contents were not determined for the terrestrial
kamiokites and iseites (e.g., Sasaki et al. 1985; Johan and Picot 1986; Nishio-Hamane et al.
2013). However, good oxide sums and stoichiometry for most of the reported analyses would
suggest that the actual Mg#s are, at the least, significantly lower than in the Allende ACM-2

kamiokites and far lower than in majindeite.

COEXISTING PHASES

All of the Mo-oxides in ACM-2 are parts of multi-phase assemblages and those
containing majindeite are hosted by spinel. In this section, we first describe the host spinels and
then focus on the included phase assemblages. Although we emphasize majindeite, we also
consider kamiokite-bearing phase assemblages, especially where there are contrasting
observations, because these provide additional clues to the origin of all Mo-rich oxides in ACM-
2.

Iron contents of the two majindeite-hosting spinels differ by an order of magnitude. In
ACM-2, the spinels closest to the Wark-Lovering rim are considerably more FeO-rich than those
in the interior. The host spinel shown in section B2 (Fig. 2b) is close to the rim (Fig. 2a) and has

~2 wt. % FeO. The host spinel shown in Fig. 1b (section E) is much further away and has ~0.2
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wt. % FeO. The general decrease of Fe content in spinel with distance from the rim and
proximity to alteration products is commonly observed in Allende CAls and is generally thought
to reflect late-stage metasomatism (e.g., Krot et al. 1995). The order of magnitude difference in
Fe concentrations in host spinel for occurrences of majindeite with essentially the same
composition suggests that the formation process for majindeite was not driven by access to late-
stage, metasomatic, FeO-bearing fluids via spinel. It is also worth noting, in this context, that
awaruite is generally present at one end of a kamiokite-bearing assemblage, separating one or
more access cracks from magnetite; magnetite is absent from both majindeite occurrences.

Both kamiokite and majindeite-bearing phase assemblages contain Ni-rich Fe-Ni alloys.
Based on EBSD of 8 grains of variable composition (N160-82, where Nixy refers to the mole
percent of Ni in the alloy) and locality, all of the Fe-Ni alloys in ACM-2 have an ordered fcc
structure (i.e., they are awaruites not taenites). Awaruites associated with majindeite are Ni-rich
(Ni74-82) relative to those coexisting with kamiokite (Ni60-68) and overlapping but generally
Ni-poor relative to alloy grains in grossular-rich veins (Ni80-86). We observed no correlation
between the concentrations of Ni in the alloy or Mg# of kamiokite/majindeite with distance from
the rim in ACM-2. Alloys in kamiokite- and majindeite-bearing phase assemblages contain
inclusions of Ru-, Os-rich alloys. These are not observed in the alloys occurring in grossular-
rich veins.

Niobium-rich oxides are observed in both kamiokite- (2 of 6) and majindeite- (1 of 2)
bearing phase assemblages. We observed apatite in half of the kamiokite- (3 of 6) and
majindeite- (1 of 2) bearing phase assemblages. It is possible that all of these assemblages
contain apatite but that they are absent in some of our samples due to sectioning effects and/or

plucking.

CRYSTALLOGRAPHY
EBSD analyses at a submicrometer scale were performed on the vibration-polished
section USNM 7615 using methods described in Ma and Rossman (2008, 2009a). An HKL
(now Oxford) EBSD system on a Zeiss 1550VP scanning electron microscope was used for these
measurements and operated at 20 kV and 6 nA in a focused beam configuration with a 70° tilted
stage and variable pressure (25 Pa) mode. This approach allows the study of uncoated

