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Geological exploration of coal 
mine burnt rock and waterlogged 
area boundary based on transient 
electromagnetic and high‑density 
electrical resistivity
Yanlong Yang 1, Ci Zhao 2, Yaxiao Di 2 & Qian Li 3*

The water-rich burnt rock may threaten the safe production of coal mines. Identifying the boundaries 
of burnt rock and the water-rich area is of great practical significance for the ensuring the safety of 
mining operations. Transient electromagnetic and high-density resistivity methods are commonly 
employed in geophysical exploration, such as for investigating the presence of groundwater or 
delineating boundaries of altered rocks. These methods are non-invasive and provide detailed 
information about subsurface conditions without the need for drilling or excavation. The Jiangjun 
Gobi No. 1 open-pit coal mine is situated in the Kalamaili fault zone and is characterized by a high 
groundwater content. In certain mining sites within the study area, the inflow of water reaches tens 
of thousands of cubic meters per day, which significantly impacts production and presents major risks. 
To accurately determine the boundaries of burnt rock and water accumulation areas in the Jiangjun 
Gobi No. 1 open-pit coal mine, this paper uses different geophysical prospecting methods based on 
the depth of the strata. The middle and deep parts are investigated using the high-resolution transient 
electromagnetic method, while the shallow parts are examined using the high-accuracy high-density 
electric method. Through analyzing the electrical characteristics of the study area, it is inferred that 
the low-resistivity area in the northwest represents a shallow surface water-rich region. This area 
extends continuously towards the northwest, is not trapped, and is supplied by surface water. The 
deep low-resistivity zone primarily consists of sandstone and coarse sandstone. It is inferred that 
the low-resistance area in the southern part of the study area is also a shallow surface water-rich 
region, extending towards the east and west sides, not trapped, and supplied by surface water. The 
deep low-resistivity zone mainly comprises a combination of sandstone, coarse sandstone, and burnt 
rock, with intermittent layers of mudstone and argillaceous sandstone. The boundary line of burnt 
rock (coal-bearing strata) is located in the south of the study area. The resistivity of burnt rock (coal-
bearing strata) is higher than that of the surrounding rocks, and the resistivity of coal seams is slightly 
higher than that of sandstone with larger porosity. Estimating the boundaries of groundwater and 
altered rocks serves to prevent geological disasters and provides valuable information for mineral 
development and ecological protection.

Burnt rocks rich in water may threaten the safe production of coal mines, making it crucial to identify the 
boundaries of burnt rocks and water-rich areas for safe mining operations. When water-filled fractures occur in 
the coal-bearing sandstone or when a fractured zone is intersected by a fault containing water, the high electrical 
conductivity of the water creates a noticeable contrast with the surrounding rock structure. This serves as the 
geophysical basis for hydrogeological exploration using electromagnetic methods. The high-density electrical 
method finds wide applications, primarily in karst disaster investigation, reservoir dam foundation leakage 
exploration, geological exploration in highway viaducts and karst area, pipeline detection, water geophysical 
prospecting, high-rise building site selection, and coalfield collapse detection. In recent years, its application in 
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stone exploration has also been gradually developed, providing valuable reference materials for mining opera-
tions. The high-density resistivity method is a cost-effective, efficient, and information-rich electrical prospecting 
technique. It offers convenient interpretation and significantly enhances exploration capability. The DC resistance 
method can detect groundwater during the process of coal mine excavation1. Integrated geophysical detection, 
transient electromagnetic, and high-density electrical resistance methods can detect water accumulation in goafs 
(gob areas) of coal mines2. Xue et al. conducted a literature review on electrical and electromagnetic methods 
for coal mine detection in China3. With the rapid development of China’s economy in the past 20 years, accu-
rate detection of water-rich areas and hidden aqueducts in goafs has become a new goals in recent years. Niu 
et al. tested and analyzed the characteristic response of electric potential signal in coal seam mining activities4. 
Limestone water eruption may cause major disasters during the development of deep coal mines. Zhu et al. 
verified and determined the true distribution of grouting parameters based on the finite element method of 
COMSOL Multiphysics. The results show that the design meets the engineering requirements5. The transient 
electromagnetic method can be used to detect mined-out areas in mining areas filled with accumulated water6.

