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Featured Application: This work provides detailed geological information to the coal mining
enterprise for further coal-mining practices safety arrangement.

Abstract: The water-enriched mined-out area, which led to frequent accidents and the serious
destruction of ecological environment and serious threat to coal-mining practices. To ensure safe
mining practices and to avoid the intrusion of water from the bases of coal deposits, the detection
of the mined-out areas, especially the water-filled mined-out area in advanced, is one of the most
important issues. This research focuses on detecting mined-out area enriched by water with the
large-loop transient electromagnetic method. Data acquisition system was arranged along 23 survey
lines, and the total of 1975 survey points were recorded. An inversion technique was used to interpret
the TEM data. The inversion results suggested that the mined-out areas enriched by water always
exhibit a very low-resistivity, the resistivity contour present closed circle sharp. There are three main
water enriched mined-out areas, named JS1, JS2, and ]S3 in the north part of the survey area, as well
as three main water weak-enriched areas named RJS1, RJS2 and R]JS3 in the west and southwest
part of the survey area can be inferred by TEM, the interpretation results were verified by drilling.
Large loop TEM is proved as an efficient way to investigate water enriched mined-out areas under
the rugged topography conditions, and this work provides more detailed geological information to
the coal mining enterprise for further coal-mining practices safety arrangement.

Keywords: transient electromagnetic method; mined-out area; resistivity; water-enriched area; mine

1. Introduction

China is currently the world’s largest coal miner, and it is also the largest consumer of coal in the
world [1-6]. The start of the 21st century was a golden era for the coal sector, and the rapid expansion
of coal firms led to huge profits [7,8]. However, based on China’s existing technologies, the mining coal
lead to huge mined-out regions. Mined-out areas of different scales will occur, which results in unstable
stress and it hence brings stress concentration. Under the action of overlying rocks, deformation,
cracking and dislocation will occur, leading to the formation of caving zone, fracture zone, and bent
deformation belt [9,10]. Mined-out areas can be water filled, when water inrushes or surface water
leaks through cracks into excavated areas, surface damage that is caused by subsequent subsidence
might appear [11]. A typical collapsed area can be divided into three zones, such as Caving zone,
Fault zone, and crooked zone, as shown in Figure 1 [11-14].
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In most coal fields in China, the mined-out regions are enriched by water, which led to frequent
accidents and the serious destruction of ecological environment and serious threat to coal-mining
practices [8,15,16]. Therefore the detection of the mined-out areas, especially the water-filled mined-out
area in advance, is one of the most important issues [17].

Recently, the main exploration technologies in mined-out areas are drilling exploration and
geophysical prospecting [17]. Although the former technology is accuracy, its project volume and cost
are massive and the controlled range is limited [18,19]. The geophysical prospecting is a useful, safe,
economical, and rapid way to detect the mined-out areas. Therefore, the mined-out areas detection
method is generally given priority to with geophysical prospecting, and drilling technical method
validation is complementary [16].
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Figure 1. Schematic diagram of typical three zones in mined-out area.

Geophysical method especially Transient Electromagnetic (TEM) technique, as being non-invasive
and cost-effective, acquisition of strong signals, deep levels of penetration, easy deployment,
and suitability for geological exploration, which remains the first choice to explore the target
with conductive characters. TEM has been widely used in various fields, such as engineering
geology [20] and environmental geophysics investigations [21], mining [22], urban construction [23],
tunnel prediction, and groundwater [24] and geothermal explorations. Due to its sensitivity to
conductive geologic body when compared to the surrounding rocks with high resistivity, TEM has
received great attention in the mined-out area with water investigations [25].

In this paper, a novel large loop TEM method that combines the advantages of high signals
to noise ratio, large investigation depths has been used to investigate geological structures and
electrical characteristics in order to map the water-enriched mined-out areas within the survey region.
The survey area was located in a coalfield located in the Shanxi Province, northern China [18]. The large
loop TEM technique was employed successfully in detecting the water-enriched mined-out areas at
a depth of 300 m. These findings were verified by drillings.

2. Materials and Methods

2.1. Geologic Setting

The survey region is located in the central part of Lingshi City, Shanxi Province, China, between the
Lvliang Mountain and Taihang Mountain. The survey region is typically a loess hilly area, the top
of the mountain is extensively covered by loess and dense vegetation, (Figure 2), and the loess in
the study area with good electrical conductivity. The elevation of the survey area sharply changes at



Appl. Sci. 2018, 8, 1800 30f11

different sites. The highest point with an elevation of 1065.1 m is located at the top of the mountain in
the north part of the survey area, and the lowest point with an elevation of 806.2 m is located in the
valley of the southwest part of the survey area (Figure 3) [12,26].

The strata from youngest to oldest in the survey area are Quaternary (Q), Ermaying formation
(Ter), Heshanggou formation (T;h) and Liujiagou formation (T1) of Triassic, Shigianfeng formation
(P2sh), Upper Shihezi formation (P;s), Lower Shihezi formation (P1x), and Shanxi formation (Pys)
of Permian, Taiyuan formation (Cst) and Benxi formation (Cyb) of Carboniferous and Fengfeng
formation(O,f) of Ordovician, respectively. According to the borehole named ZK1, ZK4, ZK5 and the
other geophysical measurements, the stratum distribution, lithology, and electrical property of the
survey area are listed in Table 1.

