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Mercury in coalsmight emit into the environment fromcoal combination, and finally

causeenvironmental pollution. In this paper, 26coal sampleswere selected fromNo.

1 which is coal in the Shanxi Formation of Zhangji and Xinjier mines in the Huainan

coalfield. The mineralogical and geochemical components of coal samples were

determined byDMA-80mercury-measuring instrument, XRF, XRD, ICP-MS, and the

relationship between the depositional environment of the coal seam and mercury

enrichment was analyzed. The results show that the mercury content of coal in the

study area ranged from 0.03 to 0.93 μg/g, with an arithmetic means of 0.21 μg/g,

higher than the background values of coal in China and the world. The mercury

content of Shanxi Formation coal varied amongdifferentmines, the arithmeticmean

value ofmercury in Zhangji coalmine and Xinjiermine coal is 0.35 μg/g and 0.12 μg/

g respectively.Due to thecomplexdepositional environment anddepositional facies,

the distribution of mercury content in the coal seam is quite different. XRD,

Microscopic observation and the ratio of (CaO + MgO + Fe2O3)/(SiO2+ Al2O3)

and Al2O3/TiO2 show that the main mineral in the depositional environment of this

study area is kaolinite, quartz and pyrite, and the depositional facies are

intercontinental and sea-land, so the parent rock type belongs to acid bedrock.

TheNi/Co, Sr/Ba, and Sr/Cu ratioswereused to indicate aweakoxidation-reduction,

Marine salt water, and an arid and hot environment. The vertical distribution of

mercury in coal and the characteristics of the depositional environment are

combined to show that mercury in coal is easily affected by redox conditions,

paleosalinity and paleoclimate in the depositional environment. At the same time,

mercury accumulation is more easily in the depositional environment dominated by

seawater intrusion than in the terrigenous input.
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1 Introduction

China is the world’s largest coal producer and consumer and

also accounts for nearly 30% of global energy-related CO2

emissions due to its heavy reliance on coal (Chen et al., 2022).

Mercury is a highly toxic element that exists in the organic and

inorganic components of coal. Due to its characteristics of

remote migration and strong redox capacity, it is prone to

migration, transformation and redistribution during coal

processing and utilization, thus affecting the environment and

human health (Lv et al., 2019; Luo et al., 2013; Chen et al., 2014a;

Zhao et al., 2019). Mercury in coal is usually converted into Hg0

and HgCl2 in the process of coal burning and enters the

atmosphere in the form of steam, thus causing global

pollution (Yang et al., 2020; Cheng et al., 2017). According to

global statistics of mercury release, the global mercury release is

2,220 t, and coal burning accounts for 21% in 2018 (United

Nations Environment Programme, 2019). Coal burning has been

recognized as the world’s leading source of man-made mercury

emissions (Tian et al., 2014; Chen et al., 2016; Hu and Cheng,

2016; Guo et al., 2018).

The distribution of mercury content in coal is obviously

different with different regions and coal-accumulating periods.

The average mercury content of coal in China is 0.19 μg/g (Zheng

et al., 2007a), slightly higher than the average mercury content in

coal in the United States (0.17 μg/g) and the world (0.1 μg/g)

(Finkelman, 1993). In general, the distribution of mercury

content in Chinese coal shows a trend of low abundance in

northwest, north and central regions, meanwhile, with high

abundance in northeast and southwest regions. The mercury

content in middle Devonian coal ranged from 0.08 to 0.23 μg/g,

with an average of 0.17 μg/g (Dai et al., 2006), and that in late

Triassic coal ranged from 0.34 to 10.5 μg/g, with an average of

1.61 μg/g (Zhang et al., 1999). Zheng statistical table of mercury

content in coal of different coal-accumulating stages in China

showed that middle Jurassic = Paleogene and Neogene < Early

Jurassic < Early Permian < Middle Devonian < Carboniferous-

Early Permian < Late Permian < Late Triassic (Zheng et al.,

2007b). The distribution of mercury in different coal-

accumulating periods is different, which is mainly caused by

the different depositional environments in the coal-forming

period. Some trace elements were more easily enriched in the

depositional environment with strong oxidation (Chen et al.,

2021; Zhang L. Q. et al., 2022). The results of research onmercury

in the coal of Zhuji mining area of Huainan coalfield show that

mercury is more likely to accumulate in the freshwater

environment than in saltwater environment (Wang G. et al.,

2018). Therefore, the causes of mercury enrichment in coal are

very complex due to the length of coal generation time and the

great difference in coal generation environment, and extensive

and in-depth research is still needed.

