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1. Introduction 

Knowledge about the occurrence forms (speciation 
or species) of potentially toxic elements (including 
Hg) in the environmental components is the key of 
understanding the special aspects of their migration and 
accumulation, as well as bioavailability under surface 
conditions, supposed the relevance of such studies. 
Information about the mineral species of elements is the 
basis confirming theoretical concepts about element’s 
behaviour in the environment. Authigenic (secondary) 
minerals, i.e. those formed in situ due to precipitation 
at the water-rock interface (Novikov, 2020) provide 
data on the biochemical processes and geochemical 
conditions in the environmental components and 
are also used for paleoreconstructions (Glenn and 
Filippelli, 2007). Furthermore, authigenic minerals 
control the migration and toxicity of elements under 
hypergene conditions (e.g. in soils) (Smieja-Król et al., 
2022). Usually the secondary minerals are found as the 
thin complex aggregated phases in the heterogeneous 
environments (soils, suspended particulate matters 
or bottom sediments). Research of these minerals is 
laborious and can be technically complicated due to the 
characteristics of the substance and phases themselves. 
Nevertheless, this research is increasing in scope 
and relevance (Smieja-Król et al., 2022). In Western 
Siberia, there is a natural source of Hg in the form 
of mercury zones are combined in the Kuznetsk-Altai 
mercury belt that is part of the Altai-Sayan mercury 
province (Obolensky et al., 1995). The study’s aim is 
to identify the specialties of secondary Hg minerals in 

environmental components from the halo of tailings 
and mining wastes within the mercury belt. 

2. Materials and methods
2.1 Study object

Studies were carried out on the example of two 
objects of the Kuznetsk-Altai mercury belt (Salair and 
Kurai mercury zones) (Obolensky et al., 1995). The first 
object is located within the Ursk plutonic and volcanic 
structure of the Salair Ridge (Kemerovo Region, Ursk 
settlement) in the area of the Novo-Ursk massive 
sulfide ore deposit. For the study, we used natural 
organic matter (NOM) from the tailings dispersion halo 
(Lazareva et al., 2019), which had been in contact ~ 
100 years with Hg-containing drainage waters and 
mining wastes (Myagkaya et al., 2022a). This led to 
the formation of some secondary minerals, including 
Hg-containing ones (Myagkaya et al., 2020).

The second object is located within the Anuya‐
Chuya forearc trough and the junction of the Kadrin 
and Kurai branches of the Kurai deep fault in the Kurai 
mercury zone in the halo of the epithermal Aktash 
mercury deposit (Altai Mountains, Aktash settlement). 
The deposit mined by Aktash Mining and Metallurgical 
Enterprise (AMME) is situated on the bank of the Yarly-
Amry River that flows into the Chibitka River (Gustaitis 
and Myagkaya, 2022; Myagkaya et al., 2022b). For the 
2019 study, the following samples were taken: (i) snow 
suspended matter near AMME and along the Yarly-
Amry valley; (ii) suspended matter from temporary 
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watercourses that are formed near mines when snow 
melts and (iii) suspended matter from the Yarly-Amry 
River near the AMME dispersion halo (1.4 km distance 
from AMME). 

2.2 Methods

The composition and micromorphology of the 
tested substances from both objects were examined 
using a MIRA 3 LMU scanning electron microscope 
(Tescan Orsay Holding) with Aztec Energy/INCA 
Energy 450+ XMax 80 and INCA Wave 500 (Oxford 
Instruments Nanoanalysis Ltd) microanalysis systems 
that allow studying nanosized particles.

3. Results and discussion

There were several varieties of mercury minerals 
(Fig. 1A, B) in the NOM from the dispersion halo of 
the tailings dump in the Novo-Ursk deposit. The 
bulk of them was characterised by the formation of 
complex aggregates consisting of separate fine-grained 
individuals (from 100 nm to 1 µm). Their composition 
includes the Fe, Zn, Cu, Ag, As, S, Se, I, Br, and Cl 
admixtures in different proportions. As previously 
shown (Myagkaya et al., 2020), Zn sulfides (sphalerite 
group) form thin intergrowths with Hg sulfides 
(presumably metacinnabarite) with different amounts 
of Ag, Zn, Cu, Se, I, Cl, and Br. There were also Hg 
selenides (timannite), Ag iodides (iodargyrite) and Au0.

