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Abstract: Selenium (Se) is an essential trace element for humans and animals, and an excess of or
deficiency in Se is harmful to health. Research on the selenium enrichment zone began in the late
1970s in Shuang’an, Ziyang, southern Shaanxi Province. Naore village is only one selenosis area in
Shuang’an, Ziyang, China. Different scholars have conducted systematic studies on the occurrence
of selenium, its organic geochemistry and biomarkers, and its content and enrichment patterns in
this area. This study applied the TIMA (TESCAN integrated mineral analyzer) for the first time to
conduct detailed mineralogical work. The minerals included quartz, carbonate minerals (calcite and
dolomite), feldspar (plagioclase, albite, and orthoclase), biotite and muscovite, clay minerals (chlorite
and kaolinite), hematite, pyrite, and accessory minerals (almandine, olivine, zircon, and apatite)
in Naore village, Ziyang, Shaanxi Province. The ATi index (100 × apatite/(apatite + tourmaline)) is
used to determine the source of heavy minerals and the degree of heavy minerals’ weathering. The
content POS (100 × (pyroxene + olivine + spinel)/transparent heavy mineral) of olivine, pyroxene,
and spinel in heavy minerals can reflect the contribution of basic and ultrabasic rocks in the source
area. The ATi and POS indexes for the heavy minerals in the research area were 91.83~99.96 and
0.01~18.75, respectively, reflecting the abundance of volcanic rock material in their source. In addition,
the migration, transformation, bioavailability, and toxicity of selenium in the environment are closely
related to its species. The species of selenium in various selenium-rich areas (Naore, Wamiao, and
Guanquan) mainly include unusable residues and organic forms, followed by humic-acid-bound
selenium. The proportions of water-soluble, exchangeable, and carbonate-bound selenium are
relatively small, and the proportion of Fe-Mn oxide-bound selenium is the lowest.

Keywords: mineralogy; selenium speciation; early Cambrian; Se-rich black shale; southern Shaanxi
province; China

1. Introduction

Black shales are characterized by their abundance of organic matter, sulfide minerals,
and high concentrations of trace elements (e.g., V, U, Cu, Mn, Ba, Cd, Ni, Zn, Mo, Pb,
and REEs) [1–6]. At the same time, their formation is also related to global catastrophes,
such as biological explosions [7], extraterrestrial events [8–11], volcanic events [12], etc.
Early Paleozoic black shales are widely distributed in southern China, e.g., the Niutitang
Formation of the Cambrian Series [13], the Miaopo Formation of the Middle Ordovician [9],
the Wufeng Formation of the Upper Ordovician [14], and the Longmaxi Formation of
the Lower Silurian [15]. These formations are mostly associated with near-global oceanic
anoxic events [13]. Therefore, research on black shales has extremely important geological
significance for paleontology, event geology, stratigraphy, mineral deposit science, and oil
and gas geology [7,8,16–20].
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Research has shown that black shales are enriched with dispersed elements of Se:
(1) the enrichment of polymetallic elements of the Early Cambrian Niutitang Formation
in Zunyi, Guizhou, southern China [19,21], and Xiangxi, western Hunan, China [22];
(2) the selenium enrichment of the Lower Cambrian Lujiaping Formation in Shuang’an,
Ziyang, the southern Qinling Mountains, China [23,24]; (3) the Larma Se-Au deposit in the
Cambrian Taiyangding Group [25]; and (4) the independent selenium deposit in Yutangba
of Enshi Shuanghe, western Hubei, in the Permian Maokou Formation [20,26,27].

The mineralogical study of selenium began in the 1950s, e.g., purple-gray needle-
shaped natural selenium (Se) [28], ferroselite (FeS2) and clausthalite (PbSe) [29], and so
on. Significant progress was made in mineralogical research starting in the 1980s: (1) the
discovery of natural selenium minerals (Se) in the same carbonaceous layer in the geo-
logical environment [30]; (2) antimonselite (Sb2Se3) in U-Hg-Mo polymetallic deposits in
Guizhou, southern China [31]; (3) selenio-sulfantimonide (Sb2(S,Se)3) and selenio-copper
antimony sulfide (Cu3Sb(S, Se)4) in the Se-Au deposits in Laerma, northwestern China [32];
(4) klockmannite (CuSe), chalcomenite (CuSeO3·2H2O), and krutaite (CuSe2) in Yutangba,
Hubei, China [33]; and (5) tiemannitet (HgSe), selenio-sulfantimonide (Sb2(S,Se)3), selenio-
copper antimony sulfide (Cu3Sb(S, Se)4), ferroselite (FeS2), a small group of clausthalite
(PbSe), antimonselite (SbSe), Scderholmite (NiSe), and berzelianite (Cu2Se) in the Se-Au
deposits in Laerma, northwestern China [34].

In addition, geochemistry applies chemical principles and experiments to understand
earth science and engineering problems [35]. Many scholars use continuous extraction
and analytical chemistry methods to distinguish the forms of selenium in the detection
environment based on its environmental significance [36–39]. There are generally the water-
soluble, exchangeable, organically bound (alkali-soluble), elemental, carbonate-bound
(acid-soluble), sulfide-/selenide-bound, and residual states of selenium [39]. Moreover,
the water-soluble and exchangeable states are usually considered biologically available
selenium [38,40,41]. In the ecological geochemical cycle of selenium, the state of its oc-
currence controls its environmental geochemical behavior, including its water solubility,
toxicity, bioavailability, redox state, etc., which in turn affects its ecological benefits [42].