specimens. The EBSD system was calibrated using a single-crystal silicon standard.
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The EBSD pattern for type majindeite from ACM-2 (Fig. 4a) indicates that the crystal is
hexagonal, which means that it cannot correspond to the structure of tugarinovite, which is
present elsewhere in the CAI (Ma et al. 2014a), or any of the mixed Mo-oxides (Mg,Fe)MoOQy,
(Mg,Fe)Mo,0, or (Mg,Fe),Mo30,; (Stadnicka et al. 1977; Massarotti et al. 1981; Ehrenberg et
al. 1994; Rodriguez et al. 2000; Mikhailik et al. 2008). The structure was determined by
matching the observed EBSD pattern (Fig. 4a) with the hexagonal P6;mc structures of synthetic
Mg,Mo3;0s (McCarroll et al. 1957; Knorr and Mueller 1995; Abe et al. 2010), and kamiokite
(Kanazawa and Sasaki 1986). The best fit (MAD = 0.39) was achieved using the cell parameters
of Knorr and Mueller (1995) for Mg;Mo30s, with a=5.778 A, c=9.904 A, V=286.35 A3, and Z
= 2. Figure 4b shows the EBSD pattern for majindeite from ACM-2 indexed using the cell
parameters for Mg,Mo30g given by Knorr and Mueller (1995).

Majindeite is isostructural with kamiokite, Fe;Mo030s, and the Mn-analog iseite (Nishio-
Hamane et al. 2013), Mn;Mo3Os. The structure is characterized by alternating Mo-O and Mg-O
sheets stacked perpendicular to the hexagonal c-axis. Molybdenum is in octahedral coordination
with the octahedra forming edge-sharing trimers connected together to form a sheet with
hexagonal cavities and unusually short Mo-Mo distances (~2.5 A vs. >3.6 A in other Mo-oxides;
e.g., Stadnicka et al. 1977; Massarotti et al. 1981; Kanazawa and Sasaki 1986; Rodruiguez et al.
2000). The Mg sheet is composed of vertex-sharing octahedra and tetrahedra that are
coordinated to the Mo octahedra of adjacent sheets. The stacking of Mo- and Mg-coordinated

sheets leads to a honeycomb structure with cavities aligning parallel to the c-axis.

DISCUSSION

Majindeite is a new member of the kamiokite group of molybdate oxides that assume the
nolanite-type P6;mc structure. This group currently contains kamiokite (Fe;Mo30s), iseite
(Mn;Mo30g), and majindeite (MgzMo30g), two of which occur in ACM-2. Ma et al. (2014a)
discuss general constraints on the formation of ACM-2 and the conditions under which kamiokite
formed. Here, we provide a brief overview for the inclusion based on that work and then focus
on the origin of majindeite and associated phases.

In ACM-2, melilite, spinel, and clinopyroxene, the major igneous phases, crystallized
from a partially molten droplet under reducing conditions and formed a classic type B1 CAI

roughly 7 mm in diameter with a melilite-rich mantle and a core containing subequal modes of

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5399

spinel, clinopyroxene, and melilite, and trace to modest amounts of anorthite. The mantle
probably crystallized in a partially volatilized region of melt (e.g., Mendybaev et al. 2006;
Bullock et al. 2013). The core region of ACM-2 was later lost, so that the inclusion now consists
essentially of a fragment of the melilite-rich mantle with very little of the core material
surviving. Within the mantle, alloys and/or alloy-phosphide assemblages containing significant
bulk concentrations of Mo + P were incorporated into crystallizing melilite or spinel. In
principle, these alloys could have been molten or solid. Peak temperatures for the melting event
that produced the melilite-rich mantle probably exceeded the ~1400°C appearance temperature
for melilite (e.g., Stolper and Paque 1986; Richter et al. 2006) and, perhaps, the liquidus
temperature for the alloy (~1440°C for the current alloy and somewhat higher if, as is likely, the
alloy at this time was more Fe-, Mo-, PGE-enriched than currently; Raghavan et al. 1987). After
crystallization of igneous phases, later, low-temperature oxidation/metasomatic event(s)
occurred, which led to the introduction of Fe, Na, and, especially, O into the CAI and the partial
oxidation of alloys and of phosphides to apatite, the latter requiring mobility of Ca. Kamiokites
with Mg#s of 7-20 formed during one of these oxidation events and it is quite probable that
majindeite also did so. From a kinetic perspective, majindeite and kamiokite are likely to be
favored over other candidate oxides by the unusually small Mo-Mo distances of the structure
2.4A vs.>3.6 A), especially if a Mo-dominant alloy or phosphide is the phase being oxidized.
We have noted five basic differences, beyond the molybdate composition, between phase
assemblages containing majindeite (Mg# ~80) and those containing kamiokite (Mg# 7-20) in
ACM-2 (Figs. 1-2): (1) The two majindeite-bearing phase assemblages are hosted at least in part
by spinel. All of the phase assemblages containing kamiokite (Mg# of 7-20) are hosted by
melilite; (2) Majindeite-bearing phase assemblages present smooth interfaces with the host with
angles suggesting a crystalline form at the time spinel engulfed the precursor or a negative
crystal imposed by host spinel. In contrast, interfaces between kamiokite-bearing assemblages
and their host are highly irregular (Fig. 5); also see e.g., Fig. 1b of Ma et al. (2014a); (3) The
awaruites coexisting with majindeite are more Ni-rich than those coexisting with kamiokite
(N174-82 vs. N160-68); (4) Magnetite is present in outer portions of kamiokite-bearing phase
assemblages, separated from major cracks by Fe-Ni alloy, but absent in majindeite-bearing phase
assemblages; (5) Both of the host spinels for majindeite are intersected by grossular-rich veins