Huainan coalfield is one of China’s 14 billion tons of coal

production base and six coal power bases.With the massive mining

of coal resources, it has entered the deep mining stage of Shanxi

FIGURE 1
Geological stratigraphic map of Huainan coalfield.

Frontiers in Earth Science frontiersin.org02

Zheng et al. 10.3389/feart.2022.1036902

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1036902


Formation 1 coal seam. The coal seam of deep Shanxi Formation is

themain coal seam in the later period of Huainan coalfield, which is

a lump of important and special coal accumulating period. The

coal-bearing formation of the Shanxi Formation in the early

Permian was distributed in the foreland fold and thrust belt of

the Dabie-Sulu orogenic belt and its front area. In the early stage of

mineralization and post-diagenesis, which has experienced many

times of strong regional geological tectonic movements, and of

which the depositional environment and facies are very complex

and special (Zhang et al., 2020). In this paper, the mercury content

of coal in the Huainan Shanxi Formation was analyzed by means of

mineral content determination and depositional environmental

characteristics, so as to understand the origin of its enrichment.

The study on the content and distribution characteristics of

mercury in Huainan Shanxi Formation combined with

depositional environmental characteristics is not only of great

significance to correctly control and evaluate the release and

environmental effect of mercury in coal utilization in China but

also can enrich the related research on mercury in coal in North

China.

2 Geologic setting

Huainan coalfield is located in the south of north China coal

accumulation area, in the north central Anhui province, with

Huainan city as the major structure, extending into Chuxian area

in the east and extending around Fuyang in the west. The plane is

long ellipse in the northwest direction, about 100 km long,

20–30 km wide and an area of 2,500 km2, and which has an

average annual coal production of nearly 8×107 t. The

Carboniferous-Permian period was an important peat-forming

period in the Huainan Coalfield (Wei et al., 2021). The coal-

bearing strata in this area include the Benxi Formation of the Late

Carboniferous, the Upper Shihezi Formation, Lower Shihezi

Formation, Taiyuan Formation, Shanxi Formation of the Early

Permian. The thickness of the Upper Shihezi Faomation is

between 600 and 800 m, the lithology is continental

sandstone, mudstone and limestone, and whcih includes

13 and 11 coal seams. The Lower Shihezi Formation has a

thickness of 100–150 m and is lithologically composed of

mudstone, sandstone and siltstone. The coal seams contain

TABLE 1 Ash composition ratio of coal.

