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Abstract Mesozoic and Cenozoic magma activity in the Wolong Lake mining area of Huaibei is frequent, and the degree

of magma intrusion into coal seams remarkable. On the one hand, magma intrusion affects the utilization of coal resources;

on the other hand, the macro and trace elements in coal are redistributed to form new mineral types. This study uses the

Wolong Lake magma intrusion coal seam as a research object. The mineral paragenesis for igneous rock, coke, and

thermally-altered coal in an igneous intrusion zone is studied using SEM, XRD, and Raman spectroscopy. During igneous

intrusion, the temperature and pressure of igneous rock metamorphose ambient low-rank coal to high-rank coal and coke.

The response mechanism of minerals and trace elements to magmatic intrusion is discussed. The results are: � SEM

analysis shows that ankerite and pyrite are formed from magma intrusion. Both minerals are strongly developed in the

magma-coal contact zone, and less well developed in thermally-altered coal. ` XRD analysis shows that igneous intrusion

strongly influences the types and content of minerals in coke and thermally-altered coal. In addition to the increase amounts

of ankerite and pyrite, chlorite, serpentine, and muscovite, and other secondary minerals, are generated following igneous

intrusion. ´ Raman analysis suggests that thermally-altered coal possesses the characteristics of both pyrite and coke. Coke

from the magma-coal boundary zone possesses the typical characteristics of pyrite. Igneous rock contains a mineral similar

to pyrite, confirmed by both having similar Raman peaks. The scattering intensity of Ag indicates that the formation

pressure of pyrite increases from thermally-altered coal via the boundary between the coke zone and the igneous rock.
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1 Introduction

The intrusion of coal beds by igneous fluids is a common

phenomenon in coal-bearing strata around the world (Kisch

and Taylor 1966; Finkelman et al. 1998; Stewart et al.

2005). Igneous intrusion not only disrupts the continuity

and integrity of coal beds, but also severely affects the

industrial values of coal and the geochemical parameters of

organic and inorganic constituents in coal. These include

the upgrade of the organic maturity and rank of coal, the

reorganization of coal molecular and pore structure, the

modification of methane-generation capacity, the transfor-

mation of minerals, and the enrichment and depletion of

specific elements (Kwiecinska et al. 1992; Golab and Carr

2004; Stewart et al. 2005; Yao et al. 2011; Dai et al. 2012;

Yang et al. 2012; Wu et al. 2014; Rahman and Rimmer

2014; Chen et al. 2014; Wang et al. 2015). The transfor-

mation of original minerals in coal in response to abrupt

increases in the heat and pressure of intruded magma is of

special interest, as it relates to the industrial utilization of

coal and enrichment of hazardous trace elements. Addi-

tionally, new minerals might be formed at the boundary of

the magma-coal contact zone after intrusion due to the

precipitation of elements from hydrothermal and igneous
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fluids. For example, by studying a Cretaceous bituminous

coal seam intruded by a felsic porphyry dike, Finkelman

et al. (1998) observed significant enrichment of carbonates

(dolomite, calcite, ankerite, and siderite) and pyrite in the

coke at the magma-coal contact zone. Similar observations

are also reported in early studies, such as by Kisch and

Taylor (1966), Podwysocki and Dutcher (1971), and

Kwiecinska et al. (1992), and in recent studies, such as by

Prachiti et al. (2011), Singh et al. (2012), Chen et al.

(2014), Rahman and Rimmer (2014), Wang et al. (2015),

and Neupane et al. (2017).

Chinese coal deposits have been suffered from multiple-

stage igneous intrusion from the Late Paleozoic to the

Early Cenozoic (Yang et al. 1982). The Permo-Carbonif-

erous coal deposits in the east of China, such as those in

Hebei and Anhui Province are extensively intruded by

Middle-Late Mesozoic magmatic activity (Dai and Ren

2007; Zheng et al. 2007, 2008; Jiang et al. 2011; Tan et al.

2011; Yang et al. 2012; Yan et al. 2013; Wu et al. 2013;

Chen et al. 2014; Wang et al. 2015). However, there are

still ongoing debates on the radiation radius of the thermal

aureole of igneous intrusion and the variation in petrolog-

ical and mineralogical parameters with heat and pressure

gradients. Wolonghu Coal Mine in Huaibei Coalfield,

Anhui Province, is a typical coal mine that has an abun-

dance of igneous rocks in lower coal seams (Jiang et al.

2011; Yan et al. 2013). With the help of SEM, XRD, and

Raman spectroscopy, this paper investigates the paragen-

esis of minerals at a magma-coal contact zone to under-

stand the response of minerals to igneous intrusion.