(Figs. 1b and 2b). We observed no grossular-rich veins in the immediate vicinity of kamiokite-
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bearing phase assemblages. It seems reasonable to expect that compositions of the molybdates
are in some way related to one or more of these features and we explore some of the implications
below.

The phase assemblage of the inclusion enclosed in spinel (section B2; Fig. 2b) consists of
majindeite and alloys with no apatite or phosphide. If the original inclusion consisted only of one
or more alloys, then, at the least, a source of Mg (from the spinel or vapor) and oxygen (through
a vapor) are required to produce the observed majindeite. Where apatite is present (e.g., Fig. 1b),
Ca mobility is also required, which is consistent with mass balance calculations suggesting that
Ca was lost from CAls during metasomatism (Wark 1981; Fagan et al. 2013) and the presence of
Ca-enriched aureoles in matrix surrounding CAls (Ford and Brearley 2008). These basic mass
balance considerations lead us to the conclusion that both majindeite and kamiokite formed in
systems open to multiple elements.

Type B1 CAls crystallized under highly reducing conditions, yielding nearly end-
member MgAl,O4 spinels with Fe in alloy solids or liquids. The initial composition of the alloy,
prior to the melting event that produced the mantle of ACM-2, would have been a Ni-Fe-Mo-P
solid solution with minor Ru, Os, and Ir, possibly with one or more alloys and phosphides that
exsolved prior to any oxidation event(s); the most oxidizable element in the alloys would have
been Mo, followed by Fe and then Ni [for temperatures below 886°C, based on Chan et al.
(1973) for the Mo-MoO, and Fe-wiistite buffers] Oxidation of alloys/phosphides to oxides and
phosphates would have led to significant increases in the total volume of the phase assemblage.
The loss of Fe through volatilization may have mitigated some of it; it is likely that volume
increases were accommodated through volatilization and cracks.

A simple oxidation mechanism for the formation of majindeite is driven by the reactions

3Mo°+ 2Fe® + 2MgAl,04 + 40, — 2FeAl,O4 + Mg,Mo030g (1a)

and
3Mo°+ 2Fe° + 40, - Fe;Mos0g (lb)
11
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which leads to Fe-bearing majindeite and a Ni-enriched Ni-Fe alloy. However, were eqn. 1a to
be the governing equilibrium during the metasomatism associated with Fe enrichment of Mg-Al
spinels, we would reasonably expect there to be a connection between the Mg#s of majindeite
and host spinel but, based on our sample of two occurrences, this appears not to be the case. The
majindeites have essentially the same composition but the host spinels near majindeite have
order of magnitude differences in Fe contents (2 wt% FeO versus < 0.3). We take this to mean
that late-stage diffusive Fe-enrichment of spinel was not a significant factor in the formation of
majindeite. We view it as much more likely that a fluid was the source of Mg observed in
kamiokite and majindeite.

