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Abstract: Cinnabar (α-HgS) is the most common sulfide of mercury while metacinnabar (β-HgS), a
high-temperature homogeneous polymorph of the mercury sulfide, is relatively rare, and the α phase
of cinnabar transforms to the β phase at 344 ◦C. Meanwhile, there is a complete isomorphic series
between HgS and HgSe, and the occurrence of Se-bearing metacinnabar is of great significance for
the exploration of selenium resources. We studied through microscopic observation, electron-probe
microanalysis, X-ray diffraction and field emission scanning electronic microscopy (FESEM) the
Se-bearing metacinnabar of the Wanshan mercury ore field of southeastern Yangtze Block. These
analyses, combined with physicochemical phase diagrams, constrained the textural and chemical
evolution during the formation process of Se-bearing metacinnabar. Se-bearing metacinnabar was
found in altered carbonatite, intergrown with cinnabar, sphalerite, pyrite, realgar and quartz. The
Se-bearing metacinnabar contains 77.66–84.01 wt.% Hg, 0.18–1.17 wt.% Zn with extensive isomorphic
substitution of Se and S (2.79–14.77 wt.% Se, 6.15–11.82 wt.% S). The presence of impurity elements
(e.g., Zn and Se) is considered to be the key factor in expanding the stable range of Se-bearing
metacinnabar. The cinnabar generated by the transformation of Se-bearing metacinnabar is character-
ized by inclusions of Hg-bearing sphalerite and pores, which indicate that this process was carried
out through a coupled dissolution–reprecipitation (CDR) reaction. The formation temperature of
Se-bearing metacinnabar is higher than that of cinnabar, and according to the phase relations between
sulfides and selenides, we propose that logfS2(g) of ore-forming fluids is constrained within −15.663
to −13.141, and logf Se2 < logf S2–3.994 (150 ◦C).

Keywords: cinnabar; coupled dissolution–reprecipitation reactions; polymorphic phase transformations;
selenium-bearing metacinnabar; Wanshan mercury ore field; Eastern Guizhou

1. Introduction

Cinnabar (α-HgS), the most common sulfide of mercury, has a hexagonal struc-
ture (space group P3121), while its high-temperature homogeneous multiphase vari-
ant metacinnabar (β-HgS) is rare and has a cubic structure (space group F43m) [1,2].
Metacinnabar and tiemannite are the two end-member minerals of the HgS–HgSe ho-
mogeneous series, the former being a S-rich end-member and the latter a Se-rich end-
member [3,4]. Dickson [5] reported that metacinnabar is in a metastable state at room
temperature, and experiments have shown that β-HgS (metacinnabar) will change rapidly
to α-HgS (cinnabar) when the temperature is cooled below 344 ± 2 ◦C. Some studies also
suggested that cinnabar and metacinnabar crystals can coexist in equilibrium under a tem-
perature range of 345–315 ◦C in the Hg–S system [6,7]. However, the addition of impurity
elements such as Fe, Zn, and Se enlargers the phase transition temperature between α-HgS
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(cinnabar) and β-HgS (metacinnabar), expanding the stable range of metacinnabar [8–10]. At
present, metacinnabar (β-HgS) with Zn, Se, Fe or Mn admixtures are considered as equivalent
varieties of metacinnabar (e.g., zincian metacinnabar; Se-bearing metacinnabar, etc.) [11].

Se-bearing metacinnabar has been found in the Xiangxi (western Hunan)–Qiandong
(eastern Guizhou) Hg Mineralization Belt in recent years (Table 1). Previous electron-probe
microanalyses show that some metacinnabar with high Se content may contain indepen-
dent minerals of Se [12]. Thus, a study on the formation of Se-bearing metacinnabar is of
great significance for the exploration of Se resources. Liu [13] considered that Se-bearing
metacinnabar is formed under the conditions of an insufficient S component of the ore-
forming fluid (low f S2) or high oxygen fugacity (f O2), and high f Se2 values, and f Se2/fS2
ratios are the key factors controlling the precipitation of Se-bearing metacinnabar [14].
As metacinnabar is a high-temperature variant of cinnabar, and the admixture of im-
purity elements has an important influence on the stable existence of metacinnabar, it
is not sufficient to discuss the causes of the formation of metacinnabar containing Se
in terms of f S2 and f Se2 alone. In this paper, the textural and chemical evolution dur-
ing the formation of Se-bearing metacinnabar in the Wanshan mercury ore field are dis-
cussed based on mineral assemblages, microscopic observation, field emission scanning
electronic microscopy (FESEM) as well as X-ray diffraction (XRD) and electron-probe
microanalysis (EPMA).

Table 1. Chemical compositions of metacinnabar from some mercury deposits (wt.%).

No. Hg Fe Zn Cd Se S Total Ore Occurrence Deposit Reference

1 85.54 0.04 12.67 98.25 Zhifang, Guizhou, China Chen [15]
85.58 0.06 12.41 98.05

2 84.06 0.01 2.00 12.51 98.58 Dadongla, Guizhou, China Chen [15]
82.67 1.07 1.00 14.80 99.54

3 77.96 0.06 5.70 14.92 98.64 Chatian, Guizhou, China Chen [15]
76.57 6.13 15.50 98.2
77.24 0.04 6.57 14.96 98.81

4 4.64 Zhifang, Guizhou, China Zeng [16]

5 83.64 6.52 90.16 Jiudiantang, Hunan, China Bao [17]

6 84.04 4.23 11.02 99.29 Baojing, Hunan, China Huang [14]

7 77.42 0.02 19.04 4.20 100.68 Dongping, Hunan, China Liu [13]
76.88 0.01 15.25 6.35 98.49
76.81 0.07 17.60 4.14 98.62
80.18 0.02 0.17 14.63 6.44 101.44
78.92 0.05 0.05 14.66 6.62 100.3
78.58 0.02 13.24 7.20 99.04
78.30 0.01 0.19 14.69 6.58 99.77
78.43 0.02 0.09 0.02 15.26 6.32 100.14
79.33 0.04 0.04 14.64 6.71 100.76
78.37 0.05 0.04 13.76 7.04 99.26
80.31 0.02 0.19 13.29 7.19 101
77.95 0.02 0.05 14.86 6.47 99.35
79.38 0.03 0.13 13.54 7.16 100.24
79.18 0.02 0.19 0.01 13.87 6.81 100.08
79.73 13.91 6.64 100.28
80.1 0.02 0.13 0.01 13.24 7.13 100.63
81.34 0.03 1.08 0.05 8.59 9.28 100.37
83.97 0.59 0.01 6.81 10.32 101.7
77.2 0.02 0.22 19.21 4.34 100.99
81.13 11.07 8.01 100.21
80.75 0.06 0.61 0.04 10.30 8.33 100.09
79.65 0.01 0.25 13.18 6.89 99.98
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Table 1. Cont.