2 Geological setting

Huaibei Coalfield is located in the southeastern North

China Plate, near the famous Tanlu fault zone. The

Wolonghu Coal Mine in the northwestern Huaibei coalfield

is located at the intersection of the western Fengxian-

Guoyang fracture and the southern Subei fracture (Fig. 1a).

Strata exposed in the mine include the Carboniferous

Taiyuan Formation, the Permian Shanxi Formation, the

Lower Shihezi Formation, the Upper Shihezi Formation,

the Shiqianfeng Formation, and the Upper Tertiary and

Quaternary. The coal seams in the mine were developed

from the Upper Carboniferous to the Permian. The Upper

Carboniferous strata primarily comprise bioclastic lime-

stone, medium-fine grained clastic rocks, and non-mine-

able, thin coal seams. All mineable coal seams are

produced in the Permian strata, and they can be divided

into the Shanxi Formation, Lower Shihezi Formation, and

Upper Shihezi Formation from bottom to top. Among

them, the Shanxi Formation contains No. 10 and 11 coal

seams, the Lower Shihezi Formation contains Nos. 4, 5, 6,

7, and 8 coal seams, and the Upper Shihezi Formation

contains Nos. 1, 2, and 3 coal seams (Fig. 2).

Wolonghu Coal Mine is severely affected by cretaceous

yanshanian magmatism (Jiang et al. 2011; Yan et al. 2013).

The magma, thought to derive from the southern Subei

fracture zone, has intruded into the coal seams along the F2
(west) and F7 (east) controlling faults (Fig. 1b). Intrusive

rocks are thicker in the southern part of the mine compared

with the northern part. Intrusive magma engulfed most of

the No. 10 coal seam, leaving randomly scattered high-rank

coal and coke. In the No. 8 coal seam, igneous rocks

(called No. 3 pluton) are in the form of sill and are inter-

calated into the middle of the coal seam (Fig. 1c). The No.

3 pluton is a set of granite diorite rocks; its phenocryst

mainly consists of anorthite and hornblende, with a strong

retrograde metamorphism, while its matrix consists of fine-

grained quartz, plagioclase, sericite, chlorite, and epidote.

3 Sample description and analytical methods

A total of 9 samples were collected from the magmatic-

intruded No. 8 coal seam (Fig. 1c), including three igneous

rocks (R-1, R-2, R-3), three cokes (T-1, T-2, T-3), and

three thermally-metamorphosed coal benches (C-1, C-2,

C-3).

The ash, volatilization, and moisture in the sample were

determined by referring to Chinese National Standard GB/

T211–2001. The carbon, hydrogen, and nitrogen elements

were tested using an elemental analyzer (model Vario EL

cube). The total sulfur content was determined using a WS-

S101 automatic sulfur meter. Using Chinese National

Standard GB/T215–2003, the sulfate sulfur, sulfide sulfur,

and organic sulfur in the samples were determined.

One portion of a sample was polished into a block to be

examined using polarization microscopy, cold-field emis-

sion scanning electron microscopy (SEM), and Raman

spectroscopy, while another portion was crushed into 200

meshes for X-ray diffraction (XRD). The SEM (S-4800)

operating parameters were: resolution: 2.0 nm; magnifica-

tion: 209 and 800,0009; beam current: 1 pA–2 nA; and

acceleration voltage: 0.5–30 kV. The Raman spectrometer

(In Via-Reflex with the 532 nm excitation line of Ar?)

operating parameters were: output power: 25 mW; reso-

lution: 1 cm-1; and spectral scanning range:

100–1800 cm-1. The XRD (XD-3) operating parameters

were: maximum power 3 kW; repeatability of angle mea-

surement: B 0.0016�; scanning range: 30�–160�; and

accuracy of angle measurement: B 0.0052�(2h).
Jade software was used to characterize different wave

types (peak types). SPSS (IBM, 21.0) software was used

for analysis of the experimental data, analysis including

one-way analysis of variance (ANOVA) statistical analysis
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and correlation analysis. All figures were drawn by using

Origin 2017 software.

4 Results and discussion

4.1 Coal quality characteristics of magmatic altered

coal

The data on coal chemistry for the No. 8 coal samples of

Wolonghu Coal Mine are shown in Table 1. The weighted

average of volatile matter yield (8.06%) and ash yield

(19.67%) suggest that the coals possess extra low volatile

and medium ash contents, according to Chinese National

Standards GB/T 15224–2004. The total sulfur content in

the coal ranges from 0.3% to 0.49%, with a weighted

average of 0.4%, indicating an ultra-low sulfur content.