Sample Al2O3 SiO2 CaO Fe2O3 MgO P2O5 Na2O TiO2 C S/A A/T

ZJ-1 1.54 2.09 0.02 5.22 0.86 0.01 0.05 0.05 1.68 1.36 30.80

ZJ-2 3.00 5.50 0.01 1.01 0.31 0.02 0.05 0.38 0.16 1.83 7.89

ZJ-3 2.18 1.41 0.04 1.33 0.13 0.01 0.05 0.09 0.42 0.65 24.22

ZJ-4 2.89 0.31 0.19 1.26 0.03 0.01 0.05 0.04 0.46 0.11 72.25

ZJ-5 2.94 2.37 0.67 1.88 0.09 0.04 0.05 0.11 0.50 0.81 26.73

ZJ-6 1.81 2.02 0.88 1.05 0.26 0.03 0.06 0.08 0.57 1.12 22.63

ZJ-7 5.98 4.40 0.76 1.27 0.23 0.08 0.06 0.34 0.22 0.74 17.59

ZJ-8 6.21 3.98 0.24 1.02 0.14 0.03 0.06 0.51 0.14 0.64 12.18

ZJ-9 5.32 3.80 0.35 3.08 0.07 0.02 0.06 0.36 0.38 0.71 14.78

XJ-1 3.21 3.27 1.01 1.62 0.05 0.02 0.01 0.11 0.41 1.02 29.18

XJ-2 7.84 7.73 0.67 0.89 0.06 0.05 0.06 0.18 0.10 0.99 43.56

XJ-3 4.09 4.41 0.63 2.61 0.03 0.03 0.03 0.21 0.38 1.08 19.48

XJ-4 7.32 10.22 0.89 1.56 0.13 0.12 0.13 0.34 0.15 1.40 21.53

XJ-5 5.7 6.25 0.71 0.45 0.07 0.07 0.05 0.16 0.10 1.10 35.63

XJ-6 8.33 8.21 0.66 0.84 0.15 0.15 0.08 0.23 0.10 0.99 36.22

XJ-7 2.69 2.65 0.58 0.53 0.23 0.2 0.02 0.14 0.25 0.99 19.21

XJ-8 9.94 22.63 3.21 0.91 0.85 0.07 0.17 0.41 0.15 2.28 24.24

XJ-9 10.65 24.13 4.98 1.71 1.26 0.04 0.11 0.48 0.23 2.27 22.19

XJ-10 7.46 15.06 2.95 1.22 0.34 0.13 0.09 0.17 0.18 2.02 43.88

XJ-11 5.67 7.33 1.79 0.54 0.15 0.02 0.04 0.41 0.19 1.29 14.92

XJ-12 7.26 8.47 0.31 1.78 0.17 0.23 0.05 0.51 0.20 1.17 14.24

XJ-13 2.05 2.13 0.79 0.52 0.06 0.2 0.01 0.11 0.33 1.04 18.64

XJ-14 4.61 3.53 0.44 0.72 0.21 0.03 0.07 0.37 0.17 0.77 12.46

XJ-15 1.48 2.26 0.32 0.4 0.13 0.02 0.04 0.11 0.23 1.53 13.45

XJ-16 1.59 5.11 0.71 0.49 0.23 0.17 0.11 0.15 0.17 3.21 10.60

XJ-17 2.47 3.27 0.89 0.57 0.18 0.03 0.05 0.18 0.29 1.32 13.72

Note: C=[w(CaO)+w(MgO)+w(Fe2O3)]/[w(SiO2)+w(Al2O3)]; A/S: SiO2/Al2O3; A/T: Al2O3/TiO2.
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FIGURE 2
X-ray diffraction spectrum of coals in the Shanxi Formation.

FIGURE 3
Mineral composition of coals in the Shanxi Formation under light microscope. (The labels indicate the names of the minerals contained, (A)
Kaolinite, (B) Pyrite, (C) Pyrite, (D) quartz and calcite).
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9–2, 8, 7, 6, 5, and 4. The total thickness of Shanxi Formation is

60–70 m. The main lithology of Taiyuan formation is stratified

limestone, mudstone and sandstone, which contains a total of

seven thin coal beds. Due to the poor coal quality, many of them

are unrecoverable (Figure 1).

Zhangji Coal Mine is located in the north wing of The

Xieqiao syncline, at the southeast dip end of the Chenqiao

anticline. The overall shape is a fan-shaped monocline

structure with an incomplete arc turning trend. It covers

an area of about 71 km2 and has a coal reserve of 1.8×109 t.

Xinjier Coal Mine is located in the south wing of Xieqiao

syncline. A series of thrust faults extending from east to west

are developed in this area, forming a thrust nappe structural

system with Fufeng thrust fault as the main body and it covers

an area of about 30km2, and which has a coal reserve of

4.15×108 t (Figure 1).

3 Sampling and determination

During the exploration of the Zhangji and Xinjier mine,

according to the standard of GB/T 482-2008 Coal Seam Sampling

method, a total 26 samples were collected from Shanxi

Formation. Among them, nine samples were collected by

Zhangji Mine, and the sampling point interval was 0.5 m,

respectively marked as ZJ-1~ZJ-9. 17 samples were collected

from Xinjier Mine, with sampling points spaced at 0.3 m apart,

respectively marked as XJ-1~XJ-17. To avoid weathering and

contamination of coal samples, the collected samples were

promptly stored and sealed in plastic bags for later use.

The Hg content was determined by mercury-measuring

instrument (DMA-80, milestone, Italy). Parameters were set as

follows: drying temperature 300°C, drying time 80 s,

decomposition temperature 900°C, decomposition time 180 s,

FIGURE 4
Lithological parameters and sedimentary environment ratio.

TABLE 2 The average mercury concentration of Huainan Coalfield Shanxi Formation and other country/region coals (μg/g).