Research on the selenium enrichment zone in Shuang’an, Ziyang, Shaanxi Province
began in the late 1970s. Different scholars have conducted systematic studies on the
occurrence of selenium, its organic geochemistry and biomarkers, and its content and en-
richment patterns [43–46]. Naore village is only one of the selenosis areas in the Shuang’an
area [47]. The selenium content of the corn in Naore village is 6.6 mg/kg [48], and the
horsebeans reach 48.84 mg/kg of Se [43]. The selenium contents of the soil in these fields
are 15.74 mg/kg [43] and 26 mg/kg [49]. The village people consume selenium-enriched
crops from these fields. Previous studies on mineralogy and selenium in southern Qinling
found the following: (1) The black rock series in the Qinling Mountains is made up of
carbonaceous argillite, carbonaceous siliceous argillite, marl, stone coal, and carbonaceous
limestone; additionally, phosphatic nodules, pyrite, and barite are always found in these
rocks [50]. (2) Systematic studies on the Se content of different lithologies from this area
have indicated that the Lower Cambrian, carbonaceous, and siliceous strata host the highest
levels of Se [24]. (3) By combining studies on ore characteristics, performing analyses of
mineralization elements, and conducting electron probe analyses, the contents of Fe, Cu,
Zn, and the other metallic elements in carbonaceous shale were determined [51]. (4) The
relationship between selenium and the mineral content in Ziyang rocks showed a negative
correlation between Se and both quartz and sodium feldspar. Illite is a clay mineral with a
strong adsorption capacity for selenium, and pyrite is involved in an important mechanism
for selenium enrichment in rocks [52]. (5) The content of organic matter is high in the
Lower Cambrian, Ziyang, and there are two modes of occurrence: dispersed organic matter
and aggregated organic matter. The relationship between dispersed organic matter and
clay minerals is close. The average total organic carbon (TOC) is affected by lithologic
differences and the pyrite content and type [53].
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Based on the above, it can be seen that previous studies on the occurrence of minerals
in the Se-rich black shale and soil in southern Qinling have mainly focused on using
microscopes [24,50] and electron probes (EPMAs) [51]; mineralogical research work has
been relatively weak. Due to the high spatial resolution and built-in mineralogical spectrum
dataset, a TIMA could identify and quantify minerals with a grain size from the mm
to µm scale, including the mineral abundance [54]. In order to determine the specific
composition, content, particle size, element distribution, and occurrence status of minerals
accurately, we selected the TIMA (TESCAN integrated mineral analyzer), a fully automatic
comprehensive mineral analysis system based on scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) analysis, to conduct detailed mineralogical work on the
selenium-rich black shale and soil of Naore village, Ziyang area. In addition, the migration,
transformation, bioavailability, and toxicity of selenium in the environment are closely
related to its concentration and species, which then influence the Se content and species in
plants and human bodies [52]. Therefore, studying Se speciation in the rock–soil system is
very important for understanding the eco-geochemical cycle of Se, which is beneficial for
reasonably utilizing Se resources.

Considering this background, the purposes of this study were as follows: (1) determine
the detailed mineral composition of the rock and soil in Naore village and (2) assess the
relationship between Se content and species in the rock and soil of Naore, Wamiao, and
Guanquan villages, Ziyang. The research results will help reveal further biogeochemical
effects of Se and the relationship between Se and other elements, lay the foundation for
geological health surveys, and provide a theoretical reference and technical support for Se
resource exploitation.

2. Geological Background

Ziyang County is located in the southern part of Shaanxi Province, China (Figure 1a).
Geologically, the region belongs to the Qinling orogenic belt, which is a major tectonic
boundary separating the North China Block from the South China Block [24]. According to
the tectonic evolutionary history of the Yangtze Plate, there was a southward subduction
event at the edge of the Yangtze landmass in the Neoproterozoic. With the end of the sub-
duction, the North Daba Mountains area evolved into a passive continental margin in the
northern part of the Yangtze landmass during the Cambrian period [55,56]. The thickness of
the Cambrian sediments in the Daba Mountain area underwent a thin (1480–1625 m)–thick
(2246 m)–thin variation from the southern Daba Mountain area to the Maoba–Zhenping
area and then to the Ziyang–Pingli area [57]. The variation pattern of the thickness of
this stratum also reflected the fact that the main thrust faults in the Early Paleozoic era
controlled the strong differential sedimentation of the two sides of the strata through
synsedimentary extensional deformation [57,58].

The Se-enriched Lower Cambrian strata outcrop on Daba Mountain extends over the
whole county (Figure 1b) [47,59]. There are three NW–SE-trending major faults (Yuehe
Fault Zone, Hongchunba Fault Zone, and Dabashan Deep Fault Zone) distributed from
north to south in the research area (Figure 1b) [47,50]. The fault zones are characterized by
anticlines and synclines, and a large number of black rock-type deposits are distributed
along the fault zones, such as plagioclase, barite, and barium calcite deposits (Figure 1b).
The black shales in the research area belong to the Lower Cambrian black rock series of
the Qinling Mountains, which is an important ore-forming rock series in northern China.
It is rich in carbonaceous or interbedded coal, with rare fossils and very thick siliceous
rocks [60]. The distribution strata are mainly the Jianzhuba Formation and the Lujiaping
Formation (Figure 1b), and the orientation of the strata is consistent with the direction of
the fault. The most concerning area of selenosis in the Shuang’an countryside of Ziyang
County is very small and limited to Naore village (Figure 1c) [43].
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Figure 1. Geological map of study area. (a) Location of study area (modified from Tian et al. [44]); 
(b) distribution of Lower Cambrian Lujiaping Formation and Fault in study area (modified from 
Luo et al. [47]; Wang et al. [61]; and Zhao et al. [53]); (c) geological sketch map of Naore village 
(modified from Hou et al. [62]). 

The main rocks of the Lujiaping Formation are carbonaceous siliceous rock (Figure 
2a–c), slate (Figure 2d), sapropelite (Figure 2e), carbonaceous shale (Figure 2f), and a small 
amount of carbonaceous siltstone, partially interbedded with phosphorite and stone coal, 
with a thickness of about 700–900 m. In addition to the obvious enrichment in Se, this 
formation is also enriched with elements such as Ba, V, and Cr, as well as a large amount 
of barite and toxic stone coal. The Jianzhuba Formation is mainly composed of dark-gray 
limestone containing argillaceous micrite, with a thickness of 170–300 m [24,53,61,62]. 

Figure 1. Geological map of study area. (a) Location of study area (modified from Tian et al. [44]);
(b) distribution of Lower Cambrian Lujiaping Formation and Fault in study area (modified from Luo
et al. [47]; Wang et al. [61]; and Zhao et al. [53]); (c) geological sketch map of Naore village (modified
from Hou et al. [62]).