Mercury and Hg-containing minerals in the ores 
of Siberian deposits are represented by native metals 
and intermetallics, arsenides and antimonides, halide 
compounds, sulfides, selenides, seleno- and sulfosalts, 
oxides, sulfates, and arsenates. The halide, oxyhalide, 
oxide and sulfate compounds of Hg are rare among 
the secondary minerals of the oxidation zones of the 
mercury deposits. The composition of sulfohalides is not 
constant and depends on the number and type of halide 
atoms in their crystal structure (Magarill et al., 2007; 
2008). The sulfohalide varieties are closely coexistent 
with each other, with cinnabarite and metacinnabarite 
(Podgornykh and Vishnevsky, 2020).

We specified the composition of complex Hg 
sulfides in NOM, which contained Ag, Se, I, Cl, and Br 
admixtures, using triple diagrams (Hg – S+Se – Hal 
and Hg – Se – S systems, where Hal = the sum of I, Cl 
and Br) according to the data of possible Hg minerals 
in the oxidation zone (Fig. 2) (Magarill et al., 2007; 
2008). Among the chalcohalides, there are ternary 
halides with the general formula Hg3(S,Se)2Hal2 where 
Hal = I, Br and C that form a group of polymorphic 
compounds (grechishchevite, lavrentievite, arzakite, 
kenshuaite, and radkeite) and quaternary ones with the 
general formula AgHgS(Hal), which also form the group 
of polymorphic compounds (perroudite, сapgaronnite 
and iltisite) (mindat.org; webmineral.com; Magarill 
et al., 2007). Based on the Hg – S+Se – Hal and Hg 
– Se – S systems (Fig. 2), in the NOM samples show 
that the formation of Ag-Hg sulfohalides is possible 

Fig.1. SEM images (BSE) of secondary Hg minerals in NOM from the dispersion halo of the Ursk tailings dump (A and B), 
in the snow suspended matter near AMME (C and D), in the suspended matter of temporary fluxes formed during snowmelt 
near the AMME mines (E), and in the suspended matter of the Yarly-Amry River sampled at a 1.4 km distance from AMME (F): 
А – cross section of the timmanite tube (tim); B – accumulation of globular and nodular Hg sulfide particles with Cu, Ag, I, and 
Сl (HgS(Hal)) in contact with Se-containing phases (HgSeS(Hal)); С – nodular aggregation of Hg sulfides containing Se, I and Cl 
admixtures; D – flocculated segregations of I-containing Hg seleno- and sulfosalts in muscovite; E – aggregations of Hg sulfide 
and selenide particles with Ni, Cu and Br admixtures; F – fine-grained aggregations of Hg sulfides with Ni, Cu and I admixtures. 

https://www.mindat.org/
https://webmineral.com/
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and their composition are similar to perroudite 
(Hg5Ag4S5(I,Br)2Cl2) common in oxidation zones (Hunt 
et al., 2016). There are also mercury phases without 
Ag and with a small Se content, which can be assigned 
to seleno- and sulfosalts (Fig. 2). However, it is rather 
difficult to make an accurate identification taking into 
account the size of the phases. Timmanite (HgSe) and 
metacinnabarite (β-HgS), having a miscibility gap 
between each other (Vasil’ev, 2011), are also identified 
among secondary mercury phases.

In the suspended matter of snowmelt and river 
waters near AMME, among secondary Hg minerals, 
there were Hg-containing phases (Fig. 1C-F) similar 
in shape and size to the minerals observed in NOM of 
the dispersion halo of the Novo-Ursk deposit (Fig. 1B). 
Comparison of the compositions of authigenic minerals 
in the area of the Kurai mercury zone (without Ag) 
with the compositions of the known phases (Fig. 2) 
suggests the presence of several varieties that form 
thin intergrowths: sulfides, selenides and compounds 
close to seleno- and sulfosalts in composition (ternary 
chalcohalides). Notably, secondary Hg minerals as 
considered are seasonal, i.e. appearing and disappearing 
periodically depending on the change in climatic and 
atmospheric conditions (Obolensky et al., 1995).

4. Conclusions

In summary, the presence of the Hg authigenic 
minerals (sulfides and selenides; ternary and quaternary 
chalcohalides) as complex thin intergrowths with a 
wide range of composition variations were found in 
both study objects. Among the seleno- and sulfosalts, 
those containing I and Cl predominate as well as Br 
to a lesser extent. Further research will be aimed at 
identifying the processes that promote the formation of 
these minerals and, in turn, control the Hg migration 
under surface conditions.
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