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Machiite, Al2Ti3O9, a new oxide mineral from the Murchison carbonaceous chondrite:
A new ultra-refractory phase from the solar nebula
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Abstract
Machiite (IMA 2016-067), Al2Ti3O9, is a new mineral that occurs as a single euhedral crystal,
4.4 mm in size, in contact with an euhedral corundum grain, 12 mm in size, in a matrix of the Murchison CM2 carbonaceous chondrite. The mean chemical composition of holotype machiite by
electron probe microanalysis is (wt%) TiO2 59.75, Al2O3 15.97, Sc2O3 10.29, ZrO2 9.18, Y2O3 2.86,
FeO 1.09, CaO 0.44, SiO2 0.20, MgO 0.10, total 99.87, giving rise to an empirical formula (based on
4+
4+
9 oxygen atoms pfu) of (Al1.17Sc0.56Y0.10Ti0.08
Fe0.06Ca0.03Mg0.01)(Ti2.71
Zr0.28Si0.01)O9. The general formula
is (Al,Sc)2(Ti4+,Zr)3O9. The end-member formula is Al2Ti3O9. Machiite has the C2/c schreyerite-type
structure with a = 17.10 Å, b = 5.03 Å, c = 7.06 Å, b = 107°, V = 581 Å3, and Z = 4, as revealed by
electron backscatter diffraction. The calculated density using the measured composition is 4.27 g/cm3.
The machiite crystal is highly 16O-depleted relative to the coexisting corundum grain (D17O = –0.2 ±
2.4‰ and –24.1 ± 2.6‰, respectively; where D17O = d17O – 0.52 × d18O). Machiite is a new member
of the schreyerite (V2Ti3O9) group and a new Sc,Zr-rich ultrarefractory phase formed in the solar
nebula, either by gas-solid condensation or as a result of crystallization from a Ca,Al-rich melt having
solar-like oxygen isotopic composition (D17O ~ –25‰) under high-temperature (~1400–1500 °C) and
low-pressure (~10-4–10-5 bar) conditions in the CAI-forming region near the protosun. The currently
observed disequilibrium oxygen isotopic composition between machiite and corundum may indicate
that machiite subsequently experienced oxygen isotopic exchange with a planetary-like 16O-poor gaseous reservoir either in the solar nebula or on the CM chondrite parent body. The name machiite is in
honor of Chi Ma, mineralogist at California Institute of Technology, for his contributions to meteorite
mineralogy and discovery of many new minerals representing extreme conditions of formation.
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Introduction
During a mineralogical investigation of the Murchison
meteorite, CM2 Mighei-type carbonaceous chondrite fell at
Murchison, Victoria, Australia, on September 28, 1969, a new
Zr,Sc-bearing, Al,Ti-oxide mineral, (Al,Sc)2(Ti4+,Zr)3O9 with the
C2/c schreyerite-type structure, named “machiite,” was identified
in the matrix (Figs. 1 and 2). To characterize its chemical and
oxygen-isotope compositions, crystal structure, and associated
phases, we used high-resolution scanning electron microscopy
(SEM), electron backscatter diffraction (EBSD), electron probe
microanalysis (EPMA), and secondary ion mass spectrometry
(SIMS). Synthetic Al2Ti3O9 was reported but not fully characterized (Colomban and Mazerolles 1991). Pang et al. (2018)
identified vestaite, (Ti4+,Fe2+,Al)2Ti4+
3 O9 with minor Al2Ti3O9
component, a new high-pressure mineral in eucrite NWA 8003.
Presented here are the first natural occurrence of Al2Ti3O9 in
a primitive meteorite, as a new ultrarefractory mineral, and
discussion of its origin and significance for nebular processes.

Mineral name and type material
The new mineral and its name have been approved by the
Commission on New Minerals, Nomenclature and Classification
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of the International Mineralogical Association (IMA 2016-067)
(Krot 2016). The mineral name is in honor of Chi Ma (born in
1968), mineralogist at California Institute of Technology, for his
many contributions to meteorite mineralogy and discovery of 45
new minerals, including 14 refractory phases formed in the solar
nebula and 11 high-pressure minerals resulted from shock metamorphism of meteorite parent bodies (e.g., Ma et al. 2014, 2015,
2016; Tschauner et al. 2014). Machiite is a new ultrarefractory
phase, first observed by the first author (Alexander N. Krot) at
University of Hawai‘i, then identified as a new mineral by Ma
and Krot using EBSD and EPMA at Caltech. The holotype specimen in Murchison section UH80 is in the Meteorite Collections
at Hawai‘i Institute of Geophysics and Planetology, University
of Hawai‘i at Mānoa, Honolulu, U.S.A.

Appearance, occurrence, and associated
minerals

Machiite occurs as a single euhedral crystal, 4.4 mm in size,
which is the holotype material, in contact (most likely in an intergrowth) with an euhedral 12 mm sized corundum grain in the
fine-grained matrix of serpentine, tochilinite, and olivine in Murchison section UH80 (Fig. 1). The matrix is fine-grained, mainly
containing serpentine, tochilinite, and olivine. Larger enstatite,
olivine grains, and chondrules are scattered nearby in the matrix.
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