The main rocks of the Lujiaping Formation are carbonaceous siliceous rock (Figure 2a–c),
slate (Figure 2d), sapropelite (Figure 2e), carbonaceous shale (Figure 2f), and a small amount
of carbonaceous siltstone, partially interbedded with phosphorite and stone coal, with a
thickness of about 700–900 m. In addition to the obvious enrichment in Se, this formation
is also enriched with elements such as Ba, V, and Cr, as well as a large amount of barite
and toxic stone coal. The Jianzhuba Formation is mainly composed of dark-gray limestone
containing argillaceous micrite, with a thickness of 170–300 m [24,53,61,62].
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Figure 2. Photos of various occurrences and lithology of Se-rich black shale in study area. (a) Thick 
and thin interbedded siliceous rock; (b) carbonaceous siliceous rock, with high organic content, in-
terspersed with dolomite veins; (c) carbonaceous siliceous rock, with high organic content; (d) tight 
fold of slate and shale; (e) sapropelite interbedded with siliceous rock; (f) mudstone interbedded 
with siliceous rock and shale; (g) distribution of soil-sampling points from north to south; (h) typical 
yellow-brown soil profile. 
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3.1. Field Sampling and Sample Preparation 

Most of the samples collected for this study came from the Lower Cambrian Lujiap-
ing Formation. The rock and soil samples investigated herein were collected from Naore, 
Wamiao, and Guanquan villages in Ziyang, Ankang, Shaanxi Province, China. The 

Figure 2. Photos of various occurrences and lithology of Se-rich black shale in study area. (a) Thick
and thin interbedded siliceous rock; (b) carbonaceous siliceous rock, with high organic content,
interspersed with dolomite veins; (c) carbonaceous siliceous rock, with high organic content; (d) tight
fold of slate and shale; (e) sapropelite interbedded with siliceous rock; (f) mudstone interbedded
with siliceous rock and shale; (g) distribution of soil-sampling points from north to south; (h) typical
yellow-brown soil profile.

3. Sampling and Analytical Methods
3.1. Field Sampling and Sample Preparation

Most of the samples collected for this study came from the Lower Cambrian Lujiaping
Formation. The rock and soil samples investigated herein were collected from Naore,
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Wamiao, and Guanquan villages in Ziyang, Ankang, Shaanxi Province, China. The sam-
pling points were distributed on the rock layers and farmlands around the village. A total
of 20 rock and 12 soil samples (from north to south; Figure 2g,h) were collected.

During the process of collecting samples, the surface-oxidized ore was knocked off,
and fresh, representative samples that were not exposed were selected for microscopic
(rock) mineralogical observations and TIMA analysis.

The samples were cleaned with tap water to wipe off all contaminants, washed again
with deionized water, stored under dry conditions, and powdered with an agate mill.
The soil samples were dried naturally, and any plant fragments and roots were removed.
Following collection, the samples were taken to the laboratory for processing.

3.2. Mineral Analysis

Fresh samples were selected for grinding thin sections, and separate sections were
probed for petrological and mineralogical identification.

Approximately 2 g of the rock samples was sliced, and the soil samples were com-
pacted and embedded in resin to form a target for machine testing. A scanning electron
microscopy analysis was performed by using the mineral liberation analysis (MLA) in situ
method [63,64], which did not involve particle size screening or heavy-mineral sorting.
This method can prevent the loss of some heavy minerals during manual screening and
washing and can also better preserve mineral particles such as quartz and feldspar. The
exported data included but were not limited to the following: the mineral type, the size
of each mineral phase and the count, the size of each mineral particle and the count, the
type of mineral phase contained, etc. Mineral phase particles with a size greater than 5 µm
were identified.

The testing work of the mineral quantitative analysis system (TIMA) was completed
at the Continental Dynamics Laboratory of the Department of Geology, Northwestern Uni-
versity. The testing system was mainly composed of a TESCAN MIRA 3 scanning electron
microscope equipped with 9 detectors, namely, 4 EDAX (Element 30) high-throughput
silicon drift detectors (detection area of 30 mm2), BSE and SE detectors inside the mirror
tube, an ultrafast YAG scintillator BSE detector, a secondary electron EverhartThornley
detector, and a scalable cathode fluorescence detector (350–850 nm). The testing mode was
the high-vacuum mode, with an acceleration voltage of 25 kV, a current of 9 nA, and a
working distance of 15 mm. The current and BSE signal strengths were calibrated using a
platinum Faraday cup automatic program, and the EDS signal was calibrated by using Mn
standard samples. In the test, the lattice mode of the dissociation analysis was used, with
an X-ray count of 1000 for each point and a pixel spacing of 3 µm [54].

3.3. Se Content and Speciation Analysis

The samples were analyzed for whole-rock and soil Se element concentrations by
using an atomic fluorescence spectrometer (AFS; AFS-933; Jitian Beijing, China) on the
Xi’an E-test platform, Ltd., in Xi’an, China. The powdered samples were weighed to 0.2 g
and placed in a 50 mL beaker with 15 mL of HNO3 and 3 mL of HClO4 and then heated
for 2 min. Next, 5 mL of HCl was added, and the low temperature was increased until the
mixture was slightly boiling. Then, the mixture was cooled and maintained at a constant
volume in a 25 mL colorimetric tube. After dissolution, the samples were tested by using
the AFS; the analytical accuracy and precision were within ±5% [65].

The samples were analyzed for Se speciation by using the five-step sequential extrac-
tion method by Tessier et al. [66] and Qu et al. [67] on the Xi’an E-test platform by using
the PE-OPTIMA 7000 full-spectrum direct-reading inductively coupled plasma emission
spectrometer as follows:

1. Organically bound Se: Amounts of 8 mL of 5% K2S2O8 and 2 mL of concentrated
HNO3 were added to each remaining soil sample, and the vial was heated for 3 h in a
water bath at 95 °C. The tube was intermittently shaken from time to time.
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2. Iron (Fe)/manganese (Mn) oxide-bound Se: An amount of 10 mL of 2.5 mol/L HCl
was added to the remaining soil. The capped vials were then heated in a water bath
at 90 ◦C for 50 min. The centrifuge vials were also shaken intermittently.

3. Carbonate-bound Se: An amount of 10 mL of 0.7 mol/L KH2PO4 (pH of 5.0) was
added to the above tube, and the tube was shaken at 200 rpm and 25 ◦C for 4 h.

4. Exchangeable Se: An amount of 10 mL of 1.0 mol/L magnesium chloride (MgCl2)
was added to the above tube, and the tube was shaken at 200 rpm and 25 ◦C for 4 h.

5. Residual Se: The residuals were transferred into Teflon crucibles with 8 mL of concen-
trated HNO3 and 2 mL of concentrated HClO4. The crucibles were covered and heated
to 170 ◦C in a sand bath until the soil appeared white or gray. After acid digestion,
the solution was transferred to a 25 mL volumetric flask with deionized water.

