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Since the early 1980s, fifteen outbursts have occurred in the Huaibei Coalfield of China. These outbursts were
reported to be associated with sills. To study the effect of sill intrusions on coal seam and their relationship to
methane outbursts, eleven samples from the No. 10 coal seam were taken from the Wolonghu Mine at var-
ious distances from a diorite sill. Comparisons were made between unaltered and heat-affected coals using
petrographic and chemical data, micropore characteristics, adsorption properties of coal, and gas outburst in-
dexes from field. Approaching the intrusion, vitrinite reflectance levels increased from 2.74% to 5.03%, and the
thermal aureole of the sill ~60 m (from the sill boundary to sample 9). Three zones along this gradient were
identified as corresponding to (1) thermal evolution zone No. 1 (0–5 m from sill), (2) thermal evolution zone
No. 2 (5–60 m from sill), and (3) unaltered zone. The methane adsorption capacity of coal samples in the
thermal evolution zone No. 2 was generally higher than in the two other zones, and the unaltered zone
higher than the thermal evolution zone No. 1. It is concluded that the contact-metamorphism decreased
the adsorption capacity of coal and the thermal evolution of sill increased it. The trap effect of sill, combined
with the mudstone and siltstone roof and floor of the No. 10 coal seam, provided a seal for the formation of a
gas pocket. Abnormally high formation pressures at the No. 10 coal seam led to two outbursts.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
1. Introduction

Coals influenced by igneous intrusions are relatively common and
occur in many localities worldwide. There have been numerous studies
of the effects of intrusions on coal seams (Clegg, 1955; Cooper et al.,
2007; Dai et al., 2011; Dai and Ren, 2007; Dutcher et al., 1966; Golab
et al., 2006; Gurba and Weber, 2001; Rimmer et al., 2009; Saghafi et al.,
2008; Sarana and Kar, 2011; Schimmelmann et al., 2009; Valentim
et al., 2011). Most research has focused on the chemical and physical
properties of coal samples at different distances from dikes, though sev-
eral studies have investigated coal samples above and below sills.

Igneous intrusions thermally and geochemically alter coal, often caus-
ing safety problems for coalmines (Golab, 2004). Intrusions on coal seams
cause significant increases in vitrinite reflectance (Ro), and fixed carbon
(FC) anddecreases inmoisture, volatilematter (VM), hydrogen andnitro-
gen content adjacent to the magmatic intrusion (Rimmer et al., 2009;
Saghafi et al., 2008; Stewart et al., 2005). In the Gunnedah Basin, alter-
ation zones are 0.8 to 1 times the thickness of the sill (Gurba and
Weber, 2001). The thermal alteration does not increase until 20 m
g).

11 Published by Elsevier B.V. All rig
above the igneous sill. It is only at 4.23 m above the sill that both thermal
indicators raise steeply (Pross et al., 2007). The effect of intrusive (doler-
ite dyke) is manifested up to a distance of 48 m (Sarana and Kar, 2011).
However, the thermal aureoles of sill intrusions still require rigorous
research.

Five methane outbursts have occurred in coal mines of South Africa
associated with dikes and sills in the early 1990s (Anderson, 1995;
Saghafi et al., 2008). The interaction of tectonics and volcanismwas be-
lieved to have a great influence on the process of initiating and on the
progress of CO2 outbursts (Beamish and Crosdale, 1998; Faiz et al.,
2007; Li et al., 2011). Coal and gas outbursts are a major problem for
safe and efficient coal exploitation in the magmatic intruded Donets
Basin (Sachsenhofer et al., 2011). However, few studies have been con-
ducted on relation between methane outburst and sill intrusions.

Since the early 1980s,fifteen outburst events have occurred in several
undergroundmines of China. Themethane outbursts at the three affected
mines in the Huaibei Coalfield, were mainly in the vicinity of sill intru-
sions. Eleven outbursts occurred in four coal seams (under a 120 m
thick sill) of the Haizi Mine since 1984. In 1993 and 1996, two outbursts
occurred in the Shitai Mine. The locations of outbursts were 30 m and
50 m respectively from the sill. In 2006 and 2008, twomethane outbursts
occurred in the No. 10 coal seam of theWolonghuMine. The locations of
the outbursts were 8 m and 38 m from the sill boundary. In 2009, a large
outburst occurred in the No. 10 coal seam of the Haizi Mine and caused
one death.
hts reserved.
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The four outbursts in Shitai and Wolonghu Mine were at coal beds
of the same coal seam at different distances from the sill. Although
the intrusion of magma into coal seams has been extensively
researched, the effect of sill intrusions on the petrology and chemistry
of coal beds at the same coal seam and the relationship between sill
intrusions and methane outbursts remain poorly understood. To im-
prove the safety and well-being of miners in China, this paper inves-
tigates the thermal aureoles of sill intrusions on coal beds at the same
seam. Unaltered and heat-affected coals were compared using petro-
graphic and chemical data, micropore characteristics, adsorption and
desorption properties of coal, gas pressure and content from the field.

