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Abstract

The intrusion of magmatic rocks into coal seams affects the coal quality and leads to unfore-
seen hazards in safety of the coal mines’ production. This paper summarizes the mecha-
nism of magmatic rocks intruding into coal seams, depicts the electromagnetic
characteristics of the coal seams intruded by magmatic rocks, briefly describes the charac-
teristics of transient electromagnetic method (TEM), and introduces the method of detection
by TEM and the data processing steps. Then, the effectiveness of TEM in detecting the
ranges of the coal seams intruded by magmatic rocks is theoretically analysed. Itis
observed that after the intrusion of magmatic rocks in the coal seams, the electromagnetic
characteristics (secondary field potential and resistivity) will be dramatically affected,
namely high secondary field potential and low resistivity. For experimental verification pur-
poses, this study selects the test project of the Tongxin Minefield in the Datong Coalfield in
Shanxi, China as an example, and the accuracy for the detection of the ranges of the coal
seams intruded by magmatic rock using TEM is successfully verified.

Introduction

During the production process of some coal mines, magmatic rocks’ intrusion into the coal
seams has been observed [1]. The intrusion of magmatic rocks into the coal seams results in
the waste of coal resources, and abolishes the quality and reduces the industrial value of coal,
while also leading to many unforeseen hazards in coal mining [2-4]. Detecting the distribution
of magmatic rocks intruding into the coal seams is of great practical significance for coal mine
production safety.

Many scholars have performed much research regarding the detection methods of mag-
matic rocks’ intrusion into coal seams, and several exploration techniques have been proposed.
One of these is a direct prediction method based on drilling and logging data. Dai et al.
attempted to obtain the pseudo-density curve using the dual logging curve fusion method to
achieve multi-parameter lithology inversion, and achieved preliminary results [5]. Liu used the
resistivity curve and gamma curve to reconstruct the density curve and acoustic curve, and
realized the prediction of magmatic rocks [6]. Logging curves can be used to directly show the
physical properties of magmatic rocks in the vertical direction. However, conventional
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acoustic and density logging curves cannot clearly distinguish the difference between mag-
matic rocks and surrounding rocks, nor can they precisely describe the spatial distribution of
magmatic rocks. Drilling data can be used to directly obtain information regarding the compo-
sition, depth, occurrence and other information of magmatic rock with high vertical resolu-
tion, but its cost is high. In addition, the network of drills will seriously affect the detection
accuracy of the magmatic rock boundary, which also limits its implementation in large scale.

Another method is a geophysical prediction such as gravitational, magnetic and seismic
methods. Deng et al. applied the combined inversion of gravitational and magnetic methods to
effectively detect magmatic rocks in a basin area [7]; Wang et al. used magnetic method to
effectively identify the intrusion boundary of magmatic rocks [8]; Sun et al. applied seismic
facies analysis technology to achieve remarkable results in the delineation of magmatic rock
intrusion range [9]; and Cui et al. integrated seismic inversion and seismic facies analysis
methods, and achieved good results in terms of defining the scope of magmatic intrusion [10].
Although gravitational and magnetic methods can be used to detect the horizontal distribution
of magmatic rocks to a certain extent, it is difficult to use them to effectively identify the depth
in the vertical direction. On the other hand, the resolution of seismic data obtained by conven-
tional seismic exploration is limited, and it is difficult to accurately obtain the magmatic rock
layers intruding into the coal seams, which results in the interpretations of seismic methods
not being able to fully meet the requirements.

At present, there are few relevant studies regarding the prediction of the distribution of
magmatic rocks’ intrusion into coal seams using transient electromagnetic method (TEM).
When the magmatic rocks intrude into the coal seams, the physical properties of the coal
seams will be significantly altered, and significant differences in electrical characteristics at the
interface between the magmatic rocks and coal seams will be formed. Aiming at the problem
of coal seams intruded by magmatic rock, this paper analyzes the mechanism of magmatic
rocks’ intrusion into coal seams and the electrical characteristics of coal seams intruded by
magmatic rocks. Then, the method of detecting the magmatic rocks’ intrusion into coal seams
by TEM was introduced. Combined with an engineering example, it can be found that using
TEM to detect the range of coal seams intruded by magmatic rock has an ideal effect.