4. Results
4.1. Microphysiography of Samples

The black rock series can be divided into siliceous shale (quartz + feldspar > 50.0%, clay
minerals < 40.0%, and carbonate minerals < 30.0%), clay-type shale (quartz + feldspar < 50.0%,
clay minerals < 40.0%, and carbonate minerals < 30.0%), and carbonate shale (carbonate
minerals > 30.0%) [68,69]. The average content of brittle minerals (siliceous minerals such
as quartz, feldspar, etc., and carbonate minerals such as calcite and dolomite) in Naore was
over 80% (the content of quartz + feldspar was > 50.0%, and that of carbonate minerals was
about 26%), and the content of clay minerals was relatively low, which indicated that the
rock type in the study area was mainly the siliceous shale type. The detailed petrography
under the microscope is shown in Figure 3.

Minerals 2024, 14, x FOR PEER REVIEW 8 of 22 
 

 
Figure 3. Microscope photos from Naore village, Ziyang, southern Shaanxi, China. (a) Siliceous 
slate: muddy fine-grained structure mainly composed of quartz, feldspar, and witherite. (b) Calcar-
eous and carbonaceous slate: fine-grained structure mainly composed of quartz, calcite, witherite, 
and organic matter. (c) Calcareous slate: fine-grained structure; the mineral composition is mainly 
quartz, calcite, witherite, dolomite, and organic matter, with small amounts of biotite and magnetite. 
(d) Stone coal: oriented black organic matter and colorless quartz bands, indicating low-grade met-
amorphism. (e) Siliceous shale: the mineral composition is mainly quartz and organic matter, black 
carbon, and quartz stripes with directional interlacing, interspersed with brown biotite. (f) Siliceous 
carbonaceous shale: the mineral composition is quartz, calcite, and organic matter. Q—quartz; Dol—
dolomite; Cal—calcite; Bio—biotite; Mag—magnetite; Wit—witherite; OM—organic matter; Fsp—
feldspar. 

Table 1. Mineral contents according to TIMA (%) and ATi–POS indexes in Naore village, Ziyang, 
southern Shaanxi, China. 

 
NR-08 NR-13 NR-18 NRT-01 NRT-05 

Carbonaceous Slate Siliceous Rock Carbonaceous Shale Soil Soil 
Quartz 8.40 40.57 41.00 36.08 36.26 
Albite 0.00 0.00 0.00 1.88 2.90 

Plagioclase 0.03 0.09 0.61 1.45 1.23 
Orthoclase 0.06 2.04 3.97 5.51 5.26 

Calcite 8.72 0.04 0.16 0.24 0.33 
Dolomite 71.09 0.00 13.57 1.74 0.60 

Biotite 1.20 24.64 20.16 22.51 18.33 
Muscovite 0.17 1.73 2.74 2.92 2.93 

Chlorite-Clinochlore 0.76 0.00 0.31 0.21 0.06 
Ankerite 1.04 0.00 0.32 0.03 0.02 
Hematite 0.20 24.62 4.75 6.29 2.42 

Pyrite 0.01 0.00 0.70 0.00 0.00 

Figure 3. Microscope photos from Naore village, Ziyang, southern Shaanxi, China. (a) Siliceous slate:
muddy fine-grained structure mainly composed of quartz, feldspar, and witherite. (b) Calcareous
and carbonaceous slate: fine-grained structure mainly composed of quartz, calcite, witherite, and
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organic matter. (c) Calcareous slate: fine-grained structure; the mineral composition is mainly quartz,
calcite, witherite, dolomite, and organic matter, with small amounts of biotite and magnetite. (d) Stone
coal: oriented black organic matter and colorless quartz bands, indicating low-grade metamorphism.
(e) Siliceous shale: the mineral composition is mainly quartz and organic matter, black carbon, and
quartz stripes with directional interlacing, interspersed with brown biotite. (f) Siliceous carbonaceous
shale: the mineral composition is quartz, calcite, and organic matter. Q—quartz; Dol—dolomite;
Cal—calcite; Bio—biotite; Mag—magnetite; Wit—witherite; OM—organic matter; Fsp—feldspar.

4.2. Mineral Content and Particle Size

The clastic minerals identified by using the TIMA were mainly quartz, feldspar,
dolomite, calcite, biotite, muscovite, and hematite, which accounted for 67%–92% of the
total mineral content. The clay mineral content in the rocks and soils in the Naore area
was low, accounting for less than 1% of the total mineral content, and mainly consisted
of chlorite and kaolinite. The organic matter content in the soil was high, accounting for
about 13%–18% (Table 1). The specific mineral characteristics are described below.

Table 1. Mineral contents according to TIMA (%) and ATi–POS indexes in Naore village, Ziyang,
southern Shaanxi, China.

NR-08 NR-13 NR-18 NRT-01 NRT-05

Carbonaceous Slate Siliceous Rock Carbonaceous Shale Soil Soil

Quartz 8.40 40.57 41.00 36.08 36.26
Albite 0.00 0.00 0.00 1.88 2.90

Plagioclase 0.03 0.09 0.61 1.45 1.23
Orthoclase 0.06 2.04 3.97 5.51 5.26

Calcite 8.72 0.04 0.16 0.24 0.33
Dolomite 71.09 0.00 13.57 1.74 0.60

Biotite 1.20 24.64 20.16 22.51 18.33
Muscovite 0.17 1.73 2.74 2.92 2.93

Chlorite-Clinochlore 0.76 0.00 0.31 0.21 0.06
Ankerite 1.04 0.00 0.32 0.03 0.02
Hematite 0.20 24.62 4.75 6.29 2.42

Pyrite 0.01 0.00 0.70 0.00 0.00
Schorl 0.00 0.01 0.06 0.08 0.14

Almandine-spessartine 0.00 3.82 0.58 2.86 4.92
Grossular 0.00 0.00 0.00 0.01 0.02

Pyrope 0.21 0.00 1.31 0.55 0.21
Kaersutite 0.01 0.08 0.59 0.60 0.73
Actinolite 0.00 0.07 0.02 0.06 0.96

Kinoshitalite 0.00 0.00 0.01 0.00 0.00
Ferro-Actinolite 0.07 0.24 0.82 0.19 0.17

Diopside 0.10 0.00 0.18 0.02 0.03
Allanite-(Ce) 0.00 0.00 0.02 0.00 0.01

Monazite 0.00 0.01 0.02 0.02 0.02
Titanite 0.00 0.04 1.17 0.09 0.60

Andradite 0.00 0.10 0.01 0.03 0.04
Apatite 1.31 0.81 1.72 1.65 1.60

Kaolinite 0.00 0.00 0.01 0.03 0.07
Olivine 0.56 0.00 1.43 0.41 0.15

Enstatite 0.00 0.00 0.06 0.01 0.15
Corundum 0.00 0.09 0.13 0.00 0.00

Xenotime-(Y) 0.00 0.00 0.00 0.02 0.00
Zircon 0.01 0.11 0.52 0.47 0.40

Ilmenite 0.00 0.05 0.01 0.10 0.12
Rutile 0.01 0.04 0.13 0.32 0.28

Goethite 0.00 0.03 0.00 0.05 0.02
Pyrrhotite 0.00 0.00 0.09 0.00 0.00



Minerals 2024, 14, 612 9 of 21

Table 1. Cont.

