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Abstract
We present the crystal structure, composition, and occurrence of stöfflerite, the naturally occurring 

Ca-aluminosilicate with hollandite-type structure. Stöfflerite is a high-pressure polymorph of anorthite 
and an approved mineral. The type material was found in the shergottitic martian meteorite Northwest 
Africa 856. Type stöfflerite (Sto60Lin40) assumes space group I4/m with unit-cell dimensions a = 9.255(1) 
Å, c = 2.742(3) Å, V = 235.1(2) Å3, and Z = 2.
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Introduction
Feldspars are rock-forming minerals in planetary crusts. 

The feldspar end-members albite, orthoclase, and anorthite 
have high-pressure polymorphs that assume the hollandite-type 
structure (Ringwood et al. 1967; Liu 1978; Gautron and Madon 
1994).  In this tetragonal structure, Al and Si are sixfold coor-
dinated by O within distorted octahedra. Edge-sharing (Si,Al)
O6-octahedra form double chains along the c-axis, and the double 
chains are arranged to form channels through joined corners 
of the octahedra. Na, K, and Ca reside in these channels. The 
structure type is derived from the isotypic manganate hollandite 
KMn4O8, which itself is related to the rutile structure (Bystrøm 
and Bystrøm 1950; Post and Burnham 1986; Hyde and Anderson 
1989). NaAlSi3O8-hollandite and KAlSi3O8-hollandite have been 
reported previously as minerals with the names lingunite (Gillet 
et al. 2000) and liebermannite (Ma et al. 2018), respectively. 
Recently, liebermannite was detected as a terrestrial mineral 
in a diamond inclusion (Huang et al. 2020). Here we report the 
natural occurrence of (Ca,Na)(Si,Al)4O8-hollandite, which has 
recently been approved as a mineral (IMA 2017-062; Tschauner 
and Ma 2017). The name stöfflerite is in honor of Dieter Stöffler, 
former director of the Museum für Naturkunde, Berlin, for his 
contributions to the field of shock metamorphism in meteorites 
and terrestrial impact structures.

Prior to full structural characterization and approval as a min-
eral, observation of (Ca,Na)(Si,Al)4O8-hollandite was reported 
by Langenhorst and Poirier (2000) via transmission electron 
microscopy and by Beck et al. (2004) via Raman-spectroscopy 
from a shock melt pocket in the Zagami shergottite, and by 
Spray and Boonsue (2016) and Boonsue and Spray (2017) from 
the Manicouagan impact structure, Canada, based on electron 
backscatter diffraction (EBSD) and Raman spectroscopy. Unlike 
liebermannite, the end-members lingunite and stöfflerite do not 

appear to have thermodynamic stability fields. Above 14 GPa, 
anorthite decomposes into grossular, kyanite, and corundum 
(Liu 1978; Liu et al. 2012). This assemblage transforms above 
20 GPa into zagamiite, CaSiO3-perovskite, and stishovite along 
a negative, and above 22 to >28 GPa into CaSiO3-perovskite, 
corundum, and stishovite along a markedly positive Clapeyron-
slope (Akaogi et al. 2009; Liu et al. 2012). CaAl2Si2O8-hollandite 
has been reported from a laser-heating experiment on anorthite in 
diamond-anvil cells above 14 GPa (Gautron and Madon 1994), 
but not in an earlier similar experiment by Liu (1978). Synthesis 
of CaAl2Si2O8-hollandite was not reproduced by Liu et al. (2012) 
and Kubo et al. (2017). Stöfflerite is expected to occur as a mi-
nor component in liebermannite in possible alkaline-rich rock 
in the mantle transition zone. As a free phase the occurrence of 
stöfflerite is limited to shock metamorphic environments with 
dynamic pressures exceeding 20 GPa at temperatures sufficient to 
transform shock-compressed Ca-rich plagioclase into the dense 
crystalline structure of stöfflerite. This is below temperatures 
that allow the formation of the equilibrium phases zagamiite plus 
stishovite [see “Implications” and Beck et al. (2004)]. Stöfflerite 
and the clinopyroxene tissintite (Ma et al. 2015) are the only high-
pressure polymorphs of Ca-rich plagioclase reported from nature.

Experimental methods
The holotype of stöfflerite is in a polished thin section of Northwest Africa 

(NWA) 856, which belongs to E. Stolper’s Martian Meteorite Collection of the 
Division of Geological and Planetary Sciences, California Institute of Technology, 
Pasadena, California, U.S.A. Sample imagery was acquired using a ZEISS 1550 
VP Field Emission Scanning Electron Microscope at Caltech, operated at 15 or 
10 kV and a beam current of 2–4 nA. The electron backscatter diffraction (EBSD) 
analysis was attempted using an HKL EBSD system on the ZEISS 1550VP SEM. 
Quantitative wavelength-dispersive elemental microanalysis of the type material 
was performed using a JEOL 8200 electron microprobe operated at 10 kV and 5 nA 
in focused beam mode with a probe diameter of ~120 nm at Caltech. Analyses were 
processed with the CITZAF correction procedure. Standards, number of analyses, 
range, 1 s standard deviation, and composition of type material are given in Table 1.

Synchrotron diffraction data were obtained at the GSECARS undulator 
beamline 13-IDD, Advanced Photo Source, Argonne National Laboratory, U.S.A., 
using a microfocused beam (3 × 4 mm2) of l = 0.4133 Å and a MAR165 CCD area 
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