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Joegoldsteinite: A new sulfide mineral (MnCr2S4) from the Social Circle IVA iron meteorite
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Abstract
Joegoldsteinite, a new sulfide mineral of end-member formula MnCr2S4, was discovered in the
Social Circle IVA iron meteorite. It is a thiospinel, the Mn analog of daubréelite (Fe2+Cr2S4), and a
new member of the linnaeite group. Tiny grains of joegoldsteinite were also identified in the Indarch
EH4 enstatite chondrite. The chemical composition of the Social Circle sample determined by electron
microprobe is (wt%) S 44.3, Cr 36.2, Mn 15.8, Fe 4.5, Ni 0.09, Cu 0.08, total 101.0, giving rise to an
empirical formula of (Mn0.82Fe0.23)Cr1.99S3.95. The crystal structure, determined by electron backscattered
diffraction, is a Fd3m spinel-type structure with a = 10.11 Å, V = 1033.4 Å3, and Z = 8.
Keywords: Joegoldsteinite, MnCr2S4, new sulfide mineral, thiospinel, Social Circle IVA iron
meteorite, Indarch EH4 enstatite chondrite

Introduction
Thiospinels have a general formula of AB2X4 where A is
a divalent metal, B is a trivalent metal, and X is a –2 anion,
typically S, but in some cases Se or Te. Some thiospinels are
magnetic semiconductors and have been studied extensively
by materials scientists. Synthetic MnCr2S4 is known to be a
ferrimagnetic insulator (Menyuk et al. 1965; Darcy et al. 1968;
Lotgering 1968; Plumier 1980; Denis et al. 1970) and recent
single-crystal measurements have documented two different
anomalies in heat capacity that correlate with magnetic phase
transformations (Tsurkan et al. 2003). The complex behavior of
thiospinel magnetism results from ferrimagnetic ordering of the
Cr and Fe sublattices (Bertinshaw et al. 2014).
Joegoldsteinite is the first known natural occurrence of
MnCr2S4. It is present as two 13–15 mm size subhedral inclusions
in the Social Circle IVA iron meteorite. The meteorite itself was
found as a single ~100 kg mass in Georgia, U.S.A., in 1926 during plowing (Buchwald 1975).
The IVA irons constitute the third largest “magmatic” ironmeteorite group; each magmatic group is modeled as having
formed by fractional crystallization in the metallic core of a differentiated asteroid (e.g., Scott et al. 1996). IVA iron meteorites
are fine octahedrites showing Widmanstätten patterns (Buchwald
1975). The bulk Ni concentrations range from ~60 to ~120 mg/g.
Studies of the metallographic cooling rates in IVA iron meteorites
have been controversial for several decades (e.g., Willis and
Wasson 1978a, 1978b; Moren and Goldstein 1978). Relative
to other magmatic irons, the IVA group has large depletions
in S, Ga, and Ge (Wasson and Richardson 2001). The Ir-rich
IVA samples are characterized by lower bulk Ir/Au ratios than
comparable members of other iron-meteorite groups (Wasson
and Richardson 2001).
The Mn-Cr thiospinel, joegoldsteinite, was approved as a
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new mineral by the International Mineralogical Association
(IMA 2015-049) in August 2015. It was named in honor of
Joseph (Joe) I. Goldstein (1939–2015), Distinguished Professor
emeritus of mechanical and industrial engineering and former
dean of the College of Engineering at the University of Massachusetts, Amherst. Before arriving at Amherst, Goldstein was the
T.L. Diamond Distinguished Professor of Metallurgy and R.D.
Stout Professor of Materials Science and Engineering at Lehigh
University; he served as vice president for graduate studies and
research and as director of Lehigh’s Electron Optical Laboratory.
Goldstein was well known for his fundamental contributions to
research on iron meteorites, metallographic cooling rates, Fe-Ni
phase equilibria, electron microscopy, and microanalysis.

Samples and analytical methods
A polished thick section of Social Circle (TK 724) was made from a 2 × 3 × 5
mm size aliquot from the UCLA meteorite collection. It was examined in reflected
light with an Olympus BX60 petrographic microscope and by backscattered electron (BSE) imaging using a VEGA Tescan SEM at UCLA and a Zeiss 1550VP
field emission SEM at Caltech. Phases were analyzed by energy-dispersive X‑ray
spectroscopy (EDX) with the SEM and by a JEOL 8200 electron microprobe
(EPMA) (WDS mode, 15 kV, 15 nA, focused beam mode using ZAF corrections)
at UCLA. The chemical composition is shown in Table 1. A synthesized FeCr2S4
single crystal, grown by a chemical transport reaction method similar to that of
Tsurkan et al. (2001), was used as a standard for S, Cr, and Fe measurements.
Single-crystal electron backscatter diffraction (EBSD) analyses at a submicrometer scale using methods described in Ma and Rossman (2008, 2009) were
performed using an HKL EBSD system on the Zeiss 1550VP SEM at Caltech,
operated at 20 kV and 6 nA in focused-beam mode with a 70° tilted stage and

Table 1.
Constituent
S
Cr
Mn
Fe
Ni
Cu
Co
Total

Analytical data for type specimen of joegoldsteinite
wt%
Range
44.3
43.6–44.7
36.2
35.7–36.5
15.8
15.4–16.0
4.5
4.2–5.2
0.09
0.02–0.13
0.08
0.05–0.11
<0.03
–
101.0		

S.D.
0.4
0.3
0.2
0.3
0.04
0.02
–