No. Hg Fe Zn Cd Se S Total Ore Occurrence Deposit Reference

79.65 0.04 0.26 0.06 11.22 7.98 99.21
77.76 0.02 0.08 13.95 6.58 98.39
80.95 0.03 0.23 0.03 10.4 8.69 100.33

81 0.06 0.6 0.02 8.91 9.34 99.93
76.57 0.01 0.04 18.39 4.65 99.66
78.92 0.13 16.35 5.47 100.87

8 79.05 4.8 1.07 15.51 100.43 Chauvai, Kyrgyzstan Vasil’ev [11]
79.3 4.46 0.75 15.29 99.8
78.95 4.31 1.27 15.29 99.82

9 56.43 10.35 13.98 0.26 17.8 98.82 Murzinskoe Vasil’ev [11]
56.47 10.7 14.1 0.27 18.19 99.73
56.25 10.83 14.1 0.19 18.3 99.67
56.42 10.24 13.74 0.3 18.04 98.74
55.47 10.51 13.35 0.24 18.36 97.93

10 * 77.68 5.36 14.97 98.01 Felsöbánya, Transylvania Dickson [5]

11 * 79.73 4.23 1.08 14.58 99.62 Guadalcazar, Mexico Dickson [5]

12 * 79.69 1.04 3.32 14.97 99.02 Pola de Lena, Spain Dickson [5]

13 * 83.38 2.17 14.24 99.79 Levigliani, Italy Dickson [5]

14 * 81.83 6.49 10.3 98.62 San Onofre, Mexico Dickson [5]

15 80.95 0.44 1.82 0.22 15.99 99.42 Levigliani, Italy Din [18]
82.06 0.3 2.13 0.12 16.13 100.74

16 83.61 1.88 0.07 14.03 99.59 Diablo Mountain, CA, USA Boctor [19]
83.14 2.15 14.34 99.63
84.67 0.96 0.15 14.29 100.07
82.98 2.49 0.15 14.52 100.14
82.12 0.13 0.23 6.15 10.18 98.81
83.28 0.27 0.29 4.05 11.88 99.77
84.28 0.38 0.25 2.91 12.11 99.93
84.45 0.74 0.1 1.17 12.96 99.42
85.39 0.66 0.2 0.5 13.81 100.56

Note: 1–9, 15–16, microprobe analyses; *, test method unknown.

2. Regional Geology

The Xiangxi (western Hunan)–Qiandong (eastern Guizhou) Hg Mineralization Belt,
also called the Tongren–Fenghuang Hg Mineralization Belt (TFHB), is situated in the north-
eastern sector of the Xiangxi (western Hunan)–Qiandong (eastern Guizhou) Pb–Zn–Hg
metallogenic belt (Figure 1a), along the southeastern margin of the Yangtze Block [20].
The TFHB is 150 km long and 5–10 km wide, with a series of deposits distributed along a
NW–SW trend. To date, about 72 Hg-bearing deposits (accounting for 50% of the existing
Hg reserves in China) have been found in the TFHB, which hosts several super-large-
to medium-scale Hg deposits, making it the most important mercury resource base in
China [21,22]. It is important to note that most of the Hg deposits are very rich in Se and
Se minerals. For example, the cinnabar in the Kezhai Hg deposit of the Wanshan ore field
contains considerable Se with an average content of 663 ppm [23]; the metacinnabar in the
Dongping Hg–Ag–Se deposit contains 6.81–19.21 wt.% Se [13]; in the Jiudiantang deposit,
the Se contents in cinnabar, stibnite and metacinnabar range from 230 to 3500 ppm, 19 to
38 ppm and 65 ppm, respectively [12]. Additionally, there is very high Se content in the
cinnabar from the Yanwuping ore field, with an average content of over 1000 ppm [24].
In the Shangguanxi deposit in the Hunan province, the average Se grade in the ore is
0.31 wt.%, and Se minerals could also be found (e.g., tiemannite with 25.04 wt.% Se [25]).
The exposed strata are mainly composed of Precambrian strata, Cambrian to Ordovician
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carbonate rocks, and Cretaceous and Neogene covers. No evidence of magmatic activity in
the region has been recorded. The basement in Eastern Guizhou province comprises Late
Proterozoic metamorphic volcanic rocks and continental margin clastic rocks overlain by
>13,000 m thick Sinian to Middle Triassic marine carbonate series [20]. The Baojing–Tongren
and Guizhang–Jishou–Fenghuang faults are the main ore-controlling structures in this belt,
and most of the deposits are distributed near these faults (Figure 1b).
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Figure 1. (a) Map of tectonic units in southern China. The Xiangxi–Qiandong Pb–Zn–Hg metallo-
genic belt is situated southeast of the Yangtze Block and the Jiangnan orogen belt. (b) Simplified
geological map of the Western Hunan–Eastern Guizhou region (modified from Liu [13]) depicting the
distribution of mercury ore fields. (c) Geological scheme of the Wanshan mercury ore field (modified
from Zeng [16]).
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3. Geological Characteristics of Deposit
3.1. Ore Zones and Orebodies

The Wanshan mercury ore field is located in the south of the TFHB. It occurs as a
narrow band with a width of 4 km, and the deposits in the area are controlled by the WNW–
NW trending secondary fold zone and faults (Figure 1c). The Middle Cambrian Aoxi
Formation (Є2a) and the Lower Cambrian Qingxudong Formation (Є1q) are the main host
rocks. Most of the Hg mineralization took place in the upper part of the Middle Cambrian
Aoxi Formation (Є2a3) (Figure 1c), which is composed dominantly of dolostones [16].