Assuming the phase assemblage of Fig. 2b (section B2) to have originated as one or more
O-free alloys, we can compute a limiting composition for the original alloy from the current
mode and phase compositions. The current mode is ~88 volume % awaruite, 9% majindeite, and
3% Os-Ru-Ir alloy. To convert to a weight and molar basis, we used the density of majindeite
from this study and an unweighted linear regression of Tomlinson and Andrews’ (1978) data for
binary fcc Ni-Fe alloys on the Ni-rich side of the density minimum (i.e., ignoring Pt, which
would increase the density). For the Os-Ir-Ru alloy, we assumed solar relative abundances and
ideal volumes of mixing and took atomic volumes from Singman (1984). We obtain an “initial”
alloy composition of NiggFe,sMo,Pt;Ru;Os;Ir;. The Ni content is at the upper end of the range
observed for alloys coexisting with kamiokite (i.e., alloys associated with majindeite and
kamiokite may have originally had similar compositions). Note, in this calculation, that the
majindeite-bearing phase assemblage is closed with respect to Fe. If a fluid was the source of
some (or all) of the Mg, less (or no) Fe from the alloy is required to produce majindeite.

Equation (1a) could not be used to constrain environments of formation using our data,
even were it pertinent, because concentrations of Mo in the alloys are negligible, reflecting the

oxidizing conditions (e.g., Blum et al. 1988). In principle, exchange reactions of the type
MgoMo30g + Fe(OH)y ) = Fe;Mo30g + Mg(OH)y (g )
could be used for this purpose. However, available thermodynamic data for majindeite and

kamiokite in the form of galvanic cell measurements (Rosén and Saitton 1994; Koyama et al.

2003) appear to be inconsistent with each other. For example, the calculated free energy for the
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reaction %2 Mg,Mo30g + FeAl,O4 = Y2 Fe;Mo30g + MgAlL Oy is -489 kJ, referenced to 1000 K.
Based on the HSC database, Fe-Mg exchange reactions for XAl,O4, XSi03, X,S104, XM0Os4,
X,Al14S150,3, X3A1,S1301,, where X refers to Mg and Fe, written in terms of 1 mole each of FeO
and MgO should yield free energies in the range of -15 to +26 kJ/mole (e.g., -15 kJ/mole for FeO
+ MgAl,O4 = MgO + FeAl,O4) and, therefore, equilibria of the type given by spinel-molybdate
exchange reaction should not substantially exceed double this range. It therefore seems likely
that emfs recorded by at least one of Rosén and Saitton (1994) and Koyama et al. (2003) do not
capture their stated reactions.

The association of majindeite occurrences and grossular-rich veins can be used to
constrain the environment within which majindeite-bearing phase assemblages were established.
Although metasomatic signatures are pervasive in Allende CAls, timing and location of
alterations are a matter of debate (Krot et al. 1995; Zolensky et al. 2008; MacPherson and Krot
2014 and references therein) and the same is true of majindeite formation. In ACM-2, grossular-
rich veins typically present collections of grossular grains with sparse spinel; they can have
modally significant sodic melilite and rare Ni-rich metal (~Ni80) and a highly aluminous phase
(e.g., Fig. 2b). Hydrated phases, which are quite rare in Allende CAls (e.g., Brearley 2003; Ford
and Brearley 2010), dmisteinbergite, monticellite, and Cl-bearing phases, such as wadalite and
sodalite, were not observed in ACM-2. It is generally thought that the grossular in Allende CAls
resulted directly or indirectly from the breakdown of melilite in the presence of a vapor (e.g.,
Krot et al. 2007) or as the product of a solid-state reaction between melilite and igneous anorthite
(Hutcheon and Newton 1981). In ACM-2, grossular-rich veins are in anorthite-free mantle
melilite, so the reaction between igneous anorthite and melilite described by Hutcheon and
Newton (1981) is not relevant. For Ak25 melilite, typical of melilite shown in Fig. 1a, and
assuming local conservation of Al in condensed phases, vapor-mediated production of grossular

(Gross) alone from melilite (Mel) consumes Ca and Si and releases Mg, for example