The sulfur is mainly derived from coal-forming plants.

Moreover, the pyrite sulfur increased with increasing levels

of coal metamorphism, but the organic sulfur content

decreased. This indicates that the pyrite in magmatic

hydrothermal entered the coal through cracks; meanwhile

the high temperature of the intrusive rocks caused some

organic sulfur to evaporate.

4.2 Morphological characteristics of intrusive rocks

and pyrites

Macroscopically, there is a clear boundary between intru-

ded granodiorite (gray) and metamorphosed coke (dark

gray). The polarizing microscope highlighted the presence

of pyrites and iron dolomites in the granodiorite, coke, and

altered coals. Abundant ankerite and quartz are seen in the

granodiorite, with small amounts of euhedral-to-subhedral

pyrite distributed in a carbonated feldspar periphery

(Fig. 3, R-1). An irregular pyrite chain, as well as self-non

euhedral quartz and feldspar are distributed in the magma-

coal boundary zone (Fig. 3, T-1). In the thermally altered

coal, pyrite is affected by the structure of natural coke and

quartz grains, and is distributed in cracks and voids in the

coal matrix (Fig. 3, C-1). SEM observation shows ankerite

to coexist with pyrite, indicating that pyrite formation

might relate to the carbonation of ankerite. The coexistence

of chlorite and pyroxene suggests that chlorite was possibly

the alteration product of pyroxene under the influence of

hydrothermal fluids.

SEM observation shows that abundant ankerite, in the

form of plates and sheets, is distributed in the intruded

granodiorite (Fig. 4, R-1a), and that the edge of the

ankerite developed with semi-euhedral and euhedral pyrite

(Fig. 4, R-1b). Additionally, irregular and thread-like coke

Fig. 1 Location of Wolonghu Coal Mine (a) showing the distribution of igneous rocks (b) and sampling points in No. 8 coal seam (c). (1–
granodiorite (No. 3 pluton); 2–fine-grained sand (roof); 3–mudstone (floor); 4–No. 8 coal seam; 5regional fractures; 6–fault; 7–depth contour

map of coal seam; 8–main shaft; 9–sampling transect; 10–sampling number. � Xiayi-Gushi fracture; ` Fengxian-Guoyang fracture; ´ Guzhen-

Changfeng fracture; ˆ Lingbi-Wudian fracture; ˜ Tancheng-Lujiang fracture; Þ Subei fracture; þ Guangwu–Guzhen fracture; ¼ Taihe-Wuhe

fracture)
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is admixed into the granodiorite (Fig. 4, R-1c). Along the

magma-coal boundary, ankerite is present in irregular short

columns and granulated shapes (Fig. 4, T-1a), with distinct

quartz and pyrite bands distributed at both sides of the

ankerite (Fig. 4, T-1b). The crystal of semi-euhedral and

euhedral pyrite in the magma-coal boundary was not well

developed. Subhedral to allotriomorphic quartz with a

flocculent growth edge was also seen, presumably precip-

itated from late-stage hydrothermal fluids. The natural coke

in the magma-coal boundary has an irregular vortex

structure (Fig. 4, T-1c). In the thermally-altered coal,

ankerite is present in regular long columns and needle-like

shapes (Fig. 4, C-1a), while pyrite with undeveloped

crystal exhibits plastic deformation characteristics (Fig. 4,

Fig. 2 The generalized stratigraphic sequences of the Huaibei coalfield, Anhui, China
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C-1b). Both of minerals fill the matrix grids of the ther-

mally-altered coal (Fig. 4, C-1c).

The abundant ankerite in the magma-coal contact zone

implies that it was mainly formed during magma intrusion,

while the ankerite distributed between the quartz and pyrite

veins, indicates that it formed after the quartz. In the

thermally-altered coal, the ankerite and pyrite filling the

coal matrix were possibly deposited from Fe-rich fluids.

Previous studies show that carbonates, including dolomite,

calcite, ankerite, and siderite, are commonly present in the

veins and vesicles of coke, with their relative proportions

varying with distance from the intrusion rock (Kisch and

Taylor 1966; Padwysocki and Dutcher 1971; Kwiecinska

et al. 1992; Finkelman et al. 1998). In the present study, the

primary carbonate is ankerite, and no other carbonates were

observed. Pyrite, marcasite, and ankerite are commonly the

products of Fe-S rich fluids, and marcasite is commonly

thought to form at low temperatures. Thus, it is speculated

that a low-temperature Fe-S fluid system might develop,

surrounding igneous rock.