The occurrence of the orebody is strictly controlled by strata. From bottom to top, the
Middle Cambrian comprises 10 members (Figure 2) [26]: (1) the first member (50–179 m
thick) comprises predominantly dark-grey to grey thin-bedded limestone; (2) the second
member (20 m thick) consists of brecciated dolomite and limestone; (3) the third member
(17–60 m thick), which is one of the principal ore-hosting sequences at the Wanshan mer-
cury ore field, is composed predominantly of banded dolomite and argillaceous dolomite;
(4) the fourth member (0–22 m thick) contains predominantly breccia metamorphic dolomite;
(5) the fifth member (24–70 m thick), which is one of the principal ore-hosting sequences at
the Wanshan mercury ore field, is composed of banded dolomite and argillaceous dolomite;
(6) the sixth member’s lithology is similar to that of the fourth member; (7–10) the seventh
to tenth members consist predominantly of dolostones. Most of the rocks are gray–dark
gray due to the enrichment of organic matter.
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Figure 2. No. 1-1 section of Shanmutong deposit in Wanshan mercury ore field. Modified from Hua [26].

3.2. Ore Mineralogy and Alteration

The three types of ores in our study have distinct characteristics (Figure 3a–d), namely
breccia-type Hg ores with cinnabar (Figure 3a,d), irregular vein-type ores (Figure 3b) and
cavity-type ores (Figure 3c). Cinnabar mineralization is mostly disseminated and frequently
vein-related. The metal mineral assemblage is relatively simple, mainly including cinnabar,
pyrite, sphalerite, tiemannite and Se-bearing minerals (e.g., cinnabar, metacinnabar); the
gangue minerals are quartz, dolomite, calcite, barite, asphalt, etc., and a large amount of
primary asphalt associated with cinnabar [26,27]. Three types of alteration, i.e., silicification,
carbonatization and asphalting, are found in the rocks of the Wanshan ore field [28].
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Figure 3. Typical mineral assemblages and textures of the samples of the Wanshan mercury ore
field. (a,b) Fine-grain cinnabar fills in a fracture in dolostone; (c) dolostone with its cavity filled by
coarse-grain cinnabar and calcite; and (d) brecciated mercury ore. Abbreviations: Cin = cinnabar;
Qz = quartz; Cal = calcite.

3.3. Mineralization Stages

Based on a paragenetic sequence, mineral assemblages and textures observed in this
study, combined with information from previous studies of the Wanshan mercury ore
field [26,29,30], two successive stages of mineralization in the ore field were established:
(1) Stage I, selenides–cinnabar–quartz veins filled in silicified rocks, the tiemannite and
Se-bearing minerals formed mainly in the stage and (2) Stage II, the widely distributed
cinnabar–carbonate stage. The paragenetic sequence in the Wanshan mercury ore field is
shown in Figure 4.
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4. Sampling and Analytical Methods
4.1. Sample Collection and Characteristics

Three different types of samples were collected. (1) Altered carbonate rocks at the
periphery of the Wanshan mercury ore field and Se-bearing metacinnabar occur in the
quartz veins with silicic alteration. In hand specimens, Se-bearing metacinnabar is gray-
black with a grain size from 0.5 to 0.8 cm, and it is closely associated with cinnabar
(Figure 5a–c). (2) Se-bearing cinnabar (dark red) from dolomite occurs as euhedral crystals
hosted by quartz clusters (Figure 5d). (3) Red cinnabar occurs in gray dolomite veins
(Figure 5e,f).
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Figure 5. Photographs showing ores and mineral assemblages of Se-bearing metacinnabar and
cinnabar in the Wanshan mercury ore field. (a,b) Representative sections with intense silicic alter-
ation; (c) Se-bearing metacinnabar in the quartz veins; (d) Se-bearing cinnabar in the quartz veins;
(e) cinnabar–quartz–calcite veins in dolomite; and (f) cinnabar in brecciated mercury ore. Abbrevia-
tions: Se-Mcin = Se-bearing metacinnabar; Cin = cinnabar; Qz = quartz; Cal = calcite.
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4.2. XRD Analysis

To accurately determine whether the collected black minerals are either Se-bearing
metacinnabar or some black iron oxides or Se-dominated minerals (tiemannite), the black
mineral and the Se-bearing cinnabar in the quartz veins were selected, washed and crushed
step by step. After being picked under a binocular microscope, the samples were ground
into powder using agate mortar until there was no obvious granularity. The phase composi-
tion was tested and analyzed by XRD at the powder crystal diffraction laboratory, Institute
of Science, China University of Geosciences (Beijing). The instrument was SmartLab9KW
rotary anode diffractometer (Rigaku, Japan) and the rotary target was a Cu target. The data
were collected under the experimental conditions of scanning angle of 3◦–70◦ and scanning
step of 10◦/min. Peaks were matched using ICDD pdf in Jade 6.5 software.

4.3. EPMA

In polished sections, ore minerals and textures were observed using standard tech-
niques of reflected-light microscopy. Mineral chemical compositions was determined by
EPMA using a JEOL JXA-8230 housed at Hebei Key Laboratory of Earthquake Dynamics,
Institute of Disaster Prevention, Langfang, China. The operating conditions were: acceler-
ating voltage of 20 kV, beam current of 20 nA, and an electron beam diameter of 1–5 µm.
Standard minerals and metals used for calibration of elemental X-ray intensities were: FeS2
(Fe and S), Sb2S3 (Sb), Bi2Se3 (Se), GaAs (As), Co (Co), Cu2O (Cu), ZnS (Zn), PbS (Pb), and
HgS (Hg). The data obtained was ZAF-corrected using proprietary Shimadzu software.