Region Zhangji
mine

Xinjier
mine

Huaibeia North
Chinab

Yunnanc Guizhouc Chinad Americae Worldf crustg

Range 0.11–0.78 0.03–0.93 0.06–0.79 0.1–0.5 0.03–0.73 0.10–2.67 0–45.0 0–10.0 0.02–1.0 —

Samples 9 17 26 252 34 88 1,699 0.17 — 2,246

concentration
(μg/g)

0.35 0.12 0.263 0.20 0.19 0.172 0.19 0.17 0.1 0.08

aFrom Zheng et al. (2007).
bFrom Huang et al. (2002).
cFrom Li et al. (2006).
dFrom Zheng et al. (2007).
eFrom Finkelman (1994).
fFrom Dai et al. (2003).
gFrom Li (1994).

Frontiers in Earth Science frontiersin.org05

Zheng et al. 10.3389/feart.2022.1036902

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1036902


waiting time 80 s, amalgamation time 12 s, recording

measurement signal time 30 s, oxygen pressure 4×105 Pa.

The constant element oxide (Al2O3, SiO2, CaO, Fe2O3, MgO,

P2O5, Na2O, and TiO2) after 815°C ashing completely using (ZSX

Primus II type, Rigaku Industrial Corporation, Japan),

parameters setting, electric refrigeration Si-PIN 6 was the

sensitive area of the detector for X 6 mm2×0.5 mm, the test

voltage for 17 kV, current for 7 mu A. The mineral

composition was determined by XRD (SmartLab 9, Rigaku

Industrial Corporation, Japan). Parameters were set: test

voltage 40 kV, test current 40 mA, scanning speed 3°/min, step

length 0.020°, Angle test 0°–90°.

A coal sample of 1 g was weighed and placed in a Teflon

crucible, and then 13 ml of wang Hydrated water (HNO3:HF:

HClO=5:5:3) was added for decomposition. After standing for

12 h at room temperature, it was heated on an electric heating

plate at 150°C. Acid was added continuously until the solution

became colorless and transparent. Nine trace elements

(including B, Co, Ni, Cu, U, Sr, Ba, Mo, and Ga) were

determined by ICP-MS (Agilent 7500cx, Agilent,

United States). Parameter setting: power 1500 W, carrier

gas (Ar) flow 0.95 L/min, atomization gas (Ar) flow 0.25 L/

min, scanning number 30 times.

4 Results and discussion

4.1 Minerals and major element oxides

The ash composition of coal can not only predict the mineral

types in coal, but also predict the parent rock properties and

judge the depositional environment characteristics (Eskenazy

et al., 2010; Harrar et al., 2022). As Table 1 shows, the

chemical composition of coal ash consist mainly of SiO2 and

Al2O3. Lesser proportions of Fe2O3, CaO and minor amounts of

MgO, TiO and other oxides in study area. The ash pertains to the

SiO2-Al2O3-Fe2O3-CaO type, indicating that more terrestrial

minerals were transported to the study area and deposited on

the coastal deltaic plain with large amounts of clastics (Qin et al.,

2018; Zhang Q. et al., 2022).

The main minerals in the study coal samples were identified by

XRD and microscopic observation. (Figures 2, 3). Clay minerals

were themajor minerals, followed by carbonate minerals and sulfide

minerals. Quartz is mainly in the shape of a random group in The

Shanxi Formation, which is filled between other mineral crystals

(Figure 3D); Additionally, the clay mineral is filled in the cell cavity

of the organic microscopic component (Figure 3A); the pyrite is

tuberculous or filled with fissures or in the form of small spheres

(Figures 3B,C). The calcite is granular in rock samples (Figure 3D).

The concentrations of clay minerals in the Xinjier Mine were

relatively higher than in the Zhangji Mine, which also suggests

more terrigenous inputs occurred in The Shanxi Formation of

Xinjier Mine.

The Al2O3/TiO2 ratio is a geodetic parameter used to judge the

source lithology of the source area. Its value ranges from 3 to 8,

indicating the basic rock. 8–21 is neutral rock; and greater than 21 is

acid rock (Dai et al., 2013; Chen et al., 2014b; Li C. H. et al., 2018). The

Al2O3/TiO2 values in the Shanxi Formation range from 8 to 66, most

of which are varied from 21 to 70, with an average of 23, indicating

that the study area was mainly felsic depositional rocks (Figure 4).