Methodology
Mechanism of magmatic rocks intruding into coal seams

After high-temperature magma has been formed in deep underground, it flows upward along
the fracture channel (faults) to reach the coal-measure strata. When the top surrounding rock
resistance is greater than the uplifting pressure surrounding the magma, the magma then alters
its original direction of movement, intruding from the parts with larger compressive stress to
those with smaller compressive stress along the horizontal direction. Compared with the
harder roof and floor layers, coal seams are generally softer and more layered, which leads to
the coal seams being more susceptible to be intruded by magma. With the flowing of magma,
the pressure gradually releases and the temperature decreases, then compound intrusions are
eventually formed, as are rock walls and rock beds in different scales (Fig 1) [11-14].

Electrical characteristics of coal seams intruded by magmatic rocks

Compared with coal seams, magmatic rocks have relatively low resistivity characteristics [15,
16], which are mainly caused by two reasons:

On the one hand, in the process of forming magmatic rocks by condensation of high-tem-
perature magma, part of the gas escapes, forming a loose and porous almond structure, while
some sections quickly condense to form a crystal chip and glass chip structure [17, 18].
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Fig 1. Schematic diagram of magmatic rock intruding into coal seam.

https://doi.org/10.1371/journal.pone.0263293.9001

Compared with coal seams, magmatic rocks contain more pores and fissures, in which there is
much interconnected pore water. Due to the pore water’s strong conductivity, magmatic
rocks’ overall resistivity is generally low [19-21]. On the other hand, the main chemical com-
position of magmatic rocks is SiO,, along with small amounts of Al,Os;, Fe,0; and other metal
minerals, thus it possesses high electrical conductivity. The structural and compositional char-
acteristics of magmatic rocks lead to their lower resistivity than the coal seams [22-24]. This
forms the physical basis of the transient electromagnetic method to detect the distribution of
coal seams intruded by magmatic rocks.

Characteristics of the transient electromagnetic method

TEM is a time-domain electromagnetic induction method. The observation data have only
a minor relationship with the primary field, and can be separated from the primary field in
time, which is known as separability in time. Next, according to the sampling time, the sec-
ondary field signal received by a specific time node is transmitted from different explora-
tion depths, and the secondary field signal is collected. After processing, the geological
information at different depths can be obtained, which is known as separability in space
[25-29]. The characteristics of TEM are based on these two separabilities. TEM possesses
the following features:

1. In high resistivity surrounding rock areas, there is generally no false anomaly due to terrain
influence; while in low resistivity surrounding rock areas, due to the use of multi-channel
observation data, the terrain impact of the early survey track is also easy to distinguish, and
the workload of terrain correction is small [30];

2. When the equivalent central loop and identical point combination mode is used for obser-
vation, the distance between the receiving system and the vertical top of the target is not far,
thus the close coupling can be obtained, and the detection ability of the target is strong [31];
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3. The data acquisition work is efficient and straightforward, and the requirements of coil

point position and receiving distance are not highly stringent;

4. Tthas a strong ability to penetrate the high resistance shielding layer, and is sensitive to low resis-

tance; in addition, it can easily highlight low resistance anomalies, such as water bodies [32].

Data processing

Through data processing, the apparent resistivity contour map of a target layer and the second-
ary field potential contour map of a certain channel can be drawn. Then, based on these two
maps, the data interpretation can be carried out. Below are the steps which can be adopted for
data processing:

1.

According to a specific observation time £, the secondary field potential can be calculated
by Formula (1):
OB(t) 1 [~
— = Re[B(w)] cos (wt)dw 1
o= —5m | RelBo)] cos (o) (1)
where B is the magnetic induction intensity in the vertical direction of the central loop, T; ¢
is the observation time, ms; and w is angular frequency, rad/s.

According to the secondary field potential % and observation time ¢, the apparent resistiv-

ity can be calculated by Formula (2):

My 2u,Mg \*"*
pr(t) = dnt <5taB(t)/8t) @

where p7(t) is the apparent resistivity of observation time #, Q-m; y, is the permeability in a
vacuum, H/m; M is the transmitting magnetic moment, A/m? q is the effective area of receiv-
OB(t)

ing coil, m?; t is the the observation time, ms; = is the secondary field potential, uV/A;