4.4. FESEM

Petrographic analysis was carried out on argon ion milling chips using a Zeiss Supra
55 FESEM under 20-kV accelerating voltage with a working distance of ~15 mm. This
was done at the FESEM Laboratory, China University of Geosciences (Beijing). To char-
acterize topographic features, a secondary electron imaging detector was used. To reveal
compositional differences, an AsB detector was used (backscattered electron image; BSE).
Before analysis, samples were coated with ~4 nm thick carbon. Semi-quantitative analysis
of element concentrations of micrometer-sized spots was carried out using an Oxford
energy-dispersive X-ray spectrometer (EDS) connected to the FESEM, operated at 10 kV
with a working distance of 8.5 mm.

5. Results
5.1. Microscopic Morphology

The ore minerals in the Wanshan ore field are relatively simple, and mainly comprise
Se-bearing metacinnabar and cinnabar, accompanied by sphalerite and a small amount
of pyrite. These minerals coexist with quartz and/or calcite grains. Based on the EPMA
data, the sphalerite was identified as Hg-bearing sphalerite (Hg-Sp) (see Section 5.3). It
occurs mainly as euhedral to subhedral crystals with solid solution separation textures.
The Se-bearing metacinnabar (Se-Mcin) occurs as euhedral to subhedral grains with size of
0.2–4 mm and is intergrown with quartz (Figure 6a–i). The reflection color of Se-bearing
metacinnabar is gray, with reflectivity lower than the cinnabar, and no bi-reflectance and
polychromatism (Figure 6g–i,l,m). The cinnabar is a reflective grayish white with bi-
reflectance and obvious internal reflection (red–purple red) (Figure 6g,h,m). There are
two types of cinnabar (Cin1-1, Cin1-2) that co-exist with Se-bearing metacinnabar. The
Cin1-1 crystal is associated with Se-bearing metacinnabar with clear contact (Figure 6a). It
was found that a small part of Se-bearing metacinnabar shows a significant transition to
Cin1-2, which grew around the earlier Se-bearing metacinnabar, which is characterized by
fractures and pores. Due to the change in crystal volume after transformation, fractures
are developed perpendicular to the junction of the two minerals (Figure 6j). The partially
inverted Se-bearing metacinnabar contains thin, somewhat flame-like spindly lamellae of
cinnabar, which always go to extinction uniformly and in groups (Figure 6k–m). Notably,
numerous Hg-sphalerite are formed at the boundary between Se-bearing metacinnabar and
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secondary cinnabar, and in newly generated mineral fractures (Figure 6j). In Stage II, the
Cin2 is mainly characterized by the development of a solid solution separation structure,
minor pyrite exists as mineral inclusions, and Hg-bearing sphalerite occurs as emulsion
droplets (2–10 um) in cinnabar (Figure 6n,p,q).Minerals 2023, 13, 173 12 of 27 
 

 

 

Figure 6. Backscattered electron images and photomicrographs of Se-bearing metacinnabar, cinnabar
and sphalerite from the Wanshan mercury ore field. (a) The association of Se-bearing metacinnabar
and Se-bearing cinnabar, reflected light; (b–d) Se-bearing metacinnabar in quartz, (a,b) reflected light,
(c) cross-polarized light, (d) BSE; (e,f) the association of Se-bearing metacinnabar and Se-bearing
cinnabar, (e) reflected light, (f) BSE; (g–i) Se-bearing metacinnabar showing the substantial tran-
sition to cinnabar in quartz, (g) reflected light, (h) polarized light, (i) cross-polarized light; (j) the
Hg-sphalerite and pyrite hosted in Se-bearing metacinnabar, reflected light; (k–m) flame-like spindly
lamellae of cinnabar at the boundary between Se-bearing metacinnabar and secondary cinnabar,
(k,i) reflected light, (m) cross-polarized light; (n) emulsion of Hg-bearing sphalerite and pyrite
intergrown with cinnabar; (o,p) cinnabar in calcite; (o) reflected light; (p) BSE; and (q) emulsion Hg-
bearing sphalerite intergrown with cinnabar, BSE. Abbreviations: Se-Mcin = Se-bearing metacinnabar;
Cin1-1 = Se-bearing cinnabar; Cin1-2 = cinnabar transformed from Se-bearing metacinnabar;
Cin2 = cinnabar; Py = pyrite; Hg-Sp = Hg-bearing sphalerite; Qz = quartz; Cal = calcite.
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5.2. XRD Analysis

Se-bearing metacinnabar and Se-bearing cinnabar from Wanshan mercury ore field
were selected for XRD analysis and the XRD patterns results are shown in Figure 7. Com-
pared with the ICDD references, the diffraction peak shown in the XRD pattern of sample
21WS-2-1 is consistent with the PDF 99-0031 (cinnabar), determining its composition as
a single cinnabar crystal. However, the diffraction peak shown in the XRD pattern of
sample 21WS-2-2 is well consistent with the PDF 22-0729 (metacinnabar) and PDF 99-0031
(cinnabar), indicating that this sample is a mixed phase of Se-bearing cinnabar and Se-
bearing metacinnabar. According to the peak strength, Se-bearing metacinnabar is the main
component, which is consistent with the results of microscopic observation.
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5.3. Chemical Compositions of Hg–Se–S and Zn–Hg–S Minerals

Se-bearing metacinnabar, cinnabar and Hg-sphalerite were analyzed by EPMA. Three
types of cinnabar were observed: (1) Se-bearing cinnabar (Cin1-1) co-existing with Se-
bearing metacinnabar in quartz veins; (2) cinnabar (Cin1-2) transformed from Se-bearing
metacinnabar; and (3) cinnabar (Cin2) growing in quartz–calcite veins. The corresponding
EPMA data are given in Table 2.

5.3.1. Se-Bearing Metacinnabar (Se-Mcin)

Se-bearing metacinnabar contains 2.79–14.77 wt.% Se (on average, 8.78 wt.%),
6.15–11.82 wt.% S, 77.66–84.01 wt.% Hg (on average, 80.95 wt.%), and 0.18–1.17 wt.%
Zn. The average calculated formula of Se-bearing metacinnabar based on EPMA data
(Table 2; n = 21) is: Hg1.01 (S0.71, Se0.29).