2. Regional geology

The Huaibei Coalfield is located in northern Anhui Province in China.
It is one of the country's major coalfields, with 23 active underground
coal mines (Zheng et al., 2008). The Wolonghu Mine is located in the
northwestern Huaibei Coalfield and covers 28 km2 (Fig. 1). The main
coal-bearing layer of Wolonghu Mine belongs to the Carboniferous–
Permian system (Fig. 2). The No. 10 coal seam is the main mining layer
in panels South No. 1, which is also the research area (Fig. 3).

The coal rank in the Huaibei Coalfield varies from high volatile bi-
tuminous A to anthracites A and was influenced by the Cretaceous
Yanshanian magmatic metamorphism (Liu, et al., 2009). which can
be divided into four stages. The first stage is diorite igneous rock con-
trolled by the E–W fault zone, which runs along the North Suzhou
Fig. 1. Map showing study area and data locations for petrographic an
Fault (NSF). This diorite rock (approximately 145 Ma) was the source
of magma in the Wolonghu Mine (Han, 1990).

Magmatism was widespread in the Wolonghu Mine, and the
Carboniferous–Permian coal seam was affected by igneous rock, as
well. The strongest influence is seen at the No. 10 coal seam. The mine-
able area of the South No. 1 panel accounts for about 48%, the other
part is non-mineable as the coal was swallowed by igneous (Fig. 3).
The thickness of the diorite sill invading the roof of the No. 10 coal
seam is uniform, with an average thickness of nearly 4 m (Zhang et
al., 2005).

The southern part of the WolonghuMine adjoins the NSF, is one of
main regional tectonics in Huaibei Coalfield (Jiang et al., 2010). The
NSF, 240 km long and 4–6 km wide, is a concealed faulted zone com-
posed of several E–W faults crossing the Huaibei Coalfield, formed in
the late Paleozoic coal-forming period (Han, 1990). In the Yanshan
Period (tectonic events occurring in China and East Asia from the
late Jurassic to Early Cretaceous) (Yang et al., 2011), magma upwelled
through the NSF, invading the Wolonghu Mine. The F2 and F7 faults
controlled the direction and distribution of the intrusions (Figs. 1
and 3).
3. Sampling and methodology

To study the effect of sill intrusion on the properties of the coal,
sampleswere obtained from theWolonghuMine of the Anhui Hengyuan
d geochemical characteristics of the coals from Wolonghu Mine.



Fig. 2. Generalized stratigraphy of Wolonghu Mine.
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Coal Co., Ltd. Eleven coal samples were collected along the roadway of
coalface 102, at different distances from the sill (Figs. 3 and 4).

The proximate analysis was followed ASTM standards (ASTM,
2007). The ultimate analysis was according to the national standards
of China GB/T 476–2008. Random vitrinite reflectance (Ro) measure-
ments were performed using (Zeiss, Germany) microscope photome-
ter, according to international standards (ISO 7404–5, 1984). The
maceral composition of the coals was determined by incident light
microscopy and oil immersion, according to international standards
(Taylor et al., 1998). For the gas adsorption isotherm, crushed coal sam-
ples of 50 g and 0.2 to 0.25 mm particle size, exposed to gas pressures
of up to ~5 MPa at 30 °C. A device (WT-I, Fushun Coal Science Research
Institute, Liaoning, china)was used tomeasure initial gas-releasing rate,
ΔP index according to standards (State Administration of Coal Mine
Safety of China, 2009a). The gas adsorbed by crushed coal samples of
3.5 g of 0.2 to 0.25 mm particle size at a pressure of 0.1 MPa is released
into fixed vacuum space. The pressure rise in the space for the period of
10–60 s after the release, ΔP (in mmHg), is an index representing the
gas emission capacity of the coal. The BET specific surfacewere obtained
using nitrogen gas as the adsorptive at the boiling point temperature of
liquid nitrogen (77.35 K at 101.3 kPa, SSA-4200, Beijing Builder
Technology Co.LTD, china), whereas micropore volume, micropore sur-
face area, and micropore size distribution were determined using low-
pressure CO2 at 273 K (AUTOSORB-1, Quantachrome Instruments Co.,
USA). Mean random vitrinite reflectance (Ro) can be converted to max-
imum paleo temperature attained (Tpeak) using the relationship estab-
lished by Barker and Pawlewicz (1994), providing an independent
measure of the coal/sill contact temperature:

Tpeak ¼ ln Roð Þ þ 1:19ð Þ=0:00782 ð1Þ

In the field, underground gas pressure was measured following
China's national standard (State Administration of Coal Mine Safety
of China, 2007). The gas content was measured underground by the
direct method provided in China's national standard (State Adminis-
tration of Coal Mine Safety of China, 2008).
4. Results and discussion

4.1. Petrographic analyses

The vitrinite reflectance values, vitrinite, inertinite and subdivi-
sion of maceral composition of coal samples are listed in Tables 1
and 2. The Ro increases from 2.74% (as measured by oil immersion)
to 5.03% directly contact to the sill. Samples 1–6 can be identified as
anthracites A, samples 7 and 8 (anthracites B) and samples 9–11 be-
long to anthracites C. Unaltered coal sample 11 (95.1 m from the sill)
has Ro of ~2.74%, coal sample 1 (0.2 m from the sill) adjacent to the
intrusion has Ro of ~5.03% (Table 1). Temperatures of the Wolonghu
coal can be estimated from Barker and Pawlewicz's (1994). The ther-
mal evolution temperature (°C) of the Cretaceous Yanshanian mag-
matic metamorphism to the No. 10 coal seam is estimated to be at
least 359 °C (Table 1).