Acording to Formula (3) given in part 5.6.3.2 of the National Regulation of the People’s
Republic of China “Technical specification for the transient electromagnetic method of
ground magnetic source (DZ/ t0187-2016),” the detection depth H can be calculated from
the observation time ¢ and apparent resistivity pz(f), and the relationship between the
“apparent resistivity and time” can be transformed into the relationship between the
“apparent resistivity and depth™

H2

PSR X ) (3)

At the same time, combined with Formulas (1) and (3), the target channel of the secondary
field can be determined, which corresponds to the depth of the target coal seam;

The secondary field potential value of the target channel is picked from each surveying
point, after which the secondary field potential contour map of the channel can be drawn;

The apparent resistivity is picked along the target coal seam, and the contour map of appar-
ent resistivity in the target coal seam can be drawn;

According to the abnormal value, and combined with the known data, the abnormal range
can be delineated on the contour map of the target channel secondary field potential and
the contour map of the apparent resistivity of the target coal seam.
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Engineering verification
In order to verify the effectiveness of the transient electromagnetic method in detecting coal

seams intruded by magmatic rocks, we carried out transient electromagnetic exploration near
the 8112 working face of the Tongxin Minefield.

Geological setting

The Tongxin Minefield is located on the northeast edge of the Datong Coalfield, Shanxi Prov-
ince, China (Fig 2). The basement stratum in this area is the Jining Group of upper Archean,
and all subsequent layers are successively deposited on this basis. There are more than 10 coal
measure strata in the minefield. The main coal measure strata are the Jurassic Datong forma-
tion (including coal seams Nos. J3,]8, ]9, J11 and J14), Permian Shanxi Formation (including
coal seam No. Shan 4), Carboniferous Taiyuan Formation (including coal seams Nos. 3-5 and
8). At present, coal seam No. 3-5 is being mined.

The Shanxi Coal Geology 115 Survey Institute and Geological Survey Department of
Datong Coal Mine Group have carried out geological work such as logging, drilling and geo-
logical mapping, and have initially investigated the intrusion of magmatic rocks into coal
seams since the 2000s in the Datong Coalfield near the study area [33, 34]. According to past
geological data, the range of magmatic rocks’ intrusion into coal seams in the Tongxin Mine-
field is divided into the eastern and western parts, and the study area is near the eastern part
(Fig 3). There are 31 magmatic rock drills in the minefield, including 21 in the eastern intru-
sion area and 10 in the western intrusion area. In the eastern intrusion area, magmatic rocks
mainly intrude into coal seams No. 3-5 and 8, causing severe damage to the coal seams. In the
western intrusion area, magmatic rocks mainly intrude into coal seam No. 8 and has relatively
weak affects. The maximum vertical intrusion range of magmatic rocks is 75 m (drill No.
1706). Near the minefield boundary, the vertical intrusion range becomes smaller, the mini-
mum being about 0.15 m (drill No. 1906). There are as many as 19 layers of coal seams
intruded by magmatic rocks, of which the maximum thickness of a single layer is 15.9 m (drill
No. 1706). In the center of the intrusion area, the magmatic rock is thicker and has many sub-
layers, and gradually pinches out to the edge [35].

The magmatic rocks in the Datong area are generally lamprophyre with fine-grained and
massive structures. According to the study by Zhu et al. [36], the main mineral components of
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Fig 2. Locations of the Datong Coalfield and Tongxin Minefield.
https://doi.org/10.1371/journal.pone.0263293.9g002
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Fig 3. Schematic map of areas of magmatic rocks intruding into the coal seams in the Tongxin Minefield.

https://doi.org/10.1371/journal.pone.0263293.g003

lamprophyre in the Datong area are biotite and potash feldspar. Fig 4 shows that the resistivity
of magmatic rocks is lower than that of coal seams in the study area.

Testing work

There are 18 TEM surveying lines and 1980 surveying points in the study area. The dimensions
of the working network are 20x20 m, i.e. the line distance is 20 m, and the point distance is 20
m, as shown in Fig 5. In the data collection work, the GDP-32II multi-function workstation
produced by Zonge Co. was used by our study group during the period of June to July 2018.
The transmitting parameters were as follows: the transmitting coil size was 480x480 m, the
transmitting current was 16 A, and the number of turns of the transmitting coil was 1. The
receiving parameters were as follows: the acquisition probe matched with GDP-32II was used
to collect data, which had an equivalent acquisition area of 10,000 m?, and the data sampling
delay time was 320 ps.