The ratio (CaO+MgO+Fe2O3)/(SiO2+Al2O3) (the value of

C) of coal can be used as the depositional environment index of

peat accumulation stage (Chou, 2012; Dai et al., 2012). The

value of C ranges from 0.03 to 0.22, the coal seams formed in

continental marsh environment, not affected by the seawater.

The value of C ranges from 0.23 to 1.23, coal seam formed in the

FIGURE 5
Mercury content distribution in coal of Huainan Shanxi Formation.
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affected by the water barrier island-tidal flat-lagoon wetland

environment. The C value of Zhangji coal samples range from

0.14 to 1.68, with an average value of 0.50. In the vertical

direction, only ZJ-2 and ZJ-7 to ZJ-8 were affected by land

sources, and the study area as a whole was mainly affected by

sea-land cross deposition. The C value of the coal samples from

Xinjier mine range from 0.10 to 0.41, with an average value of

0.21. In the vertical direction, the upper coal seams were

affected by seawater, while the and lower coal seams were

affected by land sources, and ocean-land cross deposition

mainly affected by land sources was formed on the whole

(Figure 4).

4.2 Mercury distribution

4.2.1 Mercury content in coal seam
The mercury concentrations of Zhangji and Xinjier Mine are

shown in Table 2. In order to evaluate of mercury content in coal

seam, It also lists the average concentration of America coal,

world coal, crust coals, as well as other region coals in China. The

mercury content of coal in the study area ranges from 0.03 to

0.93 μg/g, and the arithmetic mean value is 0.21 μg/g, which is

lower than the mean value of mercury in coal in Huaibei region

and higher than that of North China coal, China coal, the world

coal and other regions.

4.2.2 Distribution of mercury in coal seam
Although the coal samples of Zhangji and Xinjier mine are

coal seams formed in the same period, the distribution of

mercury content in coal is obviously different (Figure 5).

The mercury content distribution in Zhangji coal samples

show a downward trend in the vertical direction, but the

overall enrichment degree is relatively stable. In the Xinjier

coal seam, the minimum mercury content is only 0.03 μg/g and

the maximum content is 0.93 μg/g, the difference up to

30 times. According to the variation of mercury content in

vertical section, all samples were divided into two groups: group

1 (XJ-1–XJ-6) and group 2 (XJ-7–XJ-17). The mercury content

of coal changes in the group 1 near the roof are similar to those

TABLE 3 Element contents related to sedimentary environment of coals in the Shanxi Formation (μg/g).