From thermally-altered coal via coke to intrusion rock,

the crystal form of pyrite becomes more regular, its crys-

tallization rate slows down, and its crystalline environment

becomes stable. At the same time, the structure of ankerite

changes from long columns to short columns, and then to

plate, indicating a gradual increase in the crystallization

temperature of ankerite. Igneous intrusion significantly

alters the original minerals in coal, and possibly forms new

minerals from magmatic or hydrothermal fluids.

4.3 Mineral characteristics of rock-coal alteration

zone XRD

The XRD result (Table 2) shows different mineral com-

binations among the intruded granodiorite, coke, and

thermally-altered coal. Kaolinite and quartz are the primary

Table 1 Coal qualities of Wolonghu Coal Mine (%)

Sample type Sample number Ad Vdaf Mad C H N St,d Sp,d Ss,d So,d

Alteration rocks R-1 90.23 10.15 0.44 2.02 0.31 0.27 0.14 0.07 0.03 0.04

R-2 86.48 13.69 0.57 12.87 1.54 0.41 0.09 0.05 0.01 0.03

R-3 86.56 14.23 0.63 13.60 1.56 0.40 0.10 0.06 0.02 0.02

AM-R 87.76 12.66 0.55 9.50 1.14 0.36 0.11 0.06 0.02 0.03

Rock-coal transition zone T-1 24.79 7.85 0.81 65.48 3.05 1.23 0.43 0.31 0.03 0.09

T-2 18.57 6.68 0.62 68.32 3.38 1.58 0.34 0.15 0.03 0.16

T-3 23.48 7.64 0.61 69.79 3.85 1.52 0.30 0.11 0.02 0.17

AM-T 22.28 7.39 0.68 67.86 3.43 1.44 0.36 0.19 0.03 0.14

Alteration coal C-1 17.46 8.86 0.64 68.09 4.31 1.66 0.43 0.04 0.02 0.37

C-2 19.69 8.46 0.67 65.92 4.45 1.72 0.49 0.26 0.01 0.22

C-3 14.00 8.91 0.54 69.09 4.78 1.59 0.41 0.08 0.01 0.32

AM-C 17.05 8.74 0.62 67.70 4.51 1.66 0.44 0.13 0.01 0.30

AM 19.67 8.06 0.65 67.78 3.97 1.55 0.40 0.16 0.02 0.22

Note Mad, moisture; Ad, ash yield; Vdaf, volatile matter St,d, total sulfur; Sp,d, pyritic sulfur; Ss,d, sulfate sulfur; So,d organic sulfur; ad, air-dry basis;
d, dry basis; daf, dry and ash-free basis

Fig. 3 Photomicrographs of igneous rock, coke and thermally-altered coal under polarizing microscope. Ank: ankerite; py: pyrite; Nc: natural

coke; An: anorthite
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minerals in thermally-altered coal. The minerals in the

granodiorite have multiple origins. First, the quartz and

feldspar (anorthositic and albite) are formed from siliceous

magma. Second, kaolinite may be produced by

hydrothermal fluids, and ankerite is possibly the product of

the reaction between CO2 and magma/hydrothermal fluids

during igneous intrusion. Third, clinochlore and amesite

are possibly formed from the transformation of pyroxene

by low-temperature hydrothermal fluids. In addition, the

granodiorite also contains trace amounts of muscovite and

other minerals. Significant amounts of ankerite and pyrite,

and small amounts of muscovite, chlorite, and other trace

minerals, are observed in the coke. It can be concluded that

igneous intrusion led to a significant increase in the content

of several minerals (pyrite and ankerite) and generated

several secondary minerals.

4.4 Pyrite crystal structure

Raman spectroscopy was used to study the minerals in

granodiorite, coke, and thermally-altered coal, according to

the peak-type combination (M), Raman shift (Dm), and

scattering intensity (I) (Table 3). Earlier studies show that

peaks in the regions of 327–350 cm-1, 378–390 cm-1, and

431–440 cm-1 are related to the deformation vibration and

stretching vibration of pyrite; and the 1360 cm-1 and

1600 cm-1 peaks are related to microcrystalline vibration

and the inner plane C–C stretching vibration of graphite

(Jia and Zhu 1997; An et al. 2014). Figure 5 shows five

obvious scattering ranges (342.3–344.4 cm-1,

Fig. 4 SEM images of igneous rock, coke and thermally-altered coal

Table 2 XRD results for igneous rock, coke and thermally-altered

coal

Sample

number

Sample type Minerals

R-1 Alteration

rocks

Quartz, Ankerite, Anorthositic, Albite,

Kaolinite, Enstatite, Illite, Muscovite,

Clinochlore, Amesite

T-1 Rock-coal

transition

zone

Quartz, Kaolinite, Ankerite, Chlorite,

Pyrite, Muscovite, Serpentine

C-1 Altered coal Quartz, Kaolinite

Transformation of minerals at the boundary of magma-coal contact zone: case study from… 173