NR-08 NR-13 NR-18 NRT-01 NRT-05

Carbonaceous Slate Siliceous Rock Carbonaceous Shale Soil Soil

Romanechite 0.00 0.00 0.00 0.01 0.02
Zoisite 0.00 0.00 0.00 0.21 0.54

Alstonite 0.01 0.04 0.04 0.10 0.06
Total 93.98 99.32 97.25 86.76 81.63
POS 18.75 0.01 5.76 1.44 1.14
ATi 99.96 98.26 96.55 95.22 91.83

Notes: ATi = 100 × apatite/(apatite + tourmaline); POS = 100 × (pyroxene + olivine + spinel)/transparent
heavy mineral.

4.2.1. Quartz

It is observed that quartz mainly exists in the form of cryptocrystalline polymers,
veins, or clastic particles. A quartz vein exists in NR-08, and it is dense and crack-free.
The surroundings of the quartz vein are corroded by calcite into irregular harbor shapes
(Figure 4a,b), with a length of more than 14 mm. Cryptocrystalline quartz mainly exists
in strips (Figure 4e,f), and the particle size is mainly concentrated in the range of 5–26 µm
(Figure 5a). Biotite and other minerals are arranged in layers, and some are porphyritic.
Quartz in the soil is mainly in the form of clastic particles with poor roundness and a very
small size, with particles below 27 µm accounting for more than 97% of quartz (Figure 4g).

4.2.2. Carbonate Minerals

The carbonate minerals in the Naore area mainly include calcite and dolomite, which
exist in the form of veins or polymers. Dolomite mainly exists in the form of aggregates
(Figure 4b,c), in which there are a large number of cavities and cracks. It is the main
component of the NR-08 sample, accounting for 79.8% of its total mineral content. Dolomite
in other rock and soil samples appears in granular form (Figure 4f), with a particle size
ranging from 5 to 25 µm (Figure 5b), bad idiomorphism, and content between 0.04%
and 13.7%.

Calcite mainly exists in the form of colloidal quartz veins (Figure 4a), and a small
amount of calcite exists in rock fractures in a granular shape. More calcite exists in dolomite
cavities in the form of fine particles, with a particle size below 5 µm (Figure 4b,c). The
calcite content of other samples is very low, and it exists in the form of fine particles. The
particle size of calcite ranges from 5 to 26 µm (Figure 5b).

4.2.3. Biotite and Muscovite

The biotite in the Naore rock is mainly banded and interbedded with quartz (Figure 4e),
symbiotic with orthoclase, and surrounded by hematite, and there are many muscovite
alterations inside of it (Figure 4d). Biotite in the soil appears as dispersed particles with
a particle size of about 10 µm. A small number of larger particles are amorphous and
symbiotic with orthoclase and hematite (Figure 4g). The particle size of muscovite and
biotite ranges from 3 to 18 µm (Figure 5c).

4.2.4. Feldspar

The feldspar (including plagioclase, albite, and orthoclase) content in the rock is
relatively low, ranging from 0.09% to 4.59%. It is mainly orthoclase, which is sporadi-
cally distributed in biotite mineral particles (Figure 4d), with a particle size below 20 µm
(Figure 5d). The feldspar content in the soil is slightly higher than that in the rock, which is
between 8.8% and 9.4%, and it is also dominated by orthoclase, with small particles, only a
few particles in the range of 50 µm, and most of them are symbiotic with biotite (Figure 4g).
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4.2.5. Clay Minerals

The content of clay minerals in this area is very low, accounting for only 0.001%–0.76%
of the total mineral content. Chlorite is the main component, and the content of kaolinite is
secondary. In the NR-08 sample, in which dolomite is the main component, chlorite exists
in the dolomite gap in the form of aggregate and coexists with biotite (Figure 4d); in the
other rock and soil samples, chlorite exists in the form of fine particles around biotite and
feldspar, with a particle size ranging from 4 to 20 µm (Figure 5e).

4.2.6. Hematite

The content of hematite in the rocks and soils in this area is relatively high, accounting
for 24.6% of the total minerals (NR-13). Hematite is mainly in the form of fine particles
in rock strips or alteration zones around pyrite (Figure 4f), with particle sizes of 7–66 µm
(Figure 5f). Hematite in the soil mostly exists in the form of independent minerals, with
poor roundness and bad idiomorphism. There is often almandine symbiosis around them
(Figure 4g).
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4.2.7. Pyrite

Pyrite widely exists in the samples in the study area, but its growth is limited. Pyrite
exists in the rock in the form of very fine grains. According to the data in Table 1, in NR-13,
which has structural deformation, the content of pyrite is low, only sporadically appearing,
while in NR-08, pyrite exists in the form of broken fine particles, with an average particle
size of only 8.5 µm. The content of pyrite in NR-18 is relatively high, accounting for 0.7%
of the total mineral content. Pyrite grows inside hematite, and the particle size is evenly
distributed in the range of 5.81–55.7 µm (Figures 4f and 5f). There are few pyrite particles
in the soil, and no obvious aggregation is formed. The pyrite in the study area is in the
form of strawberry-like aggregates (from pyrite crystals with the size of several microns to
tens of microns and aggregates of microcrystals).

4.2.8. Accessory Minerals

There are many kinds of accessory minerals in this area, but their contents are low.
The accessory minerals account for 2.3% to 11.2% of the total mineral content, in which
the content of almandine, olivine, zircon, and apatite is high, and that of other minerals
is less than 1% (Table 1). Apatite is mainly distributed in rock crevices and is slightly
idiomorphic (Figure 4b). Olivine and apatite are mainly distributed in the rock in the form
of fine particles with a particle size below 50 µm, and they are also mostly distributed
near the periphery of biotite. The accessory minerals are mostly very fine particles, with
basically no grinding or self-shaping, and they are dispersed in rocks and soils.

