
Monipite, MoNiP, a new phosphide mineral in a Ca-Al-rich inclusion from the Allende 
meteorite

Chi Ma*, John R. Beckett and George R. Rossman

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125, U.S.A.

Abstract

Monipite (IMA 2007-033), MoNiP, is a new phosphide mineral that occurs as one 1 × 2 mm crystal 
in a Type B1 Ca-Al-rich inclusion (CAI) ACM-2 from the Allende CV3 carbonaceous chondrite. It 
has an empirical formula of (Mo0.84Fe0.06Co0.04Rh0.03)(Ni0.89Ru0.09)P, and a P62m Fe2P type structure 
with a = 5.861, c = 3.704 Å, V = 110.19 Å3, and Z = 3. The calculated density using our measured 
composition is 8.27 g/cm3, making monipite the densest known mineral phosphide. Monipite prob-
ably either crystallized from an immiscible P-rich melt that had exsolved from an Fe-Ni-enriched 
alloy melt that formed during melting of the host CAI or it exsolved from a solidified alloy. Most 
of the original phosphide in the type occurrence was later altered to apatite and Mo-oxides, leaving 
only a small residual grain. Monipite occurs within an opaque assemblage included in melilite that 
contains kamiokite (Fe2Mo3O8), tugarinovite (MoO2), and a Nb-rich oxide [(Nb,V,Fe)O2], none 
of which has previously been reported in meteorites, together with apatite, awaruite (Ni2Fe), and 
vanadian magnetite.

Keywords: Monipite, MoNiP, new mineral, tugarinovite, kamiokite, Allende, carbonaceous 
chondrites, EBSD, Ca-Al-rich inclusions

Introduction

Schreibersite and barringerite are well-known phosphides 
from iron and stony iron meteorites, but phosphides are rare in 
carbonaceous chondrites, very rare in CV3 chondrites (Jambor 
et al. 2000; Riches et al. 2010) and, to our knowledge, have not 
been reported at all in Allende. It is phosphates, not phosphides, 
that are typically observed in carbonaceous chondrites (e.g., 
Armstrong et al. 1985, 1987). The reason for this is straightfor-
ward. Conditions during metasomatism of Allende and similar 
meteorites were quite oxidizing such that phosphates became 
the stable P-bearing minerals. Exposed phosphides were gener-
ally destroyed but, here, we describe monipite, a rare phosphide 
survivor of the metasomatism of the Allende CV3 carbonaceous 
chondrite, and explore its origin and evolution. Preliminary 
results are given in Ma et al. (2009a).

The ternary phosphide MoNiP is a well-known synthetic 
material because of its potential use as a hydrodesulfurization 
catalyst during petroleum refining (e.g., Sun et al. 2004; Nagai 
et al. 2005) and because it is a superconductor with a—for a 
phosphide—high critical temperature (Shirotani et al. 2000). 
Monipite, natural MoNiP, is the first phosphide mineral with 
molybdenum as a major constituent and the second mineral with 
the barringerite Fe2P type structure. It is also the first reported 
occurrence of a phosphide in Allende.

Mineral name and type material

The new mineral and its name have been approved by the 
Commission on New Minerals, Nomenclature and Classification 
of the International Mineralogical Association (IMA 2007-033). 

Monipite is the Mo-,Ni-dominant analog of barringerite, Fe2P. 
The mineral name monipite is derived from the three major 
elemental constituents (molybdenum, nickel, and phosphorus). 
A polished thin section, prepared from a 1 cm diameter Allende 
fragment (Caltech Meteorite Collection No. Allende-12A) con-
tains the holotype material of monipite within a CAI. This section 
was deposited in the Smithsonian Institution’s National Museum 
of Natural History with the catalog number USNM 7554. Type 
allendeite, grossmanite, hexamolybdenum, and hibonite-(Fe), 
which were described by Ma and Rossman (2009b), Ma et al. 
(2009b), and Ma (2010), are also present in this section.

Appearance, physical, and optical properties

The holotype grain of monipite is 1 × 2 mm in the plane 
of the section (see Figs. 1 and 2; see Fig. 1 for a larger-scale 
petrographic context). It is in contact with apatite, tugarinovite 
(MoO2), and a Ru-Mo-Ni enriched alloy. The grain is opaque 
and non-cathodoluminescent under the electron beam in an SEM. 
Luster, streak, hardness, cleavage, fracture, and details of the 
optical properties were not determined because of the small grain 
size. The calculated density using our measured composition 
and the structure and cell parameters of synthetic MoNiP from 
Guérin and Sergent (1977) is 8.27 g/cm3 (see below).

Chemical composition

Backscatter electron (BSE) images were obtained using a 
ZEISS 1550VP field emission SEM and a JEOL 8200 electron 
microprobe with solid-state BSE detectors. Quantitative elemen-
tal micro-analyses were conducted with the JEOL 8200 electron 
microprobe operated at 15 kV and 5 nA in focused beam mode. 
Standards for the analysis of monipite were Mo (MoLa), Ni 
(NiKa), GaP (PKa), Ru (RuLa), Rh (RhLa), Fe (FeKa), and Co 
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