According to the magmatic intrusion areas shown by geological data, the 8112 working face
was located at the junction of the intrusive area and non-intrusive area. The testing work was
conducted to distinguish The electrical difference between the magmatic intrusion areas and
the coal seams. Fig 6 depicts the multi-channel potential profile and apparent resistivity profile
of the testing line. According to the calculation result of data processing described before, the
13th channel of secondary field corresponds to the No. 3 coal seam. It can be seen that there is
a high potential anomaly in the 1440-1700 section of the 13th channel, with a potential value
of greater than 400 V/A. This value is regarded as the threshold value of potential anomaly,
and is approximately 30% higher than that of the normal value about 300 uV/A. In the appar-
ent resistivity profile, significantly low apparent resistivity (magenta grid) appears in the 1440-
1700 section near the coal seam No. 3-5, and the apparent resistivity value is less than 200
Q-m, which is regarded as the threshold value of apparent resistivity anomaly. Finally, the
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Fig 4. Comprehensive logging curve of the Tongxin Minefield, using lithology curve analysis.
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Fig 5. Diagram of the TEM workload and the testing line location.
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1440-1700 section is inferred as a magmatic intrusion area, and is in good agreement with
geological data (black grid), thereby indicating that the TEM effectively detects the range of
magmatic rocks’ intrusion into the coal seams.

Application effect

According to the data processing steps, the contour map of the No. 13th channel secondary
field potential and the contour map of apparent resistivity of coal seam No. 3-5 are respectively
drawn, as shown in Figs 7 and 8. From these two figures, it can be concluded that the coal
seams intruded by magmatic rocks exhibit two electromagnetic characteristics: high potential
and low resistivity.

It can be seen that the secondary field potential of the No. 13th channel in the study area is
between (200-800) uV/A. According to the testing result, the areas where the secondary field

dB/dt (WV/A)
950

[T

Fig 7. Contour map of the No. 13 channel secondary field potential.

https://doi.org/10.1371/journal.pone.0263293.g007
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potential is greater than the threshold 400 pV/A are determined as high potential abnormal
areas. Two high potential abnormal areas are delineated, respectively located in the eastern
and western sides. The eastern anomaly area has a more extensive range (within the magenta
range in the image). Combined with the geological data, it is inferred to be the magmatic
rocks’ intrusion range (Fig 7).

At the same time, the apparent resistivity in the study area varies widely, throughout the
range of (120-255) Q-m. According to the testing result, the areas where the apparent resistiv-
ity value is less than the threshold 200 Q-m are determined to be the low resistivity abnormal
areas. Similar to the contour map of the No. 13 channel secondary field potential, these areas
are respectively located in the eastern and western sides. The eastern anomaly area has a large
range (within the magenta range in the image). Combined with the geological data, it is
inferred to be the magmatic rocks’ intrusion range (Fig 8).

Verification

In the process of roadway excavation in the 8112 working face of the Tongxin Minefield, intrusion
of magmatic rocks into coal seam No.3-5 was observed. According to the actual conditions of mag-
matic rock intrusion revealed in the roadway, it is determined that the exposure of the roadway is
fundamentally consistent with the detection of TEM detection. The minimum error of TEM detec-
tion boundary is approximately 11 m, and the maximum error is about 30 m, as shown in Fig 9.

Conclusion

This paper proposes a method for detecting the range of coal seams intruded by magmatic
rock by using the transient electromagnetic method (TEM). Combined with the analysis of
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Fig 9. Comparison of magmatic rock intrusion revealed by underground survey with TEM detection.

https://doi.org/10.1371/journal.pone.0263293.9009
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engineering examples, the following conclusions can be drawn: After the coal seams have been
intruded by magmatic rocks, the physical properties will alter greatly. It is important to use
geological and logging data to analyze the physical characteristics of the coal seams intruded
by magmatic rock, which is of guiding significance for the conduction of the transient electro-
magnetic method. According to the geological data, the intrusion area of magmatic rocks can
be macroscopically delineated. Based on this, TEM can be used to detect the precise range of
magmatic rock intrusion into coal seams. It can also be observed that there is a significant elec-
trical difference between the magmatic rocks and normal coal seams. The electrical character-
istics of coal seams intruded by magmatic rocks are low resistivity and high secondary field
potential. The results reveal that the effect of using TEM to detect the range of coal seams
intruded by magmatic rocks is satisfactory.
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