4.3. Selenium Speciation

The contents of Se species in the black shales of Naore village in Ziyang, southern
Shaanxi Province, varied greatly among the samples. The contents of the Se fraction were
divided into two groups: A and B (Table 2). The order of the mass content of the five
fractions of Se in Groups A and B were organically bound > Fe/Mn oxide bound > residual
> exchangeable > carbonate bound and residual > exchangeable > organically bound >
Fe/Mn oxide bound > carbonate bound, respectively.

Table 2. Distributions of selenium contents in various species in selenium-rich rocks and soils from
Naore, Wamiao, and Guanquan in Ziyang, southern Shaanxi, China (mg/kg).

Residual Exchangeable Carbonate
Bound

Fe/Mn Oxide
Bound

Organically
Bound Sum Total Se

NR-1 0.86 0.21 <0.02 0.16 0.65 1.87 1.81
NR-5 0.22 0.01 0.02 0.53 0.74 1.52 1.50

A NR-7 0.11 0.33 <0.02 0.02 0.56 1.02 0.83
NR-8 0.88 0.08 <0.02 1.00 1.16 3.11 2.88
NR-10 2.12 0.09 0.04 2.53 2.88 7.66 7.40

Percent of
speciation (%) 10.53~45.87 0.73~32.7 <3.00 1.95~34.92 34.52~54.76

NR-3 18.55 0.48 0.48 0.36 1.83 21.70 18.82
NR-13 23.47 0.81 <0.02 0.55 0.68 25.51 24.43

B NR-15 20.68 0.75 <0.02 0.22 0.45 22.11 21.66
NR-17 15.92 0.73 <0.02 0.27 0.66 17.57 15.46
NR-18 22.00 1.24 <0.02 0.27 1.08 24.60 23.58

Percent of Se
speciation (%) 85.52~93.55 3.19~5.04 <3.00 1.00~2.14 2.06~8.44

NRT-01 19.10 0.46 <0.02 0.19 1.87 21.62 22.13
NRT-03 18.80 0.45 <0.02 0.54 2.77 22.56 19.88
NRT-05 14.02 0.44 0.03 0.27 2.50 17.25 17.12

Soil WMT-03 0.99 0.26 <0.02 0.16 1.98 3.40 3.15
GQT-01 0.06 0.38 <0.02 0.22 1.56 2.22 1.78
GQT-07 0.07 0.38 <0.02 0.11 1.33 1.88 1.56



Minerals 2024, 14, 612 13 of 21

In order to study and compare the quality of the Se fraction in the soil of the Ziyang
area in Shaanxi, samples were collected from Naore, Wamiao, and Guanquan villages. The
quality of the Se fraction in the samples from the three regions varied greatly. The order
of the different fractions of Se in the soil of the three regions was as follows: (1) Naore:
residual > organically bound > exchangeable > Fe/Mn oxide bound > carbonate bound;
(2) Wamiao: organically bound > residual > exchangeable > Fe/Mn oxide bound > carbon-
ate bound; (3) Guanquan: organically bound > exchangeable > residual > Fe/Mn oxide
bound > carbonate bound (Table 2).

5. Discussion
5.1. Se Geochemical Enrichment Mechanism and Heavy-Mineral Sources

In the evolutionary history of the Earth, selenium has tended to be enriched in the
mantle and core, with a lower content (~0.05 mg/kg) in normal sedimentary rocks [70].
Therefore, volcanic and post-magmatic hydrothermal processes are often considered an
important source of selenium production [20,24]. Anomalous concentrations of Se, together
with Cu, Pb, Zn, As, Sb, S, Ni, V, Mn, Mo, U, Ag, Au, and PGE, have been recognized in the
Lower Cambrian ‘black shales’ in many parts of the Yangtze and Tarim cratons of southern
and western China [7,8,16,18,19,24,62,71–76]).

At present, traces of hydrothermal activity have been found on mid-ocean ridges, in
backarc basins, and in intracontinental rifts around the world [77]. The mediating effect of
submarine hydrothermal microorganisms on mineral formation can affect local physical
and chemical processes and result in the adsorption of various ions and minerals, playing
an important role in mineral growth and precipitation [78]. Therefore, there is a certain con-
nection between hydrothermal sedimentary diagenesis and selenium enrichment [77–79].
The extremely high Ba content in the samples suggests the influence of hydrothermal
activity [61], and the hydrothermal source may be the rise in deep-sea heat source materials
caused by strong submarine volcanic eruptions and intrusion activities along the deep
fault [61,80,81]. In addition, black rock series-type deposits are distributed in NWW–SEE-
trending rift basins and are consistent with the stratigraphic orientation. It can be inferred
that the formation of a black rock series is closely related to faults, which may form small
depressions with local enclosed anoxic conditions for the descending plates of different
faults and which is conducive to the accumulation and evolution of organic matter [58,82].
In addition, the Se content in carbonaceous siliceous rocks and carbonaceous shale is higher
than that in siliceous rocks, which may be related to the adsorption and protection effect of
organic matter on the Se element [47,80,83]. In addition, the pores of clay minerals, quartz,
pyrite, and other minerals play a certain adsorption role on elements, so the selenium
content in samples rich in pyrite is significantly higher [21,46].

In the rock formations of the Ziyang area, the Lower Cambrian black shale is mainly
composed of siliceous rocks, slate, shale, siliceous shale, and stone coal. In addition to being
highly enriched in Ba, it is also rich in elements such as Se, Cu, V, and Cr, and it contains
large amounts of layered pyrite, barite, witherite, and barium calcite [24,60,84]. During the
weathering process, minerals decompose, and large amounts of Se, Ba, and V enter the soil.
The Co, Mo, and W elements were significantly enriched in the soil of the sampling area,
while Ag, Cd, V, Ba, Zn, As, Cu, Ni, U, Tl, and Sb also showed an enrichment trend [62].
The content of Mo, a typical mantle source element and an extremely enriched element in
stone coal in the southern Shaanxi region, was 100 times higher in the interlayer of stone
coal than in Chinese coal [85].

