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Abstract
The legacy of copper (Cu) mining at Špania Dolina-Piesky and Ľubietová-Svätodušná (central
Slovakia) is waste rock and soil, surface waters, and groundwaters contaminated with antimony (Sb),
arsenic (As), Cu, and other metals. Copper ore is hosted in chalcopyrite (CuFeS2) and sulfosalt solidsolution tetrahedrite-tennantite {Cu6[Cu4(Fe,Zn)2]Sb4S13–Cu6[Cu4(Fe,Zn)2]As4S13} that show widespread oxidation characteristic by olive-green color secondary minerals. Tetrahedrite-tennantite can be
a significant source of As and Sb contamination. Synchrotron-based m-XRD, m-XRF, and m-XANES
combined with electron microprobe analyses have been used to determine the mineralogy, chemical
composition, element distribution, and Sb speciation in tetrahedrite-tennantite oxidation products in
waste rock. Our results show that the mobility of Sb is limited by the formation of oxidation products
such as tripuhyite and roméite group mineral containing 36.54 wt% Sb for samples where the primary
mineral chemical composition is close to tetrahedrite end-member. Antimony K-edge m-XANES
spectra of these oxidation products indicate that the predominant Sb oxidation state is 5+. Arsenic and
Cu are also hosted by amorphous phases containing 6.23 wt% Sb on average and these are intergrown
with tripuhyite and roméite. Antimony in this environment is not very mobile, meaning it is not easily
released from solid phases to water, especially compared to As, Cu, and S. For samples where the
primary sulfosalt is close to tennantite composition, the oxidation products associated with tennantite
relicts contain 2.43 wt% Sb and are amorphous. The variable solubility of the secondary minerals
that have been identified is expected to influence mobility of Sb and As in near-surface environment.
Keywords: Tetrahedrite-tennantite weathering, waste rock, antimony, arsenic, supergene minerals,
tripuhyite, roméite

Introduction
Tetrahedrite (ttd) is a complex sulfosalt with a general
chemical formula Cu6[Cu4(Fe,Zn)2]Sb4S13 and may contain many
different elements such as Cu, Ag, Zn, Fe, Cd, Hg, Sb, As, Bi,
S, Se, and Te (Johnson et al. 1986; Baláž 2000; Moëlo et al.
2008). There is a complete solid solution between tetrahedrite
Cu6[Cu4(Fe,Zn)2]Sb4S13 and tennantite (tnn) Cu6[Cu4(Fe,Zn)2]
As4S13 (King 2001; Filippou et al. 2007; Moëlo et al. 2008).
In this paper, we will refer to the members of the tetrahedritetennantite solid solution (hereafter ttd-tnn) with Sb/(Sb+As) >
0.5 as tetrahedrite and those with this ratio <0.5 as tennantite.
The solid solution of ttd-tnn is commonly found in low- to
moderate-temperature hydrothermal veins (e.g., Lynch 1989; Arlt
and Diamond 1998; Vassileva et al. 2014). The high Cu content
(40–46 wt%) and frequent presence of Ag means that tetrahedrite
and tennantite are economically attractive, but the presence of
potentially toxic Sb (29 wt% in end-member tetrahedrite) and As
(20 wt% in end-member tennantite) indicates that the waste from
these deposits may be environmentally problematic. Exposure
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of tetrahedrite and tennantite to oxidizing conditions can result
in the mobilization of Sb, As, Cu, S, and other elements present in their structure (Wilson et al. 2004; Filippou et al. 2007;
Lengke et al. 2009; Hiller et al. 2013). Environmental mobility
is influenced by the formation and stability of secondary phases,
depending on the prevalent geochemical conditions.
Coprecipitation and absorption of Sb, among many other elements, onto Fe oxides is an important control on the mobility of
antimony. If the Sb concentration is sufficiently high, however,
Sb secondary minerals will form (Filella et al. 2009). Although
Sb secondary minerals are relatively diverse, only a few phases
are environmentally important and relatively common (Majzlan
et al. 2011; Roper et al. 2012, 2015). If the concentrations of
dissolved Sb(V) are elevated, Sb can be immobilized by formation of Sb(V) phases such tripuhyite, which has been identified
as an important Sb sink at several tailing impoundments and in
oxidation zones of hydrothermal deposits (Diemar et al. 2009;
Majzlan et al. 2011; Lalinská-Voleková et al. 2012; Leverett
et al. 2012; Bolanz et al. 2013). The ideal chemical formula
is Fe3+Sb5+O4, and the crystal structure is tetragonal, with the
unit-cell dimensions of: a = 4.63 Å, c = 3.06 Å, V = 65.43 Å3,
Z = 2 (Berlepsch et al. 2003). The most likely molar ratio in
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