Megascopic appearance of the sill igneous intrusion No. 10 coal
seam is shown in (Fig. 5a). The diorite-type sill was mostly gray
with some light brown sections. Sill/coal boundaries were irregular.
Petrographically, the samples are high in vitrinite (Fig. 5b,d,h). For ex-
ample, sample 11 (Ro=2.74%) contained 74.2% identifiable vitrinite
(Table 1), and 70.1% of the heat-affected coal sample 2 (Ro=4.89%)
was vitrinite. Vitrinite was dominated by collotelinite (Table 2). Iner-
tinite (Fig. 5d,e,g) was dominated by fusinite and semifusinite
(Table 2).

Coals close to the sill showed clear indications of thermal alter-
ation expressed by the formation of devolatilization vacuoles and a
fine mosaic texture of altered vitrinite (Fig. 5b,c). Clay in the form of
veins or cell fillings was shown in (Fig. 5h). Framboidal pyrite enrich-
ment was observed in coal sample 6 (Fig. 5f). Liptinite macerals were
not found in the 11 coal samples (Fig. 5b–h) of anthracite rank with
Ro between 2.74% and 5.03%. Liptinite fluorescence will lost
when the Ro exceeds 1.3%, because it is already transformed in
hydrocarbons due to the rank reached by these coals (Stach, et al.,
1982; Taylor, et al., 1998).

The Ro curve shows a rapid increase from coal sample 9 (56.3 m
from sill) to sample 1, 0.2 m from sill (Fig. 6a). The values of Ro

from samples 11 to 9 are consistent, and we thus believe that samples
11 and 10 were not within the scope of the thermal aureoles. Thus the
thermal aureoles of the sill intruding into the No. 10 coal seam are ap-
proximately 60 m (Figs. 4 and 6a). Based on the thermal aureoles di-
vided by values of Ro, the sill intrusion area can be divided into three
zones: (1) thermal evolution zone No. 1 (0–5 m from the sill), (2)
thermal evolution zone No. 2 (5–60 m from the sill), and (3) unal-
tered zone. Thus, coal samples 1–5 (below the sill) belong to the ther-
mal evolution zone No. 1, samples 6–9 are in the thermal evolution
zone No. 2 and samples 10 and 11 are in the unaltered zone (Fig. 4).

image of Fig.�2


Fig. 3. Planar graph of igneous intrusions and coalfaces in South No. 1 panel of No. 10 coal seam.

58 J.-Y. Jiang et al. / International Journal of Coal Geology 88 (2011) 55–66
4.2. Geochemical analyses

Moisture, ash, volatile matter, fixed carbon, and the C, H, O, N, and
S elemental compositions of the coal samples are listed in Table 1. The
intrusion affected coal composition (VM, ash, and moisture) beyond a
distance of ~60 m. Whole-coal VM (daf basis) decreased from 16.0%
in unaltered coal to 6.9% immediately contact to the sill (Fig. 6b). Ac-
companying these trends, the ash content (dry basis) increased from
23.6% in unaltered coal sample 10 to 44.6% in heat-affected coal sam-
ple 2 (Fig. 6c). The ash content of coal increased towards or near the
sill intrusion, as a result of contact-metamorphism. The sill intruded
into the No. 10 coal seam through fault and fracture zone especially
small cracks during Yanshanian magmatic metamorphism. Moisture
decreased from ambient levels of 5.0% to 1.9% in sample 5 and then
increased slightly to 3.6% in sample 1 (Fig. 6d). It is possible that the
intrusion acted as a seal to prevent moisture loss after magmatic
intrusion.