The composition of minerals in rocks is an important indicator for understanding the
occurrence of trace elements. Selenium and sulfur belong to the same group of elements,
with similar chemical properties, and selenium can replace sulfur in a similar form and
enter sulfides, such as Fe (Se) S2, Cu (Se) S, etc. [86–89]. There is a negative correlation
between Se and both quartz and sodium feldspar in Ziyang rocks. As a weathering product
of rock-forming minerals, illite is a clay mineral with a strong adsorption capacity for
selenium, which can affect the migration behavior of selenium during rock weathering
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through adsorption. In addition, there is a significant positive correlation between Se and
pyrite content, which may indicate that pyrite is an important mechanism for selenium
enrichment in rocks [52]. Clay minerals such as illite and chlorite usually have a strong
adsorption capacity, and studies have also found that rocks, sediments, and soil all contain
exchangeable selenium, that is, selenium adsorbed on the surface of clay minerals and iron
manganese oxides [41,90,91]. Selenium tends to accumulate in weathered minerals such as
biotite [88].

The characteristics of heavy minerals not only reflect the composition of the parent
rock, but also reflect the physical separation, mechanical abrasion, and chemical dissolu-
tion of sediments in the sedimentation–transport and sedimentation processes [92]. The
information inversion of the paleo sedimentary environment and paleotectonic activity
by using the heavy-mineral characteristic index can show the tectonic activity stage and
sedimentation characteristics, such as the material denudation and deposition rates [93].
The ATi index (100 × apatite/(apatite + tourmaline)) is used to determine the source of
heavy minerals and the degree of heavy minerals’ weathering [94]. The content POS
(100 × (pyroxene + olivine + spinel)/transparent heavy mineral) of olivine, pyroxene, and
spinel in heavy minerals can reflect the contribution of basic and ultrabasic rocks in the
source area [95].

As shown in Table 1, the ATi and POS indexes of the research area were 91.83~99.96
and 0.01~18.75, respectively, reflecting the abundance of volcanic rock material in the source
area. It has been shown that there are several intrusive rocks left over from magmatic
activity in the Early Cambrian strata of Ziyang [60]. Selenium is more likely to undergo
isomorphism with sulfur in high-temperature environments [96], and magmatic activity
provides mantle-derived materials for diagenesis [24]. Research has found that there is a
large-scale intrusion of diabase walls in the Ziyang area [97,98], and the selenium content
in the strata is closely related to igneous rocks. Near igneous rocks (such as the diabase
rocks in the Zhuwen River, Maobaguan), the mass fraction of selenium in carbon slate has
reached 26.0 mg/kg [96]. There is a significant positive correlation between Se and V of
the siliceous rock in Ziyang [52] and a positive correlation among Se, V, and P in the soil
of the Daba Mountains in southern Shaanxi Province, which may indicate similarities in
the genesis of Se-rich rock in western Hubei [99,100]. It was observed that the magmatic
activity in the study area played a certain role in promoting the enrichment of selenium in
the study area. In addition, the distribution of organic matter in black shale also increases
the selenium content [53]. Under the same conditions, the Se content in stone coal can reach
41 mg/kg, which is higher than the content of the surrounding rock [96]. This is consistent
with the results of previous research, that is, black shales in the Ziyang area are the result
of the combined effects of hydrothermal sedimentation, volcanic activity, and biological
processes [24,61,98,101].

5.2. The Relationship between Se Content and Speciation

By comparing the selenium content of the rocks in selenium-rich areas, it was found
that rocks are greatly influenced by rock layers and lithology. Selenium is relatively rich
in the rocks of the Upper Cretaceous strata in the United States [38], the Lower Permian
Maokou Formation in Enshi [100,102,103], the Lower Cambrian Lujiaping Formation in
Ziyang, and the Lower Cambrian Niutitang Formation in Zunyi [21,39,46]. Conversely, the
selenium content is relatively low in the Silurian, Ordovician, Upper Middle Cambrian,
and Lower Cambrian Jianzhuba Formations in Ziyang, southern Shaanxi, China [96,104].
Previous data have shown that the selenium content in stone coal in the selenium-rich
area of Ziyang is the highest (average of 37.67 mg/kg), followed by slate, volcanic tuff,
siliceous rock, mudstone, limestone, and dolomite. The selenium content of mudstone in
the selenium-rich area of Enshi can reach up to 6084 mg/kg, followed by shale, siliceous
rock, and stone coal, all of which have a content higher than 100 mg/kg. However, the
selenium content of dolomite and limestone is relatively low, generally not exceeding
20 mg/kg [102]. The Ni-Mo deposit is generally rich in selenium in Zunyi, Guizhou, with
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the highest selenium content in the Ni-Mo deposit (average of 1811 mg/kg), followed by
montmorillonite, shale, phosphate rock, and siliceous rock [21,39]. The selenium content in
the Upper Cretaceous selenium-rich rocks in South Dakota and Wyoming in the United
States is relatively low, ranging from 0.42 to 70.7 mg/kg. Among them, the highest
selenium content is in the Cretaceous rock, followed by siltstone and shale, and finally,
montmorillonite [38].

The content of heavy-metal elements (V, Ni, and Zn) in black rock formations in the
Ziyang area [62] is relatively low compared with that in the Yutangba area [105]. Compared
to the black shales in the Longmaxi Formation of northern Yunnan Guizhou or western
Newfoundland, the V content of the rocks in Ziyang is extremely high. The enrichment of
elements is influenced by various factors in the soil. Studies have shown that the exposure
of selenium-rich rocks is a necessary condition to accumulate high selenium content in a
region’s soil, and the main source of selenium or other heavy-metal elements in the soil is
rocks [106,107]. Most areas that have reached selenium poisoning levels are often affected
by human activities [106,108,109]. Human activities, especially mining, cultivation, and
the use of black rock-rich coal, directly release elements from rocks into the surrounding
soil [106,108]. For example, the use of stone coal in the Yutangba area has led to extremely
high selenium content in some farmland areas [108], indicating the impact of human
activities on the distribution of natural elements.

The highest reported selenium contents in carbonaceous shale, siliceous rock, and
siliceous slate in the Ziyang area were 303 mg/kg [110], 278 mg/kg [24], and 128 mg/kg [52].
The average soil Se content in Ziyang County is 0.94 mg/kg, which is higher than the aver-
age soil Se content in China (0.29 mg/kg) [111] and Shaanxi Province (0.12 mg/kg) [112].
According to the classification criteria [113], most of soil Se belongs to the states of sufficient
Se (35%) and rich Se (42%) [114]. From Table 2, we can see that the Se content in the rock
and soil is classified as rich Se, and the soil Se concentrations are controlled by the parent
rock and organic matter [52].