4Cay(Alp.7sMgo.25)(S11.25Al0.75)O7¢ak25 Mety + Ca(OH)2 (o) + 4S1(OH)4(g) =
3Ca3AIZSi3012(GmSS) + 8H20(g) + Mg(OH)z(g),

where the species Ca(OH) 2(g), Mg(OH)x(g), H2O(g), and Si(OH)4g) in the vapor are chosen

because they are the dominant species in oxidized water-rich vapors (e.g., Hashimoto 1992;
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Plyasunov 2011). If spinel is present, the equilibrium 4Mel + 4Si(OH)4(g) = 2Gross +
2Ca(OH)y) + Sp also holds. Magnesium is certainly present in the vapor during grossular
formation (because it is released by the formation reaction) and this could, in principle, be the
source of Mg for the formation of majindeite. If the local vapor was saturated with respect to
MgAl,Oy4 spinel, which is observed within the adjacent grossular-rich vein, the partial pressure of
Mg(OH)(g) could have been locally enhanced relative to values pertinent to the kamiokite-
bearing phase assemblages in melilite. For the latter, the ubiquitous presence of magnetite likely
buffered molybdates to more Fe-rich compositions. The fact that there are numerous phases
containing significant concentrations of Mo (e.g., tugarinovite, molybdenite, kamiokite,
majindeite, Mo-rich magnetite) is a demonstration of the many microenvironments of ACM-2.

For kamiokite, grains are often observed as inclusions within alloys and, although these
are Fe-rich, as would be expected in the presence of magnetite, they still contain substantial
concentrations of Mg, which cannot have been acquired in Situ within the alloy. A possible
scenario for the formation of these inclusions is that the precursor alloy cracked during
metasomatism initiated through grain boundary or lattice diffusion of O with consequent
oxidation, thereby providing ready access of vapor to exsolved phosphides and alloys for later
alteration. Stress corrosion cracking is a commonly observed phenomenon in Ni-rich steels
exposed to H,O-rich environments (e.g., Capell and Was 2007).

A key issue for understanding the formation of majindeite is the source of oxygen. At the
time of crystallization from a melt, spinel would have been essentially pure MgAl,O,, for which
bulk transport of oxygen is very slow relative to cation diffusion; self-diffusion of oxygen
through MgAl,04 is ~4 orders of magnitude slower than for Al, Mg or Fe or of interdiffusion
involving cation pairs (Van Orman and Crispin 2010). The same is true of aluminous spinels
with solution towards Alg;04, as the excess Al is accommodated through cation and not the
oxygen defects that would be needed to significantly speed up bulk transport of oxygen relative
to self-diffusion rates (e.g., Ando and Oishi 1974). Nor is the precursor alloy likely to have been
a sufficient source of oxygen. The solubility of oxygen can reach weight per cent levels in
molten alloys (Kjellgvist et al. 2008) and one or more oxides or phosphates may form using this
oxygen during cooling, as is sometimes observed in alloys in chondrules from highly
unequilibrated ordinary chondrites (e.g., Zanda et al. 1994). However, under the more highly
reducing conditions of CAI melting (e.g., Grossman et al. 2008), the solubility of oxygen is
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negligible. Moreover, this process cannot explain the presence of apatite in the type example
(Fig. 1b), which requires the introduction of Ca. Taken together, these considerations lead to the
conclusion that the interior of the spinel was open to oxygen and that lattice diffusion of oxygen
through the spinel was not important to the oxidation process. This also implies that the
inclusions in spinel were open to Ca and Mg. We note that the phase assemblage for one of the
majindeite occurrences (Fig. 1b; section E) is in contact with a grossular-rich vein. The second
occurrence (Fig. 2b; section B2) is completely enclosed by spinel in the plane of the section but
there is a grossular-rich vein that is truncated by the spinel. We postulate that the observed
inclusion in Fig. 2b (section B2) contacted the vein in the third dimension or is at the least,
connected to the inclusion through a crack.

