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abstraCt

Eight turquoise samples covering a wide range of compositions in the turquoise-chalcosiderite 
solid-solution series were analyzed by Mössbauer spectroscopy, X-ray diffraction (XRD), electron 
microprobe analysis (EMPA), and Fourier transform infrared (FTIR) spectroscopy. Two of the turquoise 
samples display evidence of alteration from weathering processes. The unit formulas were calculated 
on the basis of 24 (O,OH) anions and 11 cations using the results of EMPA, assuming all Fe as Fe3+, 
as confirmed by Mössbauer spectroscopy. The altered turquoise samples show deficiencies in both 
cations and anion groups, indicated by EMPA, but they preserve the crystal structure of turquoise, 
as verified by XRD. They also show large amounts of Si and Ca in their microprobe data, due to the 
presence of kaolinite and Ca carbonate, respectively, which are identified by FTIR spectroscopy. The 
isomorphous substitution of Fe3+ for Al in the turquoise structure broadens and shifts the IR bands to 
lower frequencies, in particular the OH-stretching bands. The Mössbauer spectra, collected at room 
temperature, are fitted with two generalized Fe3+ sites, using a Voigt-based quadrupole-splitting distri-
bution method, which are assigned to the M3 (smaller quadrupole splitting) on the one hand and M1 
and M2 octahedral sites on the other hand. The Fe3+ distribution over the M3 and M1,2 sites, calculated 
from the Mössbauer relative areas and EMPA, indicates that Fe3+ prefers the larger M3 octahedron in 
the turquoise-chalcosiderite solid-solution series.
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introduCtion

Turquoise is common in the American Southwest, where 
most of its value is associated with art (e.g., jewelry) and Na-
tive American culture. There has been renewed interest in this 
complex mineral due to a recently developed technique that can 
identify the provenance regions of turquoise artifacts using the 
isotopic ratios of hydrogen and copper (Hull et al. 2008). This 
approach allows archaeologists to reconstruct and investigate 
pre-Colombian turquoise trade structures, and gemologists to 
authenticate the source of turquoise (e.g., Lone Mountain mine 
in Nevada vs. Sleeping Beauty mine in Arizona).

When affected by near-surface conditions and extended 
exposure to sunlight and meteoric (rain) water, turquoise 
weathers to chalky white clay minerals. This alteration affects 
identification of the provenance regions of archaeologically 
recovered turquoise artifacts (Hull et al. 2008), the mineral-
ogical properties of turquoise, and the value of turquoise as a 
semi-precious gemstone. However, this alteration process is 
poorly understood. Therefore, to improve the characterization 
of turquoise provenance for archaeological and gemological 
purposes, it is important to understand the alteration processes 
that affect turquoise.

In this work, we characterize turquoise samples covering 
a wide range of compositions in the turquoise-chalcosiderite 
series by X-ray diffraction (XRD), electron microprobe analysis 

(EMPA), FTIR and Mössbauer spectroscopy, to (1) learn more 
about turquoise alteration and (2) study the distribution of Fe 
between the metal sites.

baCKground

Turquoise is a hydrated copper aluminum phosphate and 
belongs to a group of minerals, the turquoise group, consisting 
of at least six isostructural end-members (Table 1; Foord and 
Taggart 1998). The general formula for the turquoise group may 
be written as A0–1B6(PO4)4(OH)8⋅4H2O with Cu2+ or Fe2+ as the 
most common constituents at the A position and Al3+ and Fe3+ at 
the B position. However, Ca2+ or Zn2+ can occur at the A position 
in some of the more rare members of the turquoise group. The 
range in chemical composition (i.e., different concentrations of 
Cu, Fe, and Al) of turquoise (sensu lato) produces a wide range 
of colors (Table 1). Foord and Taggart (1998) suggest that differ-
ences in the Cu and Fe ratio are responsible for the differences 
in color of the samples: blue turquoise has Cu at the A position 
and Al at the B position, whereas green turquoise (chalcosiderite) 
largely contains Fe3+ at the B position.

The crystal structure of turquoise is triclinic, space group 
P1, and is illustrated in Figure 1. Different site nomenclatures 
have been used in many of the structural and spectroscopic 
studies of the minerals of the turquoise group, depending on 
the chemical compositions under study. Here we use a more 
general site nomenclature that avoids phrases as for example 
“Fe3+ occupying an Al site”. There are four sites that are octahe-* E-mail: abdu@cc.umanitoba.ca
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