Se speciation in rock is dependent on the rock’s content and morphology. Therefore,
the selenium content and its morphological characteristics in the soil are significantly
correlated with the distribution of selenium species in the rocks in the Ziyang area [52].
Selenium mainly exists in the form of hydrophilic organic compounds in rocks and soil.
It is generally believed that soluble selenium has the highest bioavailability, followed by
exchangeable selenium [115]. Selenium combined with Fe-Mn is difficult for plants to
utilize [116]. The binding of selenium into its organic form in rocks and soil limits its
migration ability and effectiveness for plants [117], while the residual form is the most
stable in rocks and soil [52]. When the pH of the environment decreases, these species of
selenium are preferentially separated, leading to an increase in the bioavailable selenium
content in the soil [118]. Acidic environments are not conducive to the dissociation of other
bound forms of selenium in the soil. On the contrary, selenium-rich soil is alkaline, and the
various selenium-binding states tend to decompose and release free selenium, enhancing
the bioavailability of selenium. Therefore, the pH value of the regional environment plays
an important role in controlling the effective selenium content in the soil and the plant
absorption capacity [118].

The effective selenium content in Ziyang’s selenium-rich rocks is not higher than 10%
(5.42 ± 3.40%), and most of the rocks (except for stone coal and limestone) have a Se content
between 4.55% and 6.77%. The effective selenium content in carbonaceous shale in the
Enshi area accounts for 6.32%–24.35% of the total selenium content, with an average of
17.81 ± 6.80%. The content is mostly around 20%, which is much higher than the effective
selenium ratio in Ziyang selenium-rich carbonaceous shale and carbonaceous siliceous rock
but lower than the effective selenium ratios of 21.51% and 24.36% in the Lower Cambrian
black shale and carbonaceous siliceous rock in Zunyi, China [39,52]. There are certain
differences in the main occurrence states of selenium in rocks from the two major selenium-
rich areas in China: (1) In Ziyang, southern Shaanxi Province, the sulfur-/selenide-bound,
organically bound, and residual forms are the main species in carbonaceous slate [52],
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which is consistent with the results of this study (Table 3). (2) In Enshi, western Hubei
Province, the organically bound, sulfur-/selenide-bound, and exchangeable forms are the
main species in carbonaceous shale [39].

Table 3. The percentage contents of different Se species in selenium-rich rocks and soils from different
areas.

Residual Exchangeable Carbonate
Bound

Fe/Mn
Oxide Bound

Organically
Bound

Water
Soluble

Humic Acid
Bound

NRT-01 88.32% 2.15% 0.09% 0.86% 8.66% ~ ~
NRT-03 83.34% 1.98% 0.09% 2.40% 12.28% ~ ~
NRT-05 81.28% 2.53% 0.15% 1.57% 14.48% ~ ~
WMT-03 29.19% 7.74% 0.90% 4.83% 58.24% ~ ~
GQT-01 2.92% 16.93% 1.06% 9.75% 70.41% ~ ~
GQT-07 3.50% 20.06% 1.06% 5.78% 70.66% ~ ~

Mingbei [119] 34.85% 9.25% 7.50% 46.56% 1.84% ~
Shandong [120] 34.82% 1.54% 3.20% 0.17% 38.22% 1.00% 21.95%
Ningxia [121] 50.11% 5.32% 2.55% 2.40% 23.01% 5.43% 11.18%
Qinghai [122] 42.95% 3.06% 3.06% 1.47% 31.83% 3.32% 14.31%
Anhui [123] 26.69% 7.50% 4.19% 2.75% 38.46% 2.05% 18.36%

Inner
Mongolia [124] 29.63% 5.51% 3.32% 1.60% 18.54% 3.24% 23.41%

By comparing it with other selenium-rich soil (tea gardens in northern Fujian Province [119],
the selenium-rich areas in Qingzhou City—Shandong Province [120], northern Ningxia
Province [121], Lujiang—Anhui Province [123], eastern Qinghai Province [122], and
Bayannur—Inner Mongolia [124]), it was determined that the selenium-rich soil is mainly
composed of the organically bound and residual species, accounting for 23.01% to 46.56%
and 26.69% to 50.11%, respectively (Table 3). The second main species is humic-acid-bound,
accounting for 23.41% in Inner Mongolia. The proportion of exchangeable, carbonate-
bound, Fe-Mn oxide-bound, and water-soluble forms in each selenium-rich region is
relatively small. Through a comprehensive comparison, it was found that the proportions
of different species of selenium in various selenium-rich regions are in the following order:
organic/residual > humic acid bound > water soluble/exchangeable/carbonate bound >
Fe-Mn oxide bound. By comparing the results of this study with those of previous studies
(Table 3), it was found that there is a high degree of consistency in the distribution of
selenium species between the area examined in this study and other selenium-rich regions.
In addition, the Se content is directly proportional to the organic/residual species.

6. Conclusions

We conducted a systematic study of Se mineralogy and speciation in the Lower Cam-
brian Se-enriched strata within the Lujiaping Formation in southern Shaanxi Province,
China, to examine the Se geochemical enrichment mechanism and the relationship be-
tween the Se content and its species. In the rock formations of the Ziyang area, the Lower
Cambrian black shale is mainly composed of siliceous rocks, slate, shale, siliceous shale,
and stone coal. The minerals in Naore village, Ziyang, Shaanxi Province, include quartz,
carbonate minerals (calcite and dolomite), feldspar (plagioclase, albite, and orthoclase),
biotite and muscovite, clay minerals (chlorite and kaolinite), hematite, pyrite, and accessory
minerals (almandine, olivine, zircon, and apatite). A negative correlation was observed
between Se and both quartz and sodium feldspar. In addition, selenium tended to accumu-
late in clay minerals such as illite and chlorite and in weathered minerals such as biotite.
The ATi and POS indexes of heavy minerals in the research area were 91.83~99.96 and
0.01~18.75, respectively, reflecting the abundance of volcanic rock material in its source.
Black shales in the Ziyang area are the result of the combined effects of hydrothermal
sedimentation, volcanic activity, and biological processes. The Se content in the rock and
soil of the study area is classified as rich Se, and the soil Se concentrations are controlled by
the parent rock and organic matter. The fraction of selenium in various selenium-rich areas
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is mainly present as unusable residues and organic forms, followed by humic-acid-bound
selenium. The proportions of water-soluble, exchangeable, and carbonate-bound selenium
are relatively small, and the proportion of Fe-Mn oxide-bound selenium is the lowest.
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