Alloy compositions in majindeite-bearing phase assemblages (N174-82) overlap the low
Ni-end of isolated alloy grains found within grossular-rich veins (Ni80-86) and are distinctly
higher than those in contact with kamiokite (Ni60-68). It is also worth noting that a minimalist
reconstruction of an initial bulk alloy composition for the majindeite occurrence shown in Fig. 2
(section B2) generates a composition (Ni68), consistent with Ni-rich compositions of alloys
coexisting with kamiokite and magnetite and with compositions of Ni-Fe alloys coexisting with
magnetite in other opaque assemblages in CAls and chondrules from Allende (e.g., Armstrong et
al. 1985; Blum et al. 1988). Since the highest Ni alloys in ACM-2 coexisting with magnetite is
Ni68 and the lowest Ni alloys that don’t coexist with magnetite are Ni74, this suggests that there
is an oxidation limit near Ni68, whereby alloys more Ni-rich than Ni68 cannot be further
oxidized to form magnetite. Such alloys could continue to evolve compositionally through
volatilization or sulfidation. At least for ACM-2, sulfides appear not to be a major factor because
they are not observed in either kamiokite- or majindeite-bearing phase assemblages, and are
quite rare in ACM-2; sulfidation was probably not a major process. In terms of volatilization, it
is notable that, for alloy compositions in the range of Ni60-86, activity coefficients of Fe and Ni
in the alloy are similar (e.g., Swartzendruber et al. 1991) but the equilibrium vapor is highly
enriched in Fe relative to Ni based on the HSC database [e.g., [09(Pr. (o H), /Pnico H)z) of partial

species P; in the vapor >> log(yr. /¥ i) in the alloy]; thus, volatilization losses of Fe are likely to
be much larger than for Ni.
In the above discussion, we outlined the environmental consequences for a suite of

observations for kamiokite- and majindeite-bearing phase assemblages. Here, we suggest a
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scenario by which the observed phase assemblages and their compositions could have been
produced. Consider a suite of Ni-Fe-Mo-P alloys with variable Ni/Fe produced during melting
and crystallization of the host CAI and incorporated into crystallizing melilite or spinel. This
suite of parental alloys may have exsolved phosphides and/or Mo-rich alloys that grew prior to
any alteration process but the phase assemblage is dominated by Ni-Fe alloy. The original Ni/Fe
ratios are unknown but none of the currently existing kamiokite- or majindeite-bearing phase
assemblages appear to have bulk compositions with Ni/Fe low enough to be plausible
condensates (e.g., Campbell et al. 2001). These alloy (+ phosphide) assemblages were then
metasomatized under subsolidus conditions, yielding a net increase of O, Mg, and Ca and a net
decrease in Fe.

In Fig. 6, we show a cartoon for the evolution of an initial Fe-Ni alloy more Fe-rich than
Ni68 with exsolved Mo-rich alloys and phosphides (it is also possible that such phases were
produced during the alteration process due to changes in temperature and the composition of the
Fe-Ni alloy). We suppose for illustrative purposes that all such Ni-Fe alloys in ACM-2 were
initially more Fe-rich than Ni68 and we ignore Nb oxide, Ru-Os-Ir alloys, monipite, and
tugaranovite that are present in some samples. The metasomatizing fluid is oxidizing enough, so
that magnetite forms but there is also a net volatilization so that the bulk Fe for the phase
assemblage decreases. This phenomenon is at the root of breakaway oxidation of steels (e.g.,
Pérez-Trujillo and Castefiada 2006; Casteiada and Pérez 2013). If, at the end of the oxidation-
volatilization process, magnetite is still present, then the Mo-oxide will be a kamiokite (i.e., Fe-
rich). If volatilization proceeds long enough to exhaust the magnetite, kamiokite will then lose
Fe (and gain Mg), eventually becoming sufficiently Mg-rich to qualify as a majindeite. Thus,
whether or not the molybdate is kamiokite or majindeite turns on whether or not the
volatilization process proceeded far enough to exhaust magnetite. Initial alloys for the two
majindeite-bearing occurrences were through grossular-rich veins with easy access to external
fluids and, we suppose, more extensive reaction than for kamiokite-bearing phase assemblages.
In ACM-2, magnetites in kamiokite-bearing phase assemblages are invariably concentrated
towards one end, separated from major cracks by alloy. This suggests that there was a potential
gradient in Fe from a magnetite-saturated alloy at one end to a Ni-rich alloy that interfaced with

the vapor at the other. We suggest that two processes were responsible for the observed
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compositions of alloys and molybdates in ACM-2. One was an oxidation reaction of alloy to

form magnetite and the second volatilization of the oxide/alloy with net loss of Fe.