Sample Co U Ni Mo Sr Ba Cu B Ga

ZJ-1 22.83 2.42 13.57 5.54 115.44 41.38 45.4 109.04 10.53

ZJ-2 10.28 3.04 6.39 3.52 185.54 89.64 9.88 167.34 13.72

ZJ-3 5.89 2.10 6.34 1.33 207.15 77.93 37.11 225.36 9.72

ZJ-4 6.50 0.83 9.46 1.71 299.92 117.68 20.04 164.13 6.87

ZJ-5 3.61 1.59 9.51 2.53 226.97 59.44 19.28 159.54 5.14

ZJ-6 3.40 1.13 8.33 3.26 543.59 55.94 42.52 200.70 4.14

ZJ-7 2.47 3.97 3.98 1.89 879.16 126.31 6.02 144.56 12.55

ZJ-8 1.79 5.25 6.74 1.36 281.10 136.76 23.2 168.49 14.54

ZJ-9 1.65 4.15 3.64 1.42 453.11 72.11 11.61 211.36 11.71

XJ-1 16.13 1.39 9.18 2.88 789.11 44.53 34.91 67.59 12.36

XJ-2 15.62 10.40 3.15 740.44 66.22 34.26 52.32 10.88

XJ-3 10.61 2.28 15.02 4.04 223.64 135.69 38.09 196.70 12.76

XJ-4 2.84 2.27 15.01 3.07 171.29 89.86 39.51 100.70 7.36

XJ-5 3.78 3.47 7.26 1.88 375.33 79.23 32.29 136.31 13.54

XJ-6 2.68 1.64 15.30 2.09 707.06 69.28 33.29 114.43 5.66

XJ-7 1.41 1.24 5.19 2.09 564.62 63.49 16.9 354.60 4.22

XJ-8 2.70 3.3 7.17 1.09 492.19 81.74 21.06 187.96 11.40

XJ-9 10.08 2.64 4.12 0.91 418.39 127.83 16.65 199.11 20.38

XJ-10 8.65 1.28 5.30 1.32 482.47 83.55 21.26 58.17 12.48

XJ-11 2.26 2.87 4.32 0.25 346.89 112.18 20.72 168.01 10.76

XJ-12 2.22 2.12 6.09 1.31 663.53 63.72 30.99 289.20 7.30

XJ-13 3.60 1.75 11.73 2.74 375.98 45.91 36.42 118.71 8.72

XJ-14 6.34 1.53 5.35 1.96 1742.71 83.62 14.14 180.93 9.14

XJ-15 5.33 1.28 3.96 0.80 401.83 42.01 13.65 155.50 10.69

XJ-16 2.62 1.47 3.38 1.18 304.84 72.00 5.85 131.31 4.22

XJ-17 3.50 2.07 4.32 1.80 245.82 72.30 11.18 149.96 5.79
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in the Zhangji coal mine, the group two has very low mercury

content in the coal near the floor, but the content changes are

relatively stable. Compared with the mercury in the earth’s

crust, it appears dispersed. In many other studies it has been

observed that some elements accumulations are prevalent in the

floor, roof, or the coal samples near them. This means that host

rocks (floor and roof) significantly carry these elements, and

terrigenous inputs may primarily influence the distribution of

these elements in coal seams. (Chen et al., 2011; Fu et al., 2016;

Ding et al., 2018).

4.3 Origin of mercury

4.3.1 Characteristics of depositional
environment

In this paper, the content distribution of mercury of coal

seam are associated with the depositional environment

characteristics, and the causes of mercury accumulation in

coal are analyzed. The redox conditions in the depositional

environment are usually characterized by the enrichment

degree of U and Mo elements and the Ni/Co ratio (Kimura

and Watanabe., 2001; Tribovillard et al., 2006; Wang X. et al.,

2018). As shown in Table 3, the content of U in Zhangji Mine

coal samples ranges from 0.83 to 5.25 μg/g (avg. 2.72 μg/g),

and the content of Mo ranges from 1.33 to 5.54 μg/g (avg.

2.51 μg/g); The content of U in Xinjier Mine coal samples is

0.77–3.47 μg/g (avg. 1.96 μg/g), and the content of Mo is

0.25–4.04 μg/g (avg. 1.92 μg/g). Compared with U (8.10 μg/

g) and Mo (1.06 μg/g) in The Upper crust of China, the two

groups of coal samples show U deficit and Mo enrichment.

The Ni/Co ratio of Zhangji Mine coal sample is between

0.59 and 3.77, and the Ni/Co ratio of Xinjier Mine coal

samples is between 0.41 and 5.71 (avg. 3.49). According to

the numerical results, the study area showed a transition

from oxidizing environment to reducing environment, and

which indicated a weak oxidation-reduction environment

(Figure 6).

B, Ga and Sr/Ba ratio are indictors of the paleosalinity of the

depositional environment. The content of B is high in seawater

deposition, whereas the content of Ga is high in fresh water

deposition (Dai et al., 2016; Wang et al., 2021). A previous study

showed that Sr/Ba>1 indicates a marine depositional

environment. On the contrary, it indicates a Continental

depositional environment (Du et al., 2009; Chen et al.,

2013). With the vertical cross section downward, both B and

FIGURE 6
Characteristics of depositional environment.
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Ga have irregular changes, reflecting the alternating deposition

of sea and land. With the change of formation thickness, the

content of B in the study area shows a peak value in ZJ-3, ZJ-6,

ZJ-9, XJ-3, XJ-7, and XJ-12, indicating that the location was

severely affected by seawater. The Sr/Ba ratio of Zhangji Mine

coal samples ranges from 2.06 to 9.72 (avg. 4.32). The Sr/Ba

ratio of Xinjier Mine coal samples ranges from 1.65 to 20.84

(avg. 7.71), manifesting that the study area indicated theMarine

salt water depositional environment (Table 3; Figure 6).