—
—
_—

The mining boundary
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=

Figure 2. Location and survey line layout of the survey area.

Table 1. Stratum parameters of the survey area.

Stratum Lithology Resistivity/Q)-m

Quaternary (Q) Loess, alluvium 40-80

Ermaying formation (T,er)
Triassic (T) Heshanggou formation (Toh) Mudstone 50-200

Liujiagou formation (T11) Sandstone
Shigianfeng formation (P,sh)
. Upper Shihezi formation (P;s) Sandstone, sandy
Permian (P) Lower Shihezi formation (Px) mudstone, and coal 150-300

Shanxi formation (P1s)

Sandstone, siltstone,
mudstone, bauxite 220-420
limestone, and coal

Taiyuan formation (Cst)

Carboniferous (C) Benxi formation (Cyb)

Ordovician (O) Fengfeng formation(O,f) Limestone 700
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Figure 3. Topographic map of the survey area.

2.2. Theory of Large-Loop TEM

40f11

For the large-fixed loop source given in Figure 4, the four sides of the loop are named A, B, C,
and D, respectively, its dimensions are 2a and 2b in the X and Y directions, Receiver (xg, yr) located
inside the transmitter loop. The total vertical component contribution Hz is the sum of each side [27]:

Hz = Hzo +Hzp + Hzc + Hzp

)

where Hz4, Hzp, Hzc, and Hzp represent the electromagnetic field contributions from sides A, B, C,
and D, respectively. For a uniform half space, the vertical component of the magnetic field due to
a single dipole is [28]

—u2

e

Hyy = 24y [(1 - ;’uz)]erf(u) + uf/E

uzx/mrr:\/(x_xR)2+(y_yR)2

2

®)

erf (u) is the complementary error function, I is the transmitter current (A), dl is the dipole length,
and r is the distance between the transmitter and the receiver.
Therefore, the electromagnetic field contributions from the transmitter loop sides A, B, C, and D

are given by:

r {47;2 [(1 2u2)}erf( )+ e }dx

= (b+yr)
! o /a \/(x—xR)2+(b+yR)2

4)
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o {hfa = Jerrn + e

Hzp = ( xR)_/ﬂ \/(a_xR)2+(y_yR)2 (5)
o afa - 2]erf + e i

Hze = (b ]/R)_/a \/(x—xR)2+(b—yR)2 (6)
e f L 11— 3)]erf(u e Ly

Hzp = (a+xR)/ {4”’2 -(1 232)_ fu) + = }d .

a \/(a+xR)2+(y*yR)2

In general, the data collected from a large loop TEM system consist of vertical voltage

measurements at different time intervals after the current is switched off. The relationship between the
vertical voltage V (t) and vertical component of the magnetic field Hy is given by [29,30]:

V() = —po( T2 M ®

M is the magnetic moments of received loop, i is the permeability of free space, and f is the
decay time after the current is switched off.
The apparent resistivity can be calculated by [27,31]

w o

ps = 6.62 x 1073L3 [V(/i] 51~ ©)

L is the side length of the transmitter loop, L = 2a.
The relationship between Detecting depth (D(t)) the decay time ¢ can be described, as follows [32]:

D(t) = [P t (10)

y
o (xy)
(-a,b) 4 (a,b)
b (Xp>Yr)
(0,0)
B X
(ah) A @0

Figure 4. Diagrammatic explanation of the large-fixed loop Transient Electromagnetic (TEM) response.
2.3. Field Operation

A large-loop TEM measurement was carried out along a section of proposed location,
data acquisition system was arranged along 23 survey lines, the interval of the lines was 40 m, and the
survey sites along the survey line with the interval of 20 m covers an area of 1.53 km?, and the total
of 1975 survey points were recorded. The GDP-32 system that was developed by Zonge Engineering
and Research Organization was adopted in our measurements, and a magnetic sensor with effective
receiving areas of 10,000 m? was used to receive the induced voltage.
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In general, the data acquisition areas of a large loop TEM device are located in about one-third of
each side length in the loop central (Figure 5). Because in these area, the induced electromagnetic field
values distributed in this area can be considered as uniform [33].

Survey/lines
A [ A~/
A
i Survey point Receiver loop / L/3
L3 Data acquisition areas
Transmitter loop L

Figure 5. Large-loop TEM configuration used in the field.

Different fundamental frequencies have different observation time [14,32]. In general, the lower
frequency, the longer observation time, but with lower efficiency. If the fundamental frequency is
too high, then the detecting depth cannot be able to reach the depth of the investigate target. So, it is
necessary to test the fittest frequency in the survey area. Fundamental frequency of 32 Hz, 16 Hz,
and 8 Hz were chosen (Figure 6). It can be seen that, if the decay time  shorter than 2 ms, all the results
of the three different frequencies match each other well, the quality of the acquired raw data is accurate
and reliable. But, the observation time of 32 Hz data is shorter than 6 ms, the detecting depth is too
shallow [33]. We also can obtain that the when the decay time ¢ longer than 9 ms, the date of 8§ Hz have
lower signal to noise ratio, otherwise the fundamental frequency of 16 Hz was chosen in this work
(Figure 6).