5.3.2. Se-Bearing Cinnabar (Cin1-1)

Se-bearing cinnabar contains 1.76–3.11 wt.% Se (on average, 2.46 wt.%), 11.65–12.13 wt.% S,
and 83.68–85.13 wt.% Hg (on average, 84.55 wt.%). The average calculated formula of
Cin1-1 based on EPMA data (Table 2; n = 4) is: Hg1.04(S0.92, Se0.08).

5.3.3. Cinnabar (Cin1-2)

The cinnabar (Cin1-2) transformed from Se-bearing metacinnabar has 0.69–5.43 wt.%
Se (on average, 2.52 wt.%), 10.93–13.08 wt.% S, and 82.13–86.34 wt.% Hg (on average,
84.67 wt.%). The average calculated formula of CinI-2 based on EPMA data (Table 2; n = 9)
is: Hg1.03(S0.92, Se0.08).
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Table 2. EPMA analyses of Hg–Se–S and Zn–Hg–S minerals at Wanshan (wt.%).

No. 1-1 1-2 1-3 1-4 1-5 1-6 1-7 1-8 1-9 1-10 1-11 1-12 2-1 2-2 2-3 3-1 4-1 5-1

Type Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin Se-Mcin
Hg 83.40 81.76 80.09 78.36 78.85 78.30 77.66 79.42 80.73 80.69 79.42 81.93 81.95 82.66 81.08 81.20 82.08 82.46
S 11.09 11.12 8.07 6.79 6.54 6.79 6.15 8.34 8.49 10.07 6.82 9.37 10.44 10.29 9.98 9.59 9.34 11.21
Se 5.20 5.37 10.42 14.06 14.63 13.89 14.77 10.53 10.32 7.09 14.05 8.37 6.42 6.08 6.94 7.71 8.57 5.36
Zn 1.17 1.00 0.25 0.17 0.21 0.08 0.21 0.25 0.28 0.67 0.19 0.41 0.85 0.26 0.66 0.50 0.41 1.05

Total 100.85 99.26 98.82 99.38 100.22 99.05 98.79 98.54 99.82 98.52 100.48 100.07 99.66 99.30 98.67 98.99 100.40 100.08

No. 5-2 6-1 6-2 7-1 8-1 9-1 10-1 11-1 11-2 11-3 11-4 11-5 11-6 11-7 11-8
Type Se-Mcin Se-Mcin Se-Mcin n = 21 Cin1-1 Cin1-1 Cin1-1 Cin1-1 n = 4 Cin1-2 Cin1-2 Cin1-2 Cin1-2 Cin1-2 Cin1-2 Cin1-2 Cin1-2 n = 8
Hg 82.35 84.01 81.49 80.95 85.07 83.68 85.13 84.32 84.55 83.77 85.73 85.32 83.55 85.67 86.34 82.13 84.84 84.67
S 10.45 11.82 10.85 9.22 12.13 11.65 12.06 12.08 11.98 11.61 12.18 12.67 12.03 12.59 13.08 10.93 12.18 12.16
Se 6.38 2.79 5.55 8.78 1.76 3.11 2.44 2.51 2.46 3.75 2.23 0.66 2.88 1.81 0.74 5.43 2.66 2.52
Zn 0.73 0.19 0.76 0.49 0.30 0.04 0.28 0.08 0.18 0.16 0.27 0.23 0.07 0.08 0.08 1.05 0.04 0.25

Total 99.90 98.81 98.65 99.44 99.25 98.48 99.91 98.99 99.16 99.29 100.40 98.87 98.53 100.15 100.24 99.54 99.71 99.59

No. 12-1 13-1 14-1 15-1 16-1 16-2 17-1 18-1 19-1 20-1 21-1 22-1 23-1 24-1 25-1
Type Cin2 Cin2 Cin2 Cin2 Cin2 Cin2 Cin2 Cin2 Cin2 n = 9 Hg-Sp Hg-Sp Hg-Sp Hg-Sp Hg-Sp Hg-Sp n = 6
Hg 87.22 86.52 86.13 86.48 85.61 85.55 84.68 86.36 85.33 85.99 26.85 33.31 1.50 14.43 17.98 24.77 19.80
S 13.18 12.79 13.16 13.25 13.09 13.01 14.87 12.93 13.16 13.27 29.42 29.41 32.22 31.79 31.09 30.60 30.76
Se 0.43 0.66 0.31 0.38 0.31 0.69 0.19 0.21 0.24 0.38 0.38 0.31 bd bd 0.01 bd 0.23
Zn 0.26 0.20 0.20 0.24 0.18 0.28 0.23 0.30 0.03 0.21 42.78 38.88 63.28 54.29 51.36 44.03 49.10

Total 101.08 100.16 99.81 100.35 99.20 99.52 99.97 99.80 98.76 99.85 99.42 101.91 97.00 100.52 100.44 99.41 99.78

Note: bd = below detection limit (0.01%). Abbreviations: Se-Mcin = Se-bearing metacinnabar; Cin1-1 = Se-bearing cinnabar; Cin1-2 = cinnabar transformed from Se-bearing metacinnabar;
Cin2 = cinnabar growing in quartz-calcite veins; Hg-Sp = Hg-bearing sphalerite.
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5.3.4. Hg-Bearing Sphalerite (Hg-Sp) and the Cinnabar (Cin2)

The content of Hg in sphalerite ranged from 1.49 to 33.1 wt.% with a mean of
19.80 wt.%. The cinnabar (Cin2) in quartz–calcite veins is almost pure and accompanied
only by minute blebs of Hg-bearing sphalerite.