123



378.7–380.4 cm-1, 431.6–432.2 cm-1, 1360 cm-1, and

1600 cm-1) for thermally-altered coal, linked to the char-

acteristics of pyrite and graphite. However, there are only

three scattering peaks (346.9–349.3 cm-1,

384.8–385.6 cm-1, 436.7–440 cm-1) in coke and two

strong scattering peaks (327.6–328.8 cm-1,

389–390.1 cm-1) in granodiorite (Table 3 and Fig. 5).

This suggests that pyrite is contained in the coke, and that

the minerals in granodiorite have a component similar to

pyrite.

The Raman shifts (Dm) in Table 2 show that both ther-

mally-altered coal and coke display typical pyrite charac-

teristics (Jia and Zhu 1997). However, the Raman shift of

granodiorite suggests the existence of pyrite-like minerals

(possibly marcasite). The Raman scattering intensity of

pyrite is negatively correlated with system symmetry and

iron-sulfur bonds. The scattering intensities of Eg and Ag in

both thermally-altered coal and coke are higher than those

of Tg. However, the scattering intensities of Eg, Ag and Tg

in thermally-altered coal are higher than those of coke. The

scattering intensities of Eg and Ag are comparatively lower

in granodiorite. The scattering intensity of Eg is barely

affected by pressure, but decreases with increasing tem-

perature. From the scattering intensities, it can be inferred

that the thermally-altered coal and coke exhibit pyrite

characteristics, while granodiorite exhibits marcasite

characteristics. The scattering intensity of Ag is less

affected by temperature, but shifts to high-frequencies with

increasing pressure. The scattering intensities of Eg and Ag

show that formation pressure and temperature increase

from thermally-altered coal to igneous rock.

5 Conclusions

(1) Mineral paragenesis is different for igneous rock,

coke, and thermally-altered coal. Both temperature

and pressure decrease from igneous rock, to coke,

than to thermally-altered coal during igneous intru-

sion. Ankerite and pyrite are initiated by igneous

intrusion, and are strongly developed in the magma-

coke contact zone.

(2) The degree of coal alteration decreases with increas-

ing distance between igneous rocks and coal beds.

After igneous intrusion, the number of mineral types

in thermally-altered coal increase, accompanied by

the appearance of chlorite, serpentine, muscovite,

and other secondary minerals.

(3) Raman analysis shows that the thermally-altered

coal possesses pyrite and graphite characteristics;

igneous rock contains minerals similar to pyrite

(likely marcasite) based on their similar Raman

peaks. The scattering intensity of Ag indicates that

the formation pressure of pyrite increases from

thermally-altered coal to igneous rock.

Table 3 Raman spectroscopy parameters for igneous rock, coke and thermally-altered coal

Sample Occurrence Fe-[S2]
2- m Eg Fe-[S2]

2- n Ag S–S n Tg

Dm1 (cm
-1) I (103) F (cm-1) Dm2 (cm

-1) I (103) F (cm-1) Dm3 (cm
-1) I (103) F (cm-1)

C-1 Alteration coal 342.3 1.16 6.4 379.4 2.53 10.0 431.7 0.25 –

C-2 343.6 1.59 9.7 378.7 2.33 10.4 432.2 0.20 –

C-3 344.4 1.24 9.0 380.4 2.37 10.2 431.6 0.27 –

T-1 Rock-coal transition zone 346.9 0.79 11.7 384.8 1.57 14.4 436.7 0.22 –

T-2 349.3 1.38 13.2 385.6 2.16 13.1 440.0 0.17 –

T-3 348.5 0.73 20.9 385.0 1.45 15.4 439.1 0.19 –

R-1 Alteration rocks 327.6 0.94 18.8 390.1 0.27 – – – –

R-2 328.7 1.14 18.0 389.4 0.32 – – – –

R-3 328.8 1.13 18.9 389.0 0.33 – – – –

Note m, deformation vibration; n, stretching vibration; ‘‘–’’ not detected

Fig. 5 Raman Spectra of igneous rock, coke and thermally-altered

coal
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