Ultimate analyses showed that the elemental carbon content (daf
basis) of coal samples was high and increase slightly toward the sill
(Table 1; Fig. 7a). For contact-metamorphism of diorite sill, carbon
content increased from 91.2% to 93.9%. The term ‘metamorphism’ in
coal defines a maturation range where at least 90 wt.% of coal is car-
bon (daf basis) (Schimmelmann et al., 2009). The hydrogen content
(daf basis) decreased slightly toward the sill, ranging from 4.5% to
3.5% (Fig. 7b). The oxygen content initially decreased slightly and
then increased to a maximum in sample 5, followed by a dramatic de-
crease and then an increase through sample 1 (Fig. 7c). Nitrogen con-
tent with both dry and daf basis initially increased to a maximum in
sample 10 and then had decreasing fluctuations toward the sill
(Fig. 7d).

image of Fig.�3


Fig. 4. Planar graph and profile of igneous intrusions and locations of coal samples from Wolonghu Mine. (These isolines are coal-seam floor contour).
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The total sulfur distribution in coals around the sill reflects signif-
icant contact-metamorphic alteration. In general, total S content in
coal is low adjacent to the sill than in more distal coals, while the
sample 3 is an exception (Fig. 8). The Wolonghu coal was low in sul-
fur, with an average total S (dry basis) concentration of 0.25 wt.%, as
expressed by the coals that were sampled near the sill. The sample 1
(0.2 m from the sill) adjacent to the sill has the minimum total S value
of 0.10 wt.%, sample 2 (0.5 m from the sill) has total S of 0.11 wt.%
(Table 1). The atomic ratios N/C, H/C, and O/C experienced decreasing
Table 1
Geochemical and petrographic analyses of Wolonghu coal samples near sill intrusions.

Sample D Proximate analysis (wt.%) Ultimate analysis (wt.%)

(m) Mois Ash VM FC C H O N

#1 0.2 3.6 35.0 6.9 58.4 93.3 3.5 2.6 0.5
#2 0.5 2.5 44.6 7.9 51.0 93.9 4.0 1.3 0.6
#3 1.2 3.2 33.5 9.1 60.6 93.5 4.0 1.4 0.6
#4 2.1 3.0 34.2 7.1 67.5 93.2 3.7 0.8 0.9
#5 4.8 1.9 40.9 14.5 50.2 91.7 4.4 3.5 0.3
#6 9.5 3.6 36.9 12.7 55.1 92.3 4.2 1.9 1.1
#7 22.8 3.7 27.7 9.7 65.7 93.3 4.0 1.5 0.8
#8 38.7 4.3 36.0 13.6 55.3 91.6 4.7 2.0 1.2
#9 56.3 4.2 24.7 12.3 66.1 92.3 4.4 1.8 1.1
#10 74.9 3.9 23.6 10.4 68.4 92.1 4.0 2.2 1.4
#11 95.1 5.0 33.9 16.0 55.5 91.2 4.5 2.9 0.9

D=distance from sill; Mois=moisture; Ash is on a dry basis; VM=volatile matter, on dry a
basis except sulfur on a dry basis; V=vitrinite, I=inertinite, M=mineral; Ro=random vi
Pawlewicz (1994).
fluctuations approaching the sill from sample 11 to sample 1 (Fig. 9).
This could be due to the fluctuations of igneous intrusions.
4.3. Pore size distribution

4.3.1. Surface area
The BET surface areas obtained using low-pressure nitrogen gas

adsorption are listed in Table 3.
Atomic ratios Macerals (vol.%) Ro T

St,d H/C O/C N/C V I M (%) (°C)

0.10 0.449 0.021 0.005 70.8 25.9 3.3 5.03 359
0.11 0.511 0.011 0.0053 70.1 26.0 3.9 4.89 355
0.40 0.511 0.011 0.0052 70.3 26.2 3.5 4.71 350
0.29 0.470 0.007 0.0084 71.0 25.7 3.3 4.82 353
0.09 0.573 0.018 0.0028 71.4 24.7 3.9 4.78 352
0.29 0.551 0.015 0.0104 70.2 26.5 3.3 4.06 331
0.29 0.517 0.012 0.0070 71.4 24.8 3.9 3.67 322
0.28 0.620 0.016 0.0115 73.0 22.0 2.7 3.18 300
0.30 0.574 0.015 0.0103 72.9 23.9 3.2 2.76 282
0.27 0.515 0.018 0.0130 72.9 23.6 3.5 2.75 281
0.36 0.591 0.024 0.0085 74.2 22.1 3.7 2.74 281

sh free (daf) basis; FC=fixed carbon (daf basis); all ultimate analyses reported on a daf
trinite reflectance (%, oil); T=estimated paleo temperature (°C) based on Barker and

image of Fig.�4


Table 2
Subdivision of maceral composition and max vitrinite reflectance.

Sample Vitrinite Inertinite Minerals Ro,max

Te Ct Vi Ge Fus Sf Ma In Cla Py Ca

(vol.%) (vol.%) (vol.%) (%)