5.3.5. Distribution of Elements in Partially Transformed Se-Bearing Metacinnabar

According to the distribution of elements and mineral assemblage (Figure 8), the
partially inverted Se-bearing metacinnabar grains can be subdivided into external cinnabar
(Cin1-2) and internal Se-bearing metacinnabar (Se-Mcin), showing systematically lower
Se contents and an increasingly higher S from core to rim. The core–rim interface is
chemically sharp, and the rim is porous. The internal Se-bearing metacinnabar has the
highest Se content, and oscillatory zones with significant differences in Se and S (Figure 8c,e).
The distribution of Hg and Zn was relatively homogeneous in Se-bearing metacinnabar
(Figure 8b,d). The most interesting feature is revealed by the Se map. The Se-mapping
shows a Se concentration gradient from the core to the grain surface (Figure 8d), slowly
dropping from 12 wt.% in the core to 7 wt.% at the core–shell boundary, and then quickly
dropping to near zero in the shell near the surface. The X-ray element mapping of Hg-bearing
sphalerite shows an inhomogeneous Hg and Zn elements distribution with a significant
negative correlation, whereas the S distribution is more homogeneous (Figure 8g–i,k–m).
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Figure 8. Back-scattered electron (BSE) images (a,f,j); element maps for Hg, S, Zn and Se of the
partially inverted Se-bearing metacinnabar (b–e); and element maps for Hg, Zn and S of the Hg-
bearing sphalerite (g–i,k–m). Abbreviations: Se-Mcin = Se-bearing metacinnabar; Cin1-2 = cinnabar
transformed from Se-bearing metacinnabar; Hg-Sp = Hg-bearing sphalerite.
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6. Discussion
6.1. The Hg–Se–S and Zn–Hg–S System Minerals

There are strong correlations between Se and S of Se-bearing metacinnabar (Se-Mcin),
cinnabar (Cin1-1, Cin1-2) (Figure 9b), and Hg and Zn of sphalerite (Figure 9c). However,
due to the low content of impurity elements, a weaker correlation exists between the Se
and S of cinnabar (Cin2) (Figure 9b).
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Figure 9. Relationship between Hg, Zn, Se and S in Se-bearing metacinnabar, cinnabar, and sphalerite.
(a,b) Se (wt%) vs. S (wt%) plot for the Se-Mcin and cinnabar (Cin1-1, Cin1-2, Cin2); (c) Zn (wt%) vs.
Hg (wt%) plot for the Hg-Sp; and (d) quaternion plot of the Hg–Se–S and Zn–Hg–S system minerals.
Abbreviations: Se-Mcin = Se-bearing metacinnabar; Cin1-1 = Se-bearing cinnabar; Cin1-2 = cinnabar
transformed from Se-bearing metacinnabar; Cin = cinnabar; Sp = sphalerite.

Due to the similar geochemical parameters of Se and S [31], they can form a wide
range of isomorphisms. Generally, most of the Se is dispersed in the lattice of sulfides [32],
and Se readily forms Se-dominated minerals with cations of high atomic numbers, and
with an increase of element affinity, the minerals formed are more stable [33], e.g., stibnite–
clausthalite [34,35], galena–kullerudite [36,37], and metacinnabar–tiemannite [13,15,17,38,39].
Figure 9d shows that Se exists as an isomorphic substitution for S in mercury sulfide.

Zn and Hg are IIB elements in the periodic table of elements. Their outer electronic
structures are the same, and their geochemical characteristics are similar. β-HgS and
sphalerite belong to the same structural type (T2

d -F43m, Z = 4), and Hg-bearing sphalerite
has been reported [40–42]. Kremheller [43] also confirmed the complete solid solution of
the ZnS–HgS system by hydrothermal method. According to the XAFS study, the mercury
in the crystals of Hg-sphalerite and Zn-metacinnabar is in the form of a solid solution, the
established nominal oxidation state of mercury is Hg2+ [44]. In hydrothermal systems, Hg
is a high-vapor pressure element, and it does not instantly switch to the liquid phase at
high temperature, forming a Hg-poor sphalerite; but with a temperature decrease, it enters
the fluid phase and a Hg-rich sphalerite is formed [13]. According to the S–Hg–Zn diagram,
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the changes of Hg and Zn contents in sphalerite were roughly parallel to the Hg–Zn axis
(Figure 9d), indicating a Hg2+ isomorphic substitution for Zn2+ in sphalerite.

Among the Hg–Se–S and Zn–Hg–S system minerals found in the Wanshan ore field,
Se-bearing metacinnabar appears as a stable phase, and the admixture of impurity elements
plays an important role. Previous authors made a systematic examination of the effect of
impurity element admixtures on the stability of metacinnabar under different temperature
conditions. Boctor [9] systematically studied the phase relationship of the Hg–Se–S system
at different temperatures: a complete solid solution exists between mercury sulfide and
mercury selenide at 700 ◦C; with a temperature decrease, the solid solution series becomes
unstable, and a sphalerite-type solid solution coexists with cinnabar near the S endmember
at 200 ◦C. The Hg–Zn–S system has been investigated by Tauson [45] and Din [18]. The
T–X diagram at 1 kbar indicates complete miscibility between cubic HgS and ZnS phases at
>350 ◦C (Figure 10), and a high-temperature solid solution with a sphalerite-like structure
(the so-called “Hss”) exists [18]. At lower temperatures, the ZnS–HgS diagram splits
into two [45]. In the Hg-rich domain (≥85 mol% HgS), Hss breaks down into zincian
metacinnabar and Zn-free cinnabar; in the Zn-rich domain with 25–84 mol% HgS, two
distinct solid solutions (Zn- and Hg-rich), both with a ZnS structure, exist. Finally, cinnabar
and Hg-sphalerite comprise the stable low-temperature (<200 ◦C) assemblage.
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Figure 10. T–X section at 1 kbar pressure of the pseudobinary system HgS–ZnS (modified from
Tauson [45]). Abbreviations: Hss = high-temperature (Zn, Hg)S solid solution with sphalerite
structure; Lss = low-temperature solid solution; Sp = sphalerite; Zn-Mcin = zincian metacinnabar;
Cin = cinnabar; Hg-Sp = Hg-bearing sphalerite.

