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abstract

A new compound, ideally CuZnCl(OH)3, was found on a metallic mining artifact of copper 
composition at the Rowley mine, Maricopa County, Arizona, U.S.A., and studied with electron 
microprobe analysis, single-crystal X-ray diffraction, and Raman spectroscopy. It is isostructural 
with botallackite [Cu2Cl(OH)3] with space group P21/m and unit-cell parameters a = 5.6883(5), b = 
6.3908(6), c = 5.5248(5) Å, β = 90.832(2)°, V = 200.82(3) Å3. The crystal structure of CuZnCl(OH)3, 
refined to R1 = 0.018, is characterized by brucite-type octahedral sheets made of two distinct and 
considerably distorted octahedra, M1 and M2, which are coordinated by (5OH + 1Cl) and (4OH + 
2Cl), respectively. The octahedral sheets are parallel to (100) and connected by O–H∙∙∙Cl hydrogen 
bonding. The major structural difference between CuZnCl(OH)3 and botallackite is the complete 
replacement of Cu2+ in the highly angle-distorted M1 site by non-Jahn-Teller distorting Zn2+. The 
CuZnCl(OH)3 compound represents the highest Zn content ever documented for the atacamite 
group of minerals, in conflict with all previous reports that botallackite (like atacamite) is the most 
resistant, of all copper hydroxylchloride Cu2Cl(OH)3 polymorphs, to the substitution of Zn2+ for 
Cu2+, even in the presence of large excess of Zn2+. Its discovery, along with the recently described 
new mineral iyoite, CuMnCl(OH)3, implies that more botallackite-type compounds or minerals with 
the chemical formula CuMCl(OH)3 (M = Ni2+, Co2+, Fe2+, Mn2+, Cd2+, and Mg2+) may be synthesized 
or found in nature.
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introduction

Pure copper hydroxychloride, Cu2Cl(OH)3, has three report-
ed natural polymorphs: orthorhombic Pnma atacamite (Parise 
and Hyde 1986), monoclinic P21/n clinoatacamite (Jambor et al. 
1996), and monoclinic P21/m botallackite (Hawthorne 1985). In 
addition, rhombohedral R3 paratacamite, Cu3(Cu,Zn)Cl2(OH)6 
(Fleet 1975), is known to be stabilized by the partial substitution 
of Zn2+ or Ni2+ for Cu2+ in one of the four distorted octahedral 
sites in the structure (Jambor et al. 1996; Grice et al. 1996). 
The Zn end-member of such a solid solution, Cu3ZnCl2(OH)6, 
crystallizes in either the rhombohedral R3m herbertsmithite 
structure (Braithwaite et al. 2004) or the trigonal P3m1 kapel-
lasite structure (Krause et al. 2006).

The Cu2Cl(OH)3 polymorphs occur commonly as corro-
sion products of copper and copper-bearing alloys, as well as 
pigments in wall paintings, manuscript illumination, and other 
paintings (Scott 2000; Alejandre and Márquez 2006 and refer-
ences therein). In particular, their formation from the corrosion 
of bronze and other copper-bearing alloys are the primary 
cause for the so-called “bronze disease” (see Scott 2000 for a 
thorough review). Recently, the first copper-containing mineral 
atacamite was reported in the jaws of the carnivorous marine 
worm Glycera (Lichtenegger et al. 2002), suggesting a pos-

sible involvement of biological activities in the formation of 
Cu2Cl(OH)3 minerals. Furthermore, the discoveries of various 
magnetic properties in Cu2Cl(OH)3 polymorphs have renewed 
great interest in understanding the correlations between their 
crystal structures and physical properties (e.g., Takeda et al. 
1999; Zheng and Xu 2004; Zheng et al. 2005, 2009). Specifi-
cally, botallackite, clinoatacamite, and herbertsmithite exhibit 
triangular, tetrahedral, and kagome Heisenberg (antiferro)
magnetic lattices, respectively, for the S = ½(Cu2+) quantum 
spin that leads to interesting frustrated magnetism or spin 
liquid behavior.

Of all the Cu2Cl(OH)3 polymorphs, atacamite is the most 
common in nature and botallackite the rarest. From synthesis 
experiments, Pollard et al. (1989) concluded that clinoatacamite 
is the most stable phase at room temperature and botallackite the 
least. Moreover, several investigations (e.g., Jambor et al. 1996; 
Braithwaite et al. 2004; Yoder et al. 2011) have demonstrated 
that, while atacamite and botallackite are very resistant to Zn 
substitution, clinoatacamite can incorporate up to 6% Zn apfu 
into its structure if large Zn concentrations are available during 
formation. The Zn-stabilized paratacamite and herbertsmithite 
can accommodate up to Zn/Cu = 14 and 33%, respectively. This 
paper presents a single-crystal X-ray diffraction and Raman 
spectroscopic study on a botallackite-type compound with 
Zn/Cu = 100%, CuZnCl(OH)3, the highest Zn content ever 
reported for the atacamite group of minerals.
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