#1 8.7 59.8 0.8 1.5 9.8 8.9 3.5 3.7 2.4 0.5 0.4 5.26
#2 8.5 59.5 0.7 1.4 9.9 7.0 3.9 5.2 2.9 0.4 0.6 5.18
#3 8.7 59.0 0.8 1.8 9.6 5.8 3.9 6.9 2.3 0.4 0.8 4.99
#4 8.1 60.8 0.9 1.2 9.8 5.6 3.6 6.7 2.4 0.4 0.5 4.95
#5 7.8 62.0 0.6 1.0 9.6 5.8 3.7 5.6 3.2 0.3 0.4 4.89
#6 8.2 60.6 0.8 0.6 9.3 6.7 3.6 6.9 3.0 0.2 0.1 4.20
#7 8.1 61.9 0.6 0.8 9.3 6.6 3.5 5.4 3.5 0.3 0.1 3.80
#8 8.9 61.8 1.4 0.9 8.0 5.6 3.5 4.9 2.4 0.3 0 3.28
#9 8.6 62.6 0.9 0.8 8.6 5.9 3.6 5.8 2.9 0.3 0 2.83
#10 8.9 62.2 1.2 0.6 8.8 6.2 3.7 4.9 3.3 0.2 0 2.82
#11 8.4 63.9 1.1 0.8 8.6 5.8 3.4 4.3 3.5 0.2 0 2.83

Te: telinite; Ct: collotelinite; Vi: vitrodetrinite; Ge: gelinite.
Fus: fusinite; Sf: semifusinite; Ma: macrinite; In: inertodetrinite.
Cla: Clay; Py: pyrite; Ca: carbonate. Ro,max: max vitrinite reflectance (%, oil).
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There are large variations in quantities of adsorbed nitrogen among
unaltered and heat-affected coal samples (Table 3). The graphs in
Fig. 10 demonstrate that the altered coal sample 9 (in thermal evolution
zone No. 2) adsorbs largest quantities of nitrogen, the unaltered coal
sample 11 (in unaltered zone) adsorbs significantly less nitrogen, and
the altered sample 2 (in thermal evolution zone No. 1) from the contact
adsorb the least nitrogen (Fig. 10).

These relationships translate directly into BET surface areas calculated
from nitrogen adsorption. Sample 9 (56.3 m from sill) had a BET surface
area of 22.3 m2/g, adsorbing the largest quantities of nitrogen. The BET
surface area of sample 10, 74.9 m from the sill, was 2.2 m2/g, which
was the lowest value. With decreasing distance to the sill intrusions,
the curve of the BET surface area initially increased rapidly and then
decreased towards the sill. Samples 5 through 1 closest to the contact
(in thermal evolution zone No. 1) show a slightly increasing trend but re-
mains at a low level (Figs. 4 and 11). The thermal evolution of sill intru-
sions strongly increased the BET surface area of coal samples 6–9, while
contact-metamorphism significantly decreased the BET surface area of
samples 1–5. However, micropores need to bemeasured for understand-
ing the underlying causes. The micropores (poresb2 nm) are the main
contributors to the total porosity and the surface area. Micropore volume
is the primary regulator of high-pressure gas adsorption in the Gates
coals (Clarkson and Bustin, 1999).

4.3.2. Micropore characteristics
Micropores obtained using carbon dioxide adsorption are listed in

Table 3. The quantity of adsorbed CO2 increased slightly from unaltered
coal samples 11 to 6with fluctuations, then decreases from sample 6 to-
wards the heat-affected sample 1 (Figs. 12 and 13b).

Plotting micropore surface area and micropore volume against the
distance from sill, similar trends are found for both parameters
(Fig. 13a, b). With decreasing distance to the sill contact, micropore
volumes and micropore surface areas initially increased slightly to
maximum in sample 6 (micropore volume=0.0211 cm3/g, surface
area=60.5 m2/g), followed by a dramatic decrease to a minimum in
sample 2 (micropore volume=0.0003 cm3/g, surface area=1.2 m2/g)
(Fig. 13a, b). The heat-affected coal (sample 7, Ro=3.67%) has an aver-
agemicropore diameter of 1.28 nm, characterizing the highest volumes,
whereas the smallest average micropore diameter of 0.71 nm was
found in sample 2 (Ro=4.89%).

Micropore volumes and surface areas closer to the intrusions de-
creased dramatically, indicating fewer adsorption sites for methane
(Mastalerz et al., 2009). The contact-metamorphism dramatically de-
creased the micropore volume and surface area for sample in the
thermal evolution zone No. 1. However, the thermal evolution of sill
intrusions in the thermal evolution zone No. 2 plays a slight role in in-
creasing the micropore volume and surface area. More experimental
samples are needed to evaluate the effect of the thermal evolution
of sill intrusions.

4.4. Adsorption and desorption properties of coal

4.4.1. Gas adsorption properties of coal
Gas is stored in coal mainly by a physical adsorption process. In

this process gas is attached to the coal surfaces under a combination
of dispersion, repulsion and electrostatic forces. The strength of the
adsorption depends on the potential energy of interaction of solid
(adsorbent) and gas (adsorbate) which depends on the solid pore sys-
tem structure and properties of the gas (Saghafi et al., 2008). Five types
of adsorption behavior have been found exhibited by various adsor-
bents and adsorbates (Brunauer et al., 1940). Gregg and Sing (1982)
give a detailed description of various isotherm types and their interpre-
tation. One representation of type I isotherm is by the Langmuir model
(Langmuir, 1918). The adsorbed gas volumes and gas pressure data are
expressed in terms of the Langmuir volume (VL) and Langmuir pressure
(PL) parameters reported in Table 3. The data are well presented by the
Langmuir equation, and the real gas (methane) adsorption isotherms
for three represented samples from three zones are seen in Fig. 14.