Under laboratory conditions, as high as 10 mol.% HgSe in the system, the coexistence
temperature of metacinnabar and cinnabar was reduced to 248 ± 5 ◦C [9]. Moreover, about
0.5 wt.% ZnS was sufficient to reduce the transition temperature to 237 ± 3 ◦C [7]. A small
amount of Zn is sufficient to prevent the transformation of metacinnabar into cinnabar, but
a higher concentration of Se is needed to produce the same effect. Impurity elements Se
and Zn are also found in the Se-bearing metacinnabar collected from this area. Zn contents
varied from 0.18 to 1.17 wt.%, with an average value of 0.49 wt.%; Se contents varied from
2.79 to 14.77 wt.%, with an average value of 8.78 wt.%. Therefore, we believe that the reason
for the stability of Se-bearing metacinnabar in the Wanshan mercury ore field may be the
combined effect of Se and Zn impurity elements.
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6.2. Association of Se-Bearing Metacinnabar, Cinnabar and Sphalerite

The cinnabar–sphalerite assemblage usually shows a close relationship with metacinnabar.
This has been attributed to the phase transition of metastable metacinnabar, which has been
verified by both the natural samples and experiments [5,18,19,46]. Boctor [9] considered
the phase transition between cinnabar and metacinnabar as a polymorphic transformation
occurring in the dry system, accompanying solid-state diffusion (SSD). In a system that is
perfectly dry, SSD often produces continuous composition zones [47]. In our observation,
however, the distribution of the Zn element between Se-bearing metacinnabar facies and
cinnabar is sharp (Figure 8d), which is not a polymorphic transformation that occurs in a dry
system [48]. Additionally, the rim of the metacinnabar is not a completely dry environment,
and even very low concentrations of aqueous solutions can substantially increase the rate of
solid-state reactions. Therefore, the possibility of SSD is ruled out, and it is considered that
polymorphic phase transformations may be caused by coupled dissolution–reprecipitation
reactions (CDR) (e.g., aragonite to calcite, cristobalite to quartz) [49,50].

In our observations, the following features can prove that the phase transition of
Se-bearing metacinnabar to cinnabar is accomplished by CDR: (1) Tight spatial coupling of
dissolution and precipitation at the interface between the parent and product phases.
This coupling preserves the external morphology of the parent phase (Figure 6g–m);
(2) sharp parent–product boundary, and no obvious diffusion characteristics in the parent
(Figure 8d); (3) the difference in physical properties between metacinnabar and cinnabar,
when the replacement reaction involves a volume change between the parent and the
product, generates stresses that may eventually lead the mineral to fracture (Figure 6j,i);
(4) pathways for fluid infiltration are provided by porosity generation and fracturing,
and CDR occurs when unsaturated fluids come into contact with minerals, dissolving
the original minerals and creating more stable polymorph (metacinnabar to cinnabar);
and (5) some components can be selectively removed from the parent phases by CDR,
which could be referred to as “leaching” [50,51]. The reactions between the fluid and the
Zn-bearing area in Se-bearing metacinnabar cause the expulsion of the Zn and the pre-
cipitation of large amounts of secondary Hg-bearing sphalerite within the replaced zones
and the newly generated mineral fractures (Figure 6j). In the presence of a fluid phase (at
low temperatures, e.g., <300 ◦C) and when unsaturated fluids (high sulfur fugacity) come
into contact with the parent, the temperature range of mineral formation and f Se2/f S2
determines the final mineral type. According to the reports of Boctor [52] and Sharma [53],
the formation temperature of sphalerite can be lower than that of tiemannite, indicating
Se removal (to the solution) during the replacement reaction. Overall, we believe that the
association of Se-bearing metacinnabar, cinnabar and sphalerite developed in this area is
caused by CDR.

Noteworthy, acicular crystals occur within Hg-bearing sphalerite (Figure 11). Bright
and grey bands (Figure 11c,d) with a gradual increase in magnification of the BSE image.
High resolution line-scan images of bright and grey bands under FESEM reveal a negative
relationship between Hg and Zn (Figure 12), which can be caused by one of two possibili-
ties [54]: (1) a special structure; or (2) the presence of two mineral phases. Cook [40] shows
a BSE image with “delicate lamellar to dendritic” textures identical to those described here.
The acicular crystals within sphalerite have delicate shapes, suggesting a non-turbulent
hydrodynamic environment in the vein during growth, and experimental data indicate
that the appearance of wurtzite is favored at low temperatures by solutions enriched in
cations [55,56]. Wurtzite is metastable and will invert to sphalerite with time [57]. Therefore,
cations (Zn) enrichment in solution by “leaching” of CDR at low temperatures, and acicular
sphalerite probably inverted from wurtzite by rapid precipitation in such fluid conditions.
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Figure 11. Photomicrographs and SEM images of Hg-bearing sphalerite. (a) Photomicrograph
showing an expanded image of Figure 6j local, (b–d). Bright and dark strips are clearly visible with
increased magnification of the SEM images. The yellow line represents the micro-zone line scanning
analysis area. Abbreviations: Cin = cinnabar; Hg-Sp = Hg-bearing sphalerite.
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Figure 12. Micro-zone line scanning analysis of the bright and dark bands of Hg-bearing sphalerite.
(a,b) The results reveal a negative relationship between Zn and Hg. Note: Bright shades are Hg richer,
grey shades are Zn richer.
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The oscillatory zones with significant differences in elemental content can be rec-
ognized in different Se-bearing metacinnabar samples, which are currently commonly
explained by the “intrinsic model” and/or “extrinsic model” [58,59]. Previous studies
have shown that mercury ores are often formed under conditions of low temperature and
rapid crystallization [60], i.e., the growth of crystals outpaces the diffusion of cations from
the liquid into or away from the growing crystals, which leads to the non-equilibrium
incorporation of chemical species into the mineral, consistent with the “intrinsic model”.
During the crystallization process of Se-bearing metacinnabar (Se-Mcin), the crystallization
rate increases with a rapid decrease of temperatures in the early stage, resulting in the
uneven distribution of elements in Se-bearing metacinnabar (Se-Mcin) with compositional
zonation (Figure 13a). Se-bearing metacinnabar (Se-Mcin) came into contact with saturated
fluids, dissolving the Se-bearing metacinnabar to produce more stable minerals (cinnabar,
Cin1-2) by CDR (Figure 13b). The product cinnabar (Cin1-2) developed intra-crystalline
porosity and fractures, which allowed the fluid to maintain contact with the reaction front
(Figure 13c). Similarly, the Zn element in the mineral was continuously brought out of
the enrichment, causing the formation of large amounts of Hg-bearing sphalerite at the
reaction interface of the two minerals (Figure 13d).
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Figure 13. Schematic cartoons illustrating the processes of partial transformation of Se-bearing
metacinnabar. (a) The uneven distribution of elements in Se-bearing metacinnabar (Se-Mcin) with
compositional zonation. (b) CDR occurs when unsaturated fluids come into contact with Se-bearing
metacinnabar. (c) Reaction induced fracturing during replacement processes. (d) Hg-bearing spha-
lerite at the reaction interface of the two minerals and in newly generated mineral fractures. Abbrevi-
ations: Se-Mcin = Se-bearing metacinnabar; Cin1-2 = cinnabar; Hg-Sp = Hg-bearing sphalerite.
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6.3. Physicochemical Conditions for the Formation of Se-Bearing Metacinnabar