Yu et al. reviewed the geophysical mapping of coal mine water structure and analyzed the current challenges7. 
Multi-angle transient electromagnetic requires a 2.5-D inversion method. Chen et al. used the 2.5-D least squares 
inversion method to detect water inrush on the side of a coal mine road in Shandong, China. The inversion results 
were verified by comparing them with the data from boreholes and excavation. The 2.5-D inversion method has 
better interpretation accuracy and resolution than the 1-D inversion method8. Electrical Resistivity Tomography 
(ERT) can be used to identify waterways in old mining areas after the rainy season in India9. Electrical Resistivity 
Tomography (ERT) can be used to detect the location of sinkholes10 and can also be used to detect underground 
cavities11. The method combining self-potential, electrical resistivity tomography and induced polarization is 
used in the detection of gold mines in India12. The particle swarm optimization-GIS inversion algorithm (PSO-
GIS) is applied to the measurement of coal mines, and its results are consistent with those obtained through 
drilling verification. The PSO-GIS algorithm can improve the interpretation effect of the full space inversion of 
coal mines13. Particle swarm optimization algorithm and simulated quenching inversion algorithm were used 
by Kumar et al. to analyze self-potential (SP) data, and then Electrical Resistivity Tomography (ERT) was used 
to perform detailed high-resolution mapping of seepage and drainage in coal mines14. The self-potential (SP) 
method is a low-cost, non-invasive passive geophysical technique, and Sahadev et al. used the self-potential (SP) 
method to detect coal fires below the surface15. Li et al. detected the Dongsheng coal mining area in Inner Mon-
golia based on the combined surface-drilling DC resistivity method, and the changes in the resistivity response 
characteristics of water diffusion were effectively detected16. Luo et al. utilized the Ground Penetrating Radar 
(GPR) detection method to assess the soil moisture, soil layer thickness and soil gravel content in the mining 
area, and provide scientific data for the reclamation of the mining area17. Saurabh et al. employed Self-Potential 
(SP) and Electrical Resistivity Tomogrphy (ERT) technologies to determine the position, depth, range, and 
state of the working channel, and analyzed the SP data using simulated quenching optimization technology. 
ERT data were acquired using Wenner, Dipole–Dipole and Schlumberger matrices. The inversion is performed 
using 2.5D ZZRESINV software, and the overall results are consistent with lithological materials and ground 
photography results18. Sun et al. probed the upper limit of an ultra-thick unconsolidated aquifer in Huainan19. 
Two new indicators were constructed to assess coal fire risk, one is Dynamic Load Index (DLI), and the other is 
dynamic-static loading evaluation index20. Abandoned mine tunnels filled with water at unknown locations may 
pose potential risks to safe production in modern mines, and underground transient electromagnetic methods 
can detect water-filled tunnels. The 3D finite-difference time-domain modeling method can be used to simu-
late the anomalous response and parameter influence of water-filled tunnel junctions21. Some literatures have 
reviewed the geophysical detection methods of mined-out areas and rich water in mining areas22. Xie et al. used 
the Fisher discriminant method to establish a regression function relationship between borehole water flow and 
direct current detection data, and then established a model to identify water-rich burnt rock areas. Based on the 
evaluation of training samples, the accuracy of the water-rich discriminant model was 89.1%23.