IMPLICATIONS

It is the properties and chemistries of minerals and their petrologic contexts that
provide the constraints we have on existing and former environments, whether they be deep
within the Earth or nearly lost in time. Mineralogical investigations like the present study
address smaller spatial scales than classically considered and these bring new opportunities
for better understanding of processes and environments, even for primitive meteorites that
have been heavily studied in the past. The studies reveal and characterize new examples of
known minerals and micron to submicron new minerals that can then be interrogated for new
information on environment and process. For example, the oxidation of Mo-rich alloys
produced majindeite, the topic of this study: this and other newly discovered Mo-oxides in
Allende (e.g., tugaranovite, kamiokite) (Ma et al. 2014a), lead to new constraints on post-
crystallization oxidation processes after the host Ca-, Al-rich inclusion formed in the early
stages of the formation of the solar system. Recently discovered fine-grained Zr- and Sc-
rich phases in Allende and other primitive meteorites (e.g., panguite, kangite, thorveitite,
allendeite) speak to vapor-phase condensation in the solar nebula prior to melting or
alteration events (i.e., prior to the formation of Ca-, Al-rich inclusions) (Ma et al. 2011a; Ma
et al. 2012; Ma et al. 2013; Ma et al. 2014b). Thus, it is not only the new minerals, per se
that are important. Their significance also lies in new statements of environment that

complement the questions that can be addressed through other techniques.
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Table 1. EPMA data for majindeite.

Constituent Type majindeite
wt%o Raw® (n=4") Processed” Normalized
MoO, 60(1)° 60.0 80.3
MgO 10.4(0.2) 9.9 13.3
FeO 5.01(0.09) 4.8 6.4
Al,O5 1.2(0.3)
NiO 0.7(0.2)
Total 77.6° 74.7 100.0

“These are raw data where Al is from the host spinel, and Ni is from adjacent Ni-Fe alloy.
n = number of analyses.
“Errors given inside parentheses are one standard deviation of the mean based on all of the

b

analyses.

The low total is due to the small grain size. Missing elements are Ru, Os, Ir, Ca, P and
associated O, from adjacent Ru-Os-Ir alloy and apatite, revealed by EDS analysis but not

analyzed by EPMA to avoid unwanted matrix corrections.
‘Processed data of Table 1 via removal of Al and associated Mg from spinel
[Mgl_oo(All97Ti0_01CI’0.01V0,01)O4] and Ni plus associated Fe fI'OI’l’l Ni-Fe alloy (Ni0,739Feo,245Pt0.016).

Table 2. EPMA data for associated spinel and melilite.

spinel hosting melilite near spinel hosting | melilite near
type majindeite | type majindeite | majindeite in | majindeite in
Constituent in Fig. 1 in Fig. 1 Fig. 2 Fig. 2

wt% n=6" n=7 n=10 n=12
Si0, 0.06(0.01)" 26.2(0.5) 0.03(0.01) 24.4(0.3)
Al,O3 70.1(0.6) 26.3(0.6) 70.4(0.2) 31.4(0.4)
MgO 28.0(0.8) 4.5(0.3) 25.9(0.6) 1.8(0.2)
CaO 0.08(0.03) 43.0(0.5) 0.24(0.02) 41.7(0.4)
Na,O b.d.f 0.05(0.04) b.d. b.d.
V5,03 0.49(0.01) b.d. 0.75(0.02) b.d.
Ti0, 0.36(0.02) 0.05(0.03) 0.39(0.02) b.d.
Cr,03 0.33(0.03) 0.06(0.02) 0.12(0.03) b.d.
FeO b.d. b.d. 2.1(0.3) b.d.
Total 99.4 100.2 99.9 99.3

’n = number of analyses.

®Errors given inside parentheses are one standard deviation of the mean based on all of the

analyses.

“b.d.: below detection limit, Na 0.02 wt%, V 0.02 wt%, Ti 0.04 wt%, Cr 0.05 wt%, Fe 0.3 wt%.
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melilite

Type B1 CAl melilite

majindeite —.
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L spinel
melilite &
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—

(a)

melilite majindeite

Al Ti-diopside __,.