Sample 2 (0.5 m from sill) in thermal evolution zone No. 1, has a
low Langmuir volume of 16.1 m3/t, Sample 11 (95.1 m from sill) in
unaltered zone, has a VL of 39.1 m3/t, while sample 8 (38.7 m from
sill) in thermal evolution zone No. 2, has a highest VL of 59.0 m3/t.

Approaching the sill, the Langmuir volume curve of the eleven sam-
ples in three zones initially increased and peaked at VLmax=59.0 m3/t
(sample 8) and then decreased rapidly to VLmin=13.5 m3/t (sample 1)
(Fig. 15). With contact-metamorphism of diorite sill, the methane ad-
sorption capacity of coal decrease (0–5 m from the sill) in the thermal
evolution zone No. 1. However, it increased for the distance 5–60 m
from the sill in the thermal evolution zoneNo. 2 due to the thermal evo-
lution of sill intrusions. This discovery may provide a clue for under-
standing the mechanism of gas outburst.

4.4.2. Gas desorption properties of coal
Ettinger (1952) was thefirst one to point out the role of high rates of

sorption/desorption of gas in outbursts based on laboratory experi-
ments. The ΔP index (Ettinger et al., 1958), based on the initial rate of
gas desorption from coal, has been widely adopted in Europe and else-
where. Coals with high initial desorption rates are considered prone to
instantaneous outbursts (Lidin et al., 1954). In China, the initial gas-
releasing rate of coal from soft layer, ΔP is considered one of the four
indexes for the identification of coal outbursts. The critical value of ΔP
is 10 mmHg. The ΔP of the eleven coal samples are shown in Table 3.

The ΔP of the coal samples initially increased, reaching a maxi-
mum of ΔPmax=40.0 mm Hg (sample 8, in thermal evolution zone
No. 2), and then decreased rapidly to 1.3 mm Hg (sample 1) closer
to the sill (Fig. 16). Overall, the ability of adsorption and desorption
of coal appears in the following sequence: the thermal evolution zone
No. 2Nunaltered zoneN thermal evolution zone No. 1. The thermal evo-
lution and trap effect of sill and sandstone,making theWolonghuNo. 10
coal seamof the SouthNo. 1 panel (the non-mineable area is ~52%,with
thickness of coalb0.3 m) (Fig. 3) more appealing for possible future
sequestration of CO2 from anthropogenic sources.

Interestingly, the BET surface area, micropore volume, ΔP, and LV
curve are positively correlated. The curve of the BET surface area peaks
at sample 9, 56.3 m from sill (Fig. 10). Both the micropore volumes
and micropore surface areas initially increased slightly to maximum in
sample 6, 9.5 m from contact (Fig. 13a,b). Both the LV and the ΔP index
peak at sample 8, 38.7 m from sill (Figs. 15 and 16). All these three sam-
ples are in the thermal evolution zone No. 2 (Fig. 4). This observation is
validated by the fact that the thermal aureoles of sill is approximately
60 m as previously mentioned. Because of the thermal evolution and



Fig. 5. (a) Megascopic appearance of sill and coal. Photomicrographs b–h of altered and unaltered coal (reflected light, oil immersion 100 μm scale bar). (b) altered vitrinite (Vit)
showing devolatilization vacuols (vac), sample 1, Ro=5.03; (c) altered vitrinite (Vit) showing fine mosaic structures and devolatilization vacuols (vac), sample 2, Ro=4.89; (d)
vitrinite (Vit) and fusinite (Fus) in altered coal, sample 3, Ro=4.71; (e) altered vitrinite showing Collotelinite (Ct) and semifusinite (Sf) (sample 5), Ro=4.78; (f) Framboidal pyrite
enrichment,( sample 6), Ro=4.06; (g) semifusinite (Sf) and Collotelinite (Ct) in altered coal (sample 8), Ro=3.18; (h) vitrinite (Vit), Macrinite of inertinite (Ma) and Clay in the
form of veins (Cla) in unaltered coal (sample 10), Ro=2.75.

61J.-Y. Jiang et al. / International Journal of Coal Geology 88 (2011) 55–66
trap effect of sill intrusion, the abnormally high formation pressure was
created, and two outbursts occurred in the No. 10 coal seam due to the
effect of sill trapping.

4.5. Effects of sill intrusions on the generation and retention of methane

4.5.1. Abnormally high formation pressure
Extensive gas pressure data were acquired during the extension

and preparation of the No. 10 coal seam. Fig. 17 shows the relationship
between the pressure and the elevation relative to sea level. The gas
pressure values of measuring point beneath −450 m (below the sea
level) all greater than the critical value of outburst, 0.74 MPa, according
to China's national standard (State Administration of Coal Mine Safety
of China, 2009b). The biggest pressure observedwas 4.4 MPa at coalface
104, not far from one of the locations of coal and gas outburst (Fig. 3).