This paper comprehensively utilizes transient electromagnetic measurement and high-density electrical 
measurement. The object is to investigate the underground water accumulation range and burnt rock boundary 
of Jiangjun Gobi No. 1 open-pit coal mine. The study area is located in the Kalamaili Fault Zone, a significant 
large-scale fault zone in northern Xinjiang and even Central Asia. It was formed after the closure of the Paleozoic 
ocean basin24. Due to the high groundwater levels, reaching tens of thousands of cubic meters per day in some 
sections of the study area, it is crucial to employ advanced technical methods to accurately determine the scope 
and spatial distribution of groundwater. This is necessary to mitigate the significant risk factors and production 
disruptions it poses. The innovation of this study lies in the use of different geophysical exploration methods 
according to the depth of the formation, among which the transient electromagnetic method with high resolution 
is used in the middle and deep layers, and the high-density electrical method with high accuracy is used in the 
shallow parts. Among the various electromagnetic methods, the transient electromagnetic method stands out 
as the only electromagnetic coupling method in the time domain. It has high resolution and advanced technical 
methods, and can accurately determine the resistivity distribution characteristics of target layers in the middle 
and deep layers. The high-density electrical method compensates for the limited data obtained from shallow 
transient electromagnetic measurements by offering a large mount of data and employing advanced forward 
and inversion procedures. This paper utilizes transient electromagnetic and high-density electrical resistivity 
methods, the spatial shape and distribution range of the target layer can be accurately delineated. It can be used 
to avoid geological disaster risks and provide detailed geological basic data for project development or construc-
tion design.
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Study area
The study area of this paper is the Jiangjun Gobi No. 1 Open-pit Coal Mine field, which is located in the southeast 
of the Junggar Basin, Xinjiang Uygur Autonomous Region, China. The area is higher in the southeast and slightly 
lower in the northwest. The landform is a hilly denuded plain with an altitude of 537–616 m and a relative height 
difference of about 30–50 m. The ore field has a continental arid desert climate, with large annual and day-night 
temperature differences. June to August is summer, and the climate is hot. The daytime temperature is often 
above 40 ◦ C, and the absolute maximum temperature reaches 43.2 ◦ C on July 13, 2004. Winter is from November 
to February of the following year, and the climate is extremely cold, with the absolute minimum temperature 
reaching − 49.8 ◦ C on January 26, 1969. The annual average precipitation is 106 mm, the annual evaporation is 
1202–2382 mm, the annual sunshine is 3053 h, there are occasional thunderstorms from May to August. Snow 
cover is scarce in winter. The maximum snow thickness is 0.3 m and a maximum permafrost depth is 2 m. The 
area is windy all year round, with the wind force generally ranging from 4 to 5, and occasionally reaching more 
than 10, accompanied by strong sandstorms.

There is no perennial water flow on the surface of the area, and there are no spring water points. Most of 
the water flow consist of temporary water flow, which is formed by summer rainfall or occasional heavy rain. 
Temporary water flows either flow northwest or gather in low-lying areas, where they either infiltrate the ground 
or evaporate on the spot. Many silted mud slabs, commonly known as white slabs, are formed in the area. The 
Quaternary strata in the minefield are permeable and do not contain water, while the Jurassic strata have a low 
water content. The fissure water in the open-pit stope mainly comes from atmospheric precipitation and the sur-
rounding surface water. These water sources flow to the bottom of the pit in scattered flow patterns resembling 
fissures. The water has slightly pressure, and the groundwater table is buried at a depth of about 15–30 m. The 
shallow part of the coal seam in the north of the minefield has been burned, and burnt rocks are widely distrib-
uted on the surface. The roof, floor and the surrounding rocks of coal seam have been baked by fire, altering the 
characteristics of the original rock and turning it into hard, broken burnt rocks with cracks and pores. The burnt 
rock area provides good channels for water conduction and water storage space. After excavation, the ground-
water present in the burnt rock will accumulate in low-lying areas and fill the pit with water, posing a threat to 
future mining activities. According to the Xinjiang earthquake peak acceleration zoning map, the survey area 
is located in the 0.05 g earthquake peak acceleration zone, which classifies it as a VI degree seismic intensity 
fortified area. No major earthquakes have occurred in or around the area in the past 20 years. The scope of the 
study area in this paper is shown in Fig. 1.

Figure 1.   The red frame in the figure represents the extent of the study area. This figure was created using 
ArcGIS 10.2 geographic information software. The image depicted in the figure is a Landsat 8 remote sensing 
image. The red, green, and blue bands of the Landsat 8 remote sensing images correspond to bands 4, 3, and 2, 
respectively. By combining these bands, a true color image can be generated. The download link of Landsat 8 
can be found at https://​www.​gsclo​ud.​cn/.

https://www.gscloud.cn/
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Most areas in the north and east of the mine field are Quaternary, with some Jurassic exposed in the east and 
south of the mine, and Jurassic exposed at the northern edge. The Paleozoic Carboniferous strata are exposed 
in a small area in the southeast corner of the mine field. It is the sedimentary basement of the Jurassic strata. 
The lithology is composed of gray-brown, gray-purple andesitic porphyry, dacitic rhyolite, etc., with a regional 
thickness of 862–1477 m. The Mesozoic Jurassic system is exposed along the northern edge and in parts of the 
south. The rocks are mainly gray and gray-green with variegated fluvial and lacustrine