Nb-oxide — 588

grossular

(b)

Figure 1. (a) Back-scattered electron (BSE) image showing part of the Type Bl CAI ACM-2 in
USNM 7615. (b) Enlarged BSE image revealing majindeite with apatite, Nb-oxide, Ni-Fe and
Ru-Os-Ir alloys within a spinel grain in host melilite (Ak24). The type majindeite crystal is
marked with a cross. The tiny gray laths in Fe-Ni alloy are all majindeite.
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Type B1 CAl

majindeite
melilite

<=—diopside

grossular

l

melilite ’r
corundum

majindeite®

(b)

Figure 2. (a) BSE image showing a second occurrence of majindeite in ACM-2 (Caltech section
Allende 12, section B2). (b) Enlarged BSE image revealing that this majindeite-bearing phase
assemblage is completely enclosed by spinel, which is mostly enclosed by melilite (Ak11). An
alteration vein composed of grossular plus a highly aluminous phase (corundum?) intersects the
spinel on one side and there are also some small blebs of grossmanite (boundary clinopyroxenes
in the parlance of Paque et al. 2009)
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Figure 3. Histogram of Mg#s of majindeite and kamiokite in ACM-2. Mg#s for terrestrial
kamiokite and iseite (Sasaki et al. 1985; Johan and Picot 1986; Nishio-Hamane et al. 2013) are
indicated as zero on the figure and outlined by dashed lines because MgO contents are not given.
As noted in the text, these Mg#s are likely to be very close to zero and, in particular, much lower
than in any of the meteoritic phases.
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Figure 4. (a) EBSD pattern of the type majindeite crystal marked with a cross in Figure 1b, and
(b) the pattern indexed with the P6;mc Mg,Mo;0s structure using cell parameters given by Knorr
and Mueller (1995).

kamiokite

R"‘-\
(Ru,Fe,Os)

.
™
N

Figureb5. A kamiokite-bearing phase assemblage within melilite in ACM-2 (Caltech section Allende 12,
section B2). Elongate crystals of Ru-, Os-rich alloys are preferentially aligned along two perpendicular
directions; these are usually associated with lower Z shadows within the Ni-Fe alloy matrix, suggesting
that the Ru-, Os-alloys preferred Ni, the higher Z element, over Fe. There are also thin (~30 nm thick),
cellular-, high-Z lamellae. These are probably not Ni-enriched Fe-Ni alloys because exsolution from
awaruite would lead to low Fe-alloys (i.e., darker in BSE); oxidation could lead to Ni-rich lamellae along
grain boundaries but the awaruites are single crystals. Note also the highly irregular interface between the
phase assemblage and host melilite, which differs in form from Fe-Ni alloys coexisting with majindeite
(Figs. 1b and 2).
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Formation of Majindeite
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Figure 6. Cartoon describing the formation of kamiokite and majindeite in ACM-2. (a) The
initial alloy (light gray) with inclusions of phosphide (medium gray) and Mo-rich alloy (black,
labeled “A”). This object is subjected to an oxidizing water-rich gas, leading (b) to the formation
of magnetite but with volatilization of Fe into the vapor (i.e., there is a net loss of Fe to the phase
assemblage). The Fe-Ni alloy, which is more Fe-rich than Ni68, becomes more Ni-rich through
volatilization and oxidation to magnetite. In (c), Mo-rich alloy is oxidized to form a Fe-rich,
magnetite-saturated kamiokite (stippled, labeled “K”). Phosphides are, at some point oxidized to
form apatite. The volatilization process gradually consumes Fe from magnetite and alloy such
that the magnetite eventually disappears entirely (d-e). The Fe-Ni alloy at this point is ~Ni68.
Subsequent volatilization continues to deplete the alloy in Fe (i.e., the alloy is more Ni-rich than
Ni68. The kamiokite is no longer magnetite-saturated, so exchange with the vapor leads to
increasing Mg/Fe, ultimately leading to Mg/Fe>1 and a change in name from kamiokite to
majindeite (labeled “M”). Kamiokite-bearing phase assemblages (c-d) are a consequence of Mo-
rich alloys oxidized in a magnetite-saturated phase assemblage. Majindeite-bearing phase
assemblages (e) are under-saturated with respect to magnetite because the alloy is too Ni-rich.
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