The ratio of Sr/Cu can be used as a sensitive indicator to

reflect the change of climatic conditions. The Sr/Cu value is low

(1.3<Sr/Cu>5.0), reflecting the warm and humid depositional

environment. Otherwise, the Sr/Cu ratio is high value (Sr/

Cu>5.0) reflects dry and hot climatic conditions (Liu et al.,

2022). The Sr/Cu values of Zhangji Mine coal samples ranges

from 2.54 to 146.04 (avg. 29.29). The Sr/Cu values of Xinjier

Mine ranges from 4.34 to 123.25, (avg.27.48). Therefore, the

climate indication of the study area was a transition from warm

FIGURE 7
The characteristic content distribution of mercury and depositional environment in coal.
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and humid to dry and hot in the process of coal formation

(Table 3; Figure 6).

4.3.2 Relationship between redox conditions
and mercury content distribution in coal

In the process of coal formation, redox conditions also

play an important role in the transformation of plant remains

into humus and in the precipitation complexation and

precipitation of trace elements in humus (Nechaev et al.,

2022; Shi et al., 2022). The mercury content in Zhangji

mine coal samples is distributed on the vertical cross

section, the change trend of Ni/Co ratio is opposite, and

similar to that of Mo content, showing a trend of decrease

and then increase (Figure 7). The correlation analysis showed

that rHg-Ni/Co=−0.4686, indicating that mercury in coal is easy

to accumulate in the oxidizing environment and to migrate in

the reducing environment. The changes of mercury content in

Group 1 in Xinjier Mine are similar to the Ni/Co ratio and Mo

content. Group two have no obvious changes with the increase

of vertical formation thickness. It can be seen from the

correlation index, Overall coal seam rHg-Ni/Co=−0.1186,

upper coal seam (Group 1) rHg-Ni/Co=−0.3693, indicating

that mercury in coal is also easily enriched in an oxidizing

environment, but redox conditions have a greater impact on

mercury in upper coal seams, and have no effect on lower coal

seams (Figure 8). Mercury of coal in the study area is easy to

accumulate in the oxidized deposition environment, mainly

because the oxidized environment was conducive to the

decomposition and transformation of organic matter by

microorganisms. In this process, mercury was easy to

transform the soluble compound to form precipitation,

leading to the reduction of migration ability and then

enrichment (Zhu et al., 2021).

4.3.3 Relationship between paleosalinity
conditions and mercury content distribution in
coal

The salinity of the water medium in the coal-forming

environment affects the dissolution, precipitation,

complexation and adsorption of trace elements in the swamp

(Sun et al., 2012; Oboirien et al., 2016). The mercury content of

ZJ-1~ZJ-4 in Zhangji coal sample does not change obviously

with the paleosalinity, but the mercury content of ZJ-5~ZJ-

9 coal sample changes in reverse with the paleosalinity

(Figure 7). The correlation index of rHg-Sr/

Ba=−0.4115 indicates that the salt water conditions are not

conducive to mercury enrichment. In the upper coal seam,

mercury is the least affected by salt water; in the middle coal

FIGURE 8
Correlation analysis of mercury and depositional environment in coal.
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seam, it is the most affected by salt water; in the lower coal seam,

the salinity of sea water shows a decreasing trend, and the

content of mercury in coal increases slightly. The mercury

content of Group one in Xinjier Mine coal decreases

gradually with the change of paleosalinity, and has a peak

value in XJ-3 coal sample. There is no obvious relationship

between the change trend of mercury in Group one coal samples

and paleosalinity. The correlation index shows that the overall

coal seam rHg-Sr/Ba=−0.1741, and the upper coal seam (Group

one) rHg-Sr/Ba=−0.3104, indicating that the upper coal seam is

strongly affected by saline water environment, while the lower

coal seam is affected by other geological activities The effect of

salinity is greater than that of water (Figure 8). In this sense, we

conclude that the freshwater-dominated environment was

likely to be more conducive to mercury accumulation than

the marine-dominated environment, which was consistent with

the previous research results (Wang G. et al., 2018).