Note that the transmitter loop is square shape with the side length size of 480 x 480 m,
the transmitter voltage is 120 V, and the strength of the transmitting current is 15 A.
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Figure 6. The decay curves of dB/dt at different frequency.
3. Results and Interpretation

The TEM data analysis consisted of many components, as follows: data pro-processing, qualitative
analysis, data inversion, and subsequent geological interpretation of the results [34,35]. Before the
inversion, preprocessing work must be done to the raw data. In view of the characteristics of the wide
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frequency band and the fast attenuation of the TEM signal, it is difficult to directly smooth the decay
curve of one measurement point. Therefore, we make the five-point smoothing to the data of the same
time channel but of different measuring points [34]. Then, we inverted the smooth data using the
TEMINYV procedures.

Figures 7-10 show the resistivity inversion results, together with a geologic interpretation of
survey line 320, 600, 880, and 960, respectively. According to the results of the inversion, the resistivity
tendency of the survey area is low-medium-high from shallow to deep in the normal stratum, but if
there are mined-out areas that exist, the resistivity structure may be changed. The cross-section diagram
with blue color on behalf of geological structures with low-resistivity, and the red color represent
high-resistivity. The color blue-green-yellow-red indicated that the resistivity is increased.

In line 320 (Figure 7), the elevation higher than 890 m with the resistivity being lower than 70 (2-m
represents unconsolidated sediments in the Quaternary formation, the thickness of this layer changed
at different area, the thickness at the ridge is thicker than valley. The elevation of No. 10 coal bed
is decreased slowly from west to east, and the average elevation is 770 m, the resistivity range from
200 to 270 Q)-m in normal coal bed, and there are two main parts of abnormal areas with the resistivity
lower than 150 Q)-m indicate the mined-out area with water, due to the different volume of water that
is filled in the areas, the resistivity varies.

In line 600 (Figure 8), the elevation higher than 860 m with the resistivity lower than 70 ()-m
represents unconsolidated sediments in the Quaternary formation, and there are three small main parts
of abnormal areas with the resistivity lower than 150 (3-m indicate the mined-out area with water.

In line 880 (Figure 9), the elevation higher than 880 m with the resistivity lower than 70 ()-m
represents unconsolidated sediments in the Quaternary formation, and there are two large parts of
abnormal areas with the resistivity being lower than 120 ()-m indicate the mined-out area with water.

In line 960 (Figure 10), the elevation that is higher than 930 m with the resistivity lower than
70 (3-m represents unconsolidated sediments in the Quaternary formation, and there are three large
parts of abnormal areas with the resistivity lower than 120 ()-m indicate the mined-out area with water.
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Figure 7. Inversion results of line 320.
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Figure 8. Inversion results of line 600.
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Figure 9. Inversion results of line 880.
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Figure 10. Inversion results of line 960.

Figure 11 shows the horizontal slice of the apparent resistivity values of the No. 9 coal bed,
with the average elevation being about 780 m. The areas with an apparent resistivity less than 40 (3-m
were defined as water enriched areas, and the areas with an apparent resistivity range from 50 to
90 (2-m were defined as weak-enriched areas. The results shows that there are three main parts of water
enriched areas with the resistivity less than 40 (2 m exist in the north part of the survey area. Named JS1,
JS2, and JS3, and there are three main parts of water weak-enriched areas with the resistivity range from
50 to 90 ()-m lactated at the west and southwest part of the survey area, named RJS1, RJS2, and RJS3.
The water volume of the water weak-enriched areas may less than the water enriched areas.

In order to verify the interpretation result, a borehole about 350 m depth was drilled in the center
of ]JS3. The drilling results agreed well with interpretation result.
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Figure 11. The horizontal slice of the apparent resistivity values of the No. 9 coal bed. The elevation is
about 780 m. The areas with an apparent resistivity less than 40 (3-m were defined as water enriched
areas, and the areas with an apparent resistivity range from 50 to 90 Q)-m were defined as water
weak-enriched areas.
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4. Conclusions

This work emphasizes that the application of the large loop TEM technique is a valuable
tool in investigating the water enriched mined-out areas under the rugged topography conditions,
and have been proven to be suitable for deep geological explorations. The GDP-32 instrument and
ANT-6 magnetic probe were utilized for the practical geological exploration. The device operated at
a fundamental frequency of 16 Hz with the 120 V transmitter voltage and 15 A transmitting current.

The following conclusions were obtained: (1) the mined-out areas enriched by water always
exhibit a very low-resistivity, the resistivity contour present closed circle sharp; (2) There are three main
water enriched mined-out areas, named JS1, ]S2, and JS3, as well as three main water weak-enriched
areas, named RJS1, R]S2, and R]S3, can be inferred by TEM, the interpretation result was verified by
drilling; (3) Large loop TEM is an efficient way to investigate water enriched mined-out areas under
the rugged topography conditions.
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