The underground gas pressures obtained in the No. 10 coal seam
can be described by linear regressions above (Eq. (2)) and below
(Eq. (3)) an elevation of −450 m:

P ¼ −0:003×H−0:158 ð2Þ

image of Fig.�5


Fig. 6. Relationships between distance from sill boundary and vitrinite reflectance (a), volatile matter (b), ash yield (c), and moisture content (d).
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P ¼ −0:027×H−11:322 ð3Þ

where P is the gas pressure in MPa and H is the elevation of the coal
seam in m. The gas pressure gradient (slope of a linear regressions
shown in Fig. 17, in MPa/m) of No. 10 coal seam at an elevation
above −450 m was 0.003 MPa/m. However, the gradient of elevation
below −450 m was 0.027 MPa/m, higher than normal hydrostatic
pressure 0.01 MPa/m. This is usually called abnormally high forma-
tion pressure (AHFP) (Polutranko, 1998; Su et al., 2005). Two causes
are believed to form the abnormally high pressure in the Wolonghu
No. 10 coal seam. Firstly, in the normal region, most of the roof and
floor are sandstone and mudstone, which have a good tightness effect.
With the addition of trap effect of the sills and dikes in the igneous in-
trusion zone, a sealing reservoir could be formed. Secondly, the coal
has a stronger methane adsorption and storage capacity close to the
sill intrusion zone, which plays a decisive role to form the abnormally
high pressure.

4.5.2. Gas content
The gas contents of the No. 10 coal seam at coalface 108 above

−450 m are shown in Table 4. In situ gas contents were determined
according to the formula (4):

T ¼ Dþ L þ R1 þ R2 ð4Þ

where T is the total in situ gas contents (m3/t), D is the desorption gas
content in the mine (m3/t), L is the gas loss content (m3/t), R1 is the
negative pressure desorption gas content before comminution (m3/t),
R2 is the negative pressure desorption gas content during comminution
(m3/t). L was obtained from the empirical formula, while R1 and R2

were determined in the laboratory. Gas volume was converted to stan-
dard conditions.

Despite few data points, an increasing trend with depth in the gas
content of No. 10 coal can be seen. The coalbed gas content was
12.3 m3/t at an elevation of −360 m and 22.7 m3/t at −381 m.
Higher gas content should be expected below −450 m.

The trap effect of the igneous intrusion is closely related to the ab-
normally high formation pressure in the No. 10 coal seam. The No. 10
coal seam is an inclined seam with an inclination of 10° towards
southwest. It was formed by a bottom-up invasion on a ring by
magma in the Yanshanian magmatic metamorphism. After a long ge-
ology period, coal bed methane above −450 m was released in part
through the oxidation of the coal outcrop (Fig. 3). The gas content
dropped along the gas pressure gradient. For below −450 m, the
thermal evolution of magmatic igneous rock is believed to made mi-
cropores develop and increase both methane adsorptive capacity
and gas content.

4.6. Implications for outbursts

The coal seams in the Wolonghu Mine were very rich in methane,
with an absolute emission of 56.7 m3/min and a relative emission of
70.0 m3/t. A permanent extraction system for methane was built,
and the extracted methane is used to generate electricity. However,
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Fig. 7. Relationship between distances from sill and carbon (a), hydrogen (b), oxygen (c), and nitrogen (d) content.
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there have been two outbursts in No. 10 coal seam since the mine was
built (Fig. 3). The first outburst occurred on January 6, 2006 in the air-
way of coalface 101 in the No. 10 coal seam. The outburst occurred
at −555 m (below the sea level). Thirty-seven tons of coal and
10,000 m3 of methane were ejected. The second outburst occurred on
August 12, 2008, in the transportation roadway of coalface 105 in the
same coal seam at a level of −429 m. A total of 29.5 t and 3361.2 m3
Fig. 8. Relationship between distances from sill and total sulfur content.
of coal and methane, respectively, were released. The outburst distance
reached 7.9 m.

The locations of the outbursts were 8 m and 38 m from the sill
boundary, and they occurred in the thermal evolution zone No. 2
(Fig. 3). The sill acted as an impermeable barrier, the trap effect is a
result of the sill along the roof and dike from the fault belt forms of
the No. 10 coal seam. The mudstone and siltstone roof and floor of
Fig. 9. Relationship between distances from sill and atomic ratios N/C, H/C, and O/C.
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Table 3
Pore characteristics, adsorptive capacity and methane initial desorption rates of coal samples.