4.3.4 Relationship between palaeoclimate
conditions and mercury content in coal

Climate change during coal formation is an important

primary factor for the migration and enrichment of trace

FIGURE 9
Correlation analysis of mercury and terrigenous inputs.
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elements in coal (Milleson et al., 2016). The mercury content

of ZJ-1~ZJ-3 and ZJ-6~ZJ-9 in Zhangji Mine coal sample

shows an obvious opposite trend with the change of Sr/Cu

ratio. According to the correlation index rHg-Sr/Cu=−0.4973,

indicating that hot and dry climate is not conducive to the

accumulation of mercury in Zhangji coal. The mercury

content in Group 1 coal samples of Xinjier Mine coal

samples shows an opposite trend with the change of

climatic conditions, and peaked at XJ-3. The mercury

content in Group two coal samples is not closely related to

climate change (Figure 7). According to the correlation index,

rHg-Sr/Cu=−0.2613 on the whole and rHg-Sr/Cu=−0.4497 on the

upper coal seam, indicating that the upper coal seam is

strongly affected by climate while the lower coal seam is

weakly affected by climate, which may be disturbed by other

geological factors. Therefore, the study showed that

compared with the hot and dry climate, the warm and

humid depositional environment was more conducive to

the accumulation of mercury in coal in the study area (Lv

et al., 2020). The dry coal-forming environment may affect

the species, flourishing degree of organic organisms and

decomposition rate of plant remains, thus affecting the

migration and enrichment of harmful trace elements in

swamp organisms (Lu et al., 2020) (Figure 8).

4.3.5 Influence of terrigenous inputs
The mechanical transport of minerals will be caused by

the input of continental clasts in coal seams, which will lead

to the migration and enrichment of trace elements in coal

carried by a large number of mineral clasts (Wang et al.,

2022a; Wang et al., 2022b). The upper coal seam of Xinjier

Mine is affected by redox, paleosalinity and paleoclimate in

the depositional environment, and the lower coal seam is

affected by various geological activities. The depositional

facies of the study area is the ocean-land cross deposition

dominated by terrigenous inputs, and the lower coal seam is

strongly influenced by terrigenous inputs. As shown in

Figure 9, the variation trend of C value in Xinjier Mine

indicates that the depositional environment is gradually

transferred from seawater activity to terrigenous inputs,

mercury content of Group one (XJ-1~ XJ-6) showes an

increasing trend with seawater activity, while mercury

content of Group two (XJ-7-XJ-17) showes a decreasing

trend with the intensification of terrigenous inputs.

Through correlation analysis, it is found that rHg-

C=0.5779 on the whole coal seam and rHg-C=−0.4890 on

the lower coal seam. The results showed that the

terrigenous input in the sedimentary environment is not

conducive to the accumulation of mercury in coal.

5 Conclusion

The mercury content in coal of Shanxi Formation in the deep

part of the study area ranged from 0.03 to 0.93 μg/g, and the mean

value was 0.21 μg/g, which was higher than the background value of

mercury in coal of China (0.19 μg/g) and the world (0.1 μg/g).

Compared to the content of mercury in the Crust (0.08 μg/g), the

enrichment coefficient was 2.6, which showed significant

enrichment. Kaolinite, quartz and pyrite are the main minerals in

the coal in the study area. The distribution of mercury content in

shanxi formation coal in the deep part of Huainan coalfield is very

different due to depositional environment. The content of mercury

in the coal of Shanxi Formation of Zhangji Coal Mine ranges from

0.11 to 0.78 μg/g, with the mean value of 0.35 μg/g. The content of

mercury in coal of Shanxi Formation of Xinjier mine coal ranges

from 0.03 to 0.93 μg/g, with the mean value of 0.12 μg/g.

The sedimentary rocks of the Shanxi Formation belong to the

middle-acid bedrock, and the depositional facies are represented by

sea-land alternate facies. The climatic conditions are mainly

composed of warm and humid to arid and hot transitional

sedimentary environment. The enrichment of mercury in coal in

Zhangji mining area is mainly affected by the redox conditions,

paleosalinity and paleoclimate in the depositional environment. The

upper coal seam ofmercury in Xinjier coalmine is affected by various

geological factors in depositional environment: the upper coal seam is

affected by redox conditions, paleosalinity and paleoclimate in

depositional environment; The lower coal seam is affected by land

source input. The results show that land source input is not

conducive to mercury enrichment and sea water activity is

conducive to the enrichment of mercury in a certain extent.
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