According to current research that the Hg mineralization of the Xiangqian Hg Belt was
formed at a low temperature, with most fluid inclusions having a homogenization temper-
ature of ~200 ◦C [12,26,27]. Based on the detailed microscope observation, the Se-bearing
metacinnabar in the Wanshan ore field is closely associated with cinnabar, sphalerite, pyrite,
realgar, stibnite, and tiemannite [29,30]. In order to constrain the physicochemical condi-
tions for the formation of Se-bearing metacinnabar, we established the physicochemical
phase diagrams according to mineral assemblages and relative reaction relationships. The
diagrams were calculated by means of the HSC Chemistry 6.0 software package (chem-
ical equations and thermodynamic data from Simon [61], Xu [62] and HSC Chemistry
6.0 software package), and the following reactions were considered possible mineral depo-
sition processes:

Hg + 0.5S2(g) = HgS logk1 = 9.764 (1)
Hg + 0.5Se2(g) = HgSe logk2 = 10.746 (2)

HgS + 0.5Se2(g) = 0.5S2(g) + HgSe logk3 = 0.982 (3)
Hg + 0.5S2(g) = HgS(M) logk4 = 8.749 (4)

HgS(M) + 0.5Se2(g) = 0.5S2(g) + HgSe logk5 = 1.997 (5)
2Sb + 1.5S2(g) = Sb2S3 logk6 = 36.058 (6)

2Sb + 1.5Se2(g) = Sb2Se3 logk7 = 28.824 (7)
Sb2S3 + 1.5Se2(g) = 1.5S2(g) + Sb2Se3 logk8 = -7.34 (8)

Zn + 0.5S2(g) = ZnS logk9 = 27.942 (9)
Zn + 0.5Se2(g) = ZnSe logk10 = 25.161 (10)

ZnS + 0.5Se2(g) = 0.5S2(g) + ZnSe logk11 = −2.781 (11)
As + 0.5S2(g) = AsS logk12 = 7.833 (12)

2As + 1.5S2(g) = As2S3 logk13 = 22.237 (13)
As + 0.5Se2(g) = AsSe logk14 = 9.188 (14)

2As + 1.5Se2(g) = As2Se3 logk15 = 25.836 (15)
2AsS + 0.5S2(g) = As2S3 logk16 = 6.527 (16)

AsS + 0.5Se2(g) = 0.5S2(g) + AsSe logk17 = 1.286 (17)
2AsS + 1.5Se2(g) = S2(g) + As2Se3 logk18 = 10.170 (18)

0.5As2S3 + 0.5Se2(g) = 0.75S2(g) + AsSe logk19 = −2.000 (19)
As2S3 + 1.5Se2(g) = 1.5S2(g) + As2Se3 logk20 = 3.599 (20)

2AsSe + 0.5Se2(g) = As2Se3 logk21 = 7.599 (21)
Se2(g) = 2Se(s) logk22 = 8.935 (22)
S2(g) = 2S(s) logk23 = 7.403 (23)

Firstly, Hg-rich and Se-rich hydrothermal fluids form tiemannite, and Se is gradually
depleted with the deposition of Se-bearing minerals and/or Se-independent minerals. With
a decrease in f Se2/f S2 and the transition from acidic to alkaline ore-forming fluids caused
by massive silicification and neutralization of alkaline substances such as CaO, MgO,
K2O, and Na2O, Se-bearing metacinnabar began to form [29,30]. Based on the observed
minerals of the mineral symbiotic association, it is possible to define a range of logf S2
between −15.663 and −13.141, and the absence of HgSe allows us to set an upper limit for
logf Se2 < logf S2-3.994 (the gray area) for the ore-forming fluids at this stage (Figure 14). In
the final stage, Se-poor cinnabar formed.
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Figure 14. Logf S2(g)–logf Se2(g) diagram showing the relative stability of Se-bearing metacinnabar at
150°C. The gray area represents the fugacity range of logf S2(g) and logf Se2(g), whereas the dashed
curve line represents the evolution trend. Abbreviations: HgS(M) = metacinnabar; HgS = cinnabar;
HgSe = tiemannite; AsS = realgar.

7. Conclusions

1. The Se-bearing metacinnabar contains 77.66–84.01 wt.% Hg, 0.18–1.17 wt.% Zn with
extensive isomorphic substitution of Se and S (2.79–14.77 wt.% Se, 6.15–11.82 wt.% S),
and the presence of impurity elements (Zn, Se) is considered to be the key factor for
the stable existence of Se-bearing metacinnabar;

2. The partial transformation of Se-bearing metacinnabar is achieved by coupled
dissolution–reprecipitation reactions, which occurred within the Zn-bearing area
in Se-bearing metacinnabar, cause the expulsion of the Zn and the precipitation of
large amounts of secondary Hg-bearing sphalerite within the replaced zones and the
newly generated mineral fractures;

3. The Se-bearing metacinnabar is closely associated with cinnabar, sphalerite, pyrite,
realgar, stibnite, quartz and tiemannite and is accompanied by strong silicification, im-
plying that it was formed in acidic conditions and originally precipitated at moderate
f Se2 (logf S2 = − 15.663 to − 13.141 and logf Se2 < logf S2 − 3.994 at ~150 ◦C).
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