Sample Units #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11

Distance from sill m 0.2 0.5 1.2 2.1 4.8 9.5 22.8 38.7 56.3 74.9 95.1
BET surface area m2/g 4.3 3.3 3.5 3.1 1.9 16.1 10.3 15.0 22.3 2.2 6.5
D-R micr. surface area m2/g 4.6 1.2 1.4 6.2 1.9 60.5 58.6 56.3 58.3 51.6 54.8
D-A micropore volume cm3/g 0.0008 0.0003 0.0005 0.0052 0.0004 0.0211 0.0204 0.0196 0.0203 0.0179 0.0185
Avg. micropore size nm 1.05 0.71 0.86 1.16 0.73 1.25 1.28 1.22 1.23 1.23 1.24
VL m3/t 13.5 16.1 28.1 36.0 26.3 56.5 45.7 59.0 52.0 47.1 39.1
PL kPa 4570 5112 8230 1070 10,650 624 659 638 721 731 483
ΔP mm Hg 2.3 1.6 1.3 3.0 11.0 30.8 32.8 40.0 38.6 30.0 31.0

Micropore (poresb2 nm); VL=Langmuir volume; PL=Langmuir pressure; ΔP=initial gas-releasing rate.
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the normal zone have a better sealing. Thus both the effects form gas
pockets and lead to abnormally high formation pressure and occur-
rences of two outbursts (Figs. 3 and 17).

Based on the range of the thermal aureoles of magma, methane
control zoning method should occur at least 60 m from the sill, and
local prevention measures should be strengthened in the thermal
evolution zone No. 2 (Fig. 4). In addition, the gas drainage pressure
should be higher, and the drainage time should be increased. Excava-
tory activity must occur under safe procedures after eliminating the
Fig.10. Quantities of nitrogen gas adsorbed onto coal at relative pressure. Note that sig-
nificantly less nitrogen is adsorbed onto heat-affected coal sample 2 and unaltered coal
sample 11 compared to coal sample 9 in thermal evolution zone No. 2.

Fig. 11. Relationship between BET surface area and distance from sill boundary.
local risk of an outburst. Understanding of relationship between
methane outburst and sill intrusions and outburst mechanism, how-
ever, requires further rigorous research.
5. Conclusion

No. 10 coal comes from the Wolonghu Mine of the Permian-age
Huaibei Coalfield, located in the north of Anhui Province in China.
This anthracite C coal has been affected by igneous intrusion. Thermal
alteration of the sill was ~60 m, forming three zones. Approaching the
sill, values of Ro increased from ~2.74% to ~5.03%, forming devolatili-
zation vacuoles and fine mosaic texture. VM (daf) decreased from
16.0% to 6.9%. Moisture decreased from 5.0% to 1.9% and then in-
creased to 3.6%, and %C (daf) ranged from 91.2% to 93.9%, %H (daf)
from 4.7% to 3.5%, %N (daf) from 1.4% to 0.5%, and total S (dry) from
0.36 wt.% to 0.10 wt.% at the sill boundary. Gradients are lager near
the intrusions, although the data fluctuates.

Contact-metamorphism dramatically decreased the methane
adsorption capacity of coal (0–5 m from the sill), while thermal evo-
lution of sill strongly increased it (5–60 m from the sill).With decreas-
ing distance to the intrusions, the Langmuir volume curve of the eleven
samples initially increased and peaked at VLmax=59.0 m3/t (sample 8)
and then decreased rapidly to VLmin=13.5 m3/t (sample 1). The BET sur-
face areas andΔP index of the coal samples in the thermal evolution zone
No. 2 were greater than in the two other zones, and the unaltered zone
had higher values than the thermal evolution zone No. 1. This discovery
could provide a clue for understanding the mechanism of gas outburst.
The sill acted as an impermeable barrier. The trap effect of sill, in conjunc-
tion with the mudstone and siltstone roof and floor of the normal zone,
sealed the No. 10 coal seam, forming a gas pocket. There has been an
Fig. 12. Quantities of carbon dioxide adsorbed onto coals at relative pressure. Note that
significantly less CO2 is adsorbed onto samples 1 and 4 near the intrusive contact com-
pared to samples 7 and 11 at larger distances from sill.
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Fig. 13. Evolution of micropore surface area and micropore volume with decreasing
distance from sill (a, b).

Fig. 15. Relationship between Langmuir volumes of samples in three zones and dis-
tance from sill.

Fig. 16. Relationship between initial gas-releasing rate and distance from sill.
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abnormally high pressure formation and two gas outbursts due to the ef-
fects of sill trapping.
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Table 4
Gas contents of No. 10 coal seam above −450 m.

Location of coal
samples

Elevation L D R1 R2 T
(m) (m3/t) (m3/t) (m3/t) (m3/t) (m3/t)

Coalface 108 roadway −360 1.5 0.3 8.7 1.8 12.3
Coalface 108 roadway −365 2.1 0.6 8.9 1.9 13.5
Coalface 108 roadway −371 4.3 1.6 9.5 2.1 17.5
Coalface 108 roadway −381 6.3 1.7 10.1 4.6 22.7

T=total gas contents; D=desorption gas content in mine; L=loss gas content;
R1=the negative pressure desorption gas content before comminution; R2=desorption
gas content during comminution.
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