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Abstract
Arsenic-rich (arsenian) pyrite can contain up to tens of thousands of parts per million (ppm) of 

toxic heavy metals such as Hg, Tl, and Cd, although few data are available on their solid solubility 
behavior. When a compilation of Hg, Tl, and Cd analyses from different environments are plotted 
along with As in a M(Hg, Tl, and Cd)-As log-log space, the resulting wedge-shaped distribution of 
data points suggests that the solid solubility of the aforementioned metals is strongly dependent on 
the As concentration of pyrite. The solid solubility limits of Hg in arsenian pyrite—i.e., the upper 
limit of the wedge-shaped zone in compositional space—are similar to the one previously defined for 
Au by Reich et al. (2005) (CHg,Au = 0.02CAs + 4 × 10–5), whereas the solubility limit of Tl in arsenian 
pyrite is approximated by a ratio of Tl/As = 1. In contrast, and despite a wedge-shaped distribution of 
Cd-As data points for pyrite in Cd-As log-log space, the majority of Cd analyses reflect the presence 
of mineral particles of Cd-rich sphalerite and/or CdS. Based on these data, we show that arsenian 
pyrite with M/As ratios above the solubility limit of Hg and Tl contain nanoparticles of HgS, and 
multimetallic Tl-Hg mineral nanoparticles. These results indicate that the uptake of Hg and Tl in 
pyrite is strongly dependent on As contents, as it has been previously documented for metals such as 
Au and Cu. Cadmium, on the other hand, follows a different behavior and its incorporation into the 
pyrite structure is most likely limited by the precipitation of Cd-rich nanoparticulate sphalerite. The 
distribution of metal concentrations below the solubility limit suggests that hydrothermal fluids from 
which pyrite precipitate are dominantly undersaturated with respect to species of Hg and Tl, favoring 
the incorporation of these metals into the pyrite structure as solid solution. In contrast, the formation 
of metallic aggregates of Hg and Tl or mineral nanoparticles in the pyrite matrix occurs when Hg and 
Tl locally oversaturate with respect to their solid phases at constant temperature. This process can 
be kinetically enhanced by high-to-medium temperature metamorphism and thermal processing or 
combustion, which demonstrates a retrograde solubility for these metals in pyrite.
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Introduction
Pyrite (FeS2) is the most common sulfide in the upper crust 

and can host from a few parts per million (ppm) up to weight 
percent (wt%) levels of heavy metals and metalloids such as As, 
Hg, Tl, and Cd (Rickard and Luther 2007; Deditius et al. 2008; 
Lefticariu et al. 2011; Keith et al. 2016). Mineral processing of 
gold-bearing arsenian pyrite and combustion of pyrite-bearing 
coal result in the liberation of these toxic elements into the envi-
ronment posing significant threats to the biosphere (Ikramuddin 
et al. 1986; Wang et al. 2010; Kolker 2012). For example, 810 
Mt/year of Hg are released into the atmosphere as a result of 
coal combustion (Pirrone et al. 2010), and industrial processing 
is responsible for the mobilization of 2000–5000 t/year of Tl 
(Kazantzis 2000; John Peter and Viraraghavan 2005). Further-
more, recent studies have estimated the emission of 4.7 t/year 
of Cd from sulfide ore mining and 10 t/year in air from basic 
non-ferrous metals manufacture in Australia (Kyle et al. 2011). 
In the particular case of As, there are numerous studies report-

ing natural and anthropogenic contamination of water and soil, 
and its effects on human health (Plant et al. 2014). Among the 
numerous toxicological effects of As and heavy metals (Tl, Hg, 
and Cd) on biota, carcinogenic, and brain dysfunction effects are 
considered some of the most important for human life (Kyle et 
al. 2011 and references therein).

In arsenian (As-rich) pyrite, previous studies have revealed 
that Hg and Tl tend to accumulate in zones where precious met-
als such as Au are concentrated, particularly, in low-temperature 
(<200 °C) sedimentary environments, Carlin-type, and epith-
ermal Au deposits (Cline 2001; Emsbo et al. 2003; Reich et 
al. 2005; Barker et al. 2009; Deditius et al. 2011; Large et al. 
2014). In contrast, it is known that Cd partitions into sphalerite 
(ZnS) and/or Cd-sulfides under higher-temperature magmatic-
hydrothermal conditions and in submarine hydrothermal vents 
(Cook et al. 2009; Pass 2010; Lockington et al. 2014; Revan et 
al. 2014; Keith et al. 2016). Metal incorporation into pyrite is 
complex and studies have shown that both speciation (struc-
turally bound vs. nanoparticulate) and concentration (ppm to 
wt% levels) are controlled by the incorporation of As into the 
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