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Abstract
In situ spatially resolved X‑ray absorption near edge structure (m-XANES) spectra are obtained for
natural Cu-In-bearing sphalerite. Copper K-edge spectral data show that, in Cu-In-bearing sphalerite,
in which an excellent correlation between the Cu and In contents is noted, Cu is present in the Cu+
state. This offers indirect proof for the coupled substitution 2 Zn2+ ↔ Cu+ + In3+, which allows indium
to enter the sphalerite structure. The study clearly demonstrates the utility of synchrotron radiation
to accurately determine oxidation state in small volumes of mineral in which the concentration of
the element of interest is low or very low. The study also demonstrates that good quality m-XANES
spectra can be collected on TEM foils prepared in situ at a chosen position on the surface of a polished
sample using the focused ion beam–scanning electron microscope method.
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Introduction
The mechanisms by which trace/minor elements can enter
the crystal structures of sulfide minerals are of both scientific
and economic interest. Economic interest is generated when
enrichment in certain trace elements increase the commercial
value of mined concentrates of common sulfides. Sphalerite
(ZnS) is a good example; potential by-product elements include
In, Ge and, in some cases, Cd. A range of other, less valuable or
deleterious, trace components have been reported in sphalerite,
including Co, Mn, and Cu (Cook et al. 2009). Many of these
minor components enter sphalerite via substitution of bivalent
ions (e.g., Cd2+, Mn2+, or Co2+) for Zn2+ (Di Benedetto et al. 2005
and references therein).
Although the occurrence of microscopic inclusions of
chalcopyrite (so-called “chalcopyrite disease”) is a common
phenomenon, Cu-bearing sphalerite is uncommon in nature. It
is generally believed that Cu will only enter the crystal structure
of sphalerite as part of a coupled substitution involving Cu+ ions
and a trivalent ion such as In3+. Pattrick et al. (1998) found that
only 0.2 at% Cu would enter the sphalerite lattice in the absence
of In and that excess Cu would form a Cu-S mineral. There
is, however, believed to be extensive solid solution along the
ZnS-CuInS2 join (Sombuthawee et al. 1978; Schorr et al. 2004;
Schorr and Wagner 2005). An excellent correlation between Cu
and In concentrations has been observed in several recent studies of sphalerite mineral chemistry from In-bearing base metal
deposits (Cook et al. 2009, 2011a). Analogously, trivalent ions
like In3+ do not appear to be incorporated in sphalerite without
charge balance via an accompanying monovalent ion such as
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Cu+ and possibly also Ag+.
An X‑ray absorption study of doped synthetic sphalerite
(Pattrick et al. 1998), in which Cu and In were added, found
no evidence for the presence of Cu2+. Despite this, unequivocal
proof for the invoked coupled substitution 2Zn2+ ↔ Cu+ + In3+ in
natural sphalerite (Johan 1998) has been lacking until now. The
low concentrations of such trace/minor substituents in natural
sphalerite (or other minerals of interest), the complex zoning
found in many In-Cu-bearing sphalerite, and the presence of
Cu-bearing inclusions have long hampered attempts to confirm
oxidation state via spectroscopic methods.
X‑ray absorption near edge structure (XANES) spectroscopy provides valuable information on the oxidation state and
coordination environment of a metal ion in a solid or solution.
The K-edge XANES spectra monitor the absorption of X‑rays
associated with excitation of a K shell (1s) electron to higher
energy states, as a function of X‑ray energy. The onset of these
transitions gives rise to the K absorption edge. Due to its elemental specificity, high sensitivity (down to a few parts per million),
and potential for high spatial resolution (down to ~100 nm),
XANES spectroscopy is a powerful local probe for the study of
the oxidation state and coordination of metals in complex and
inhomogeneous materials; it has found many applications in the
Earth sciences, in ore geology and mineral processing particularly
(e.g., Sutton et al. 2002; Berry et al. 2006; Brugger et al. 2008,
2010; Etschmann et al. 2011).
In this paper, we report in situ synchrotron X‑ray fluorescence (SXRF) m-XANES spectra for natural Cu-In-bearing
sphalerite in which an excellent correlation between the Cu
and In contents is noted. We took advantage of several recent
technological advances to ensure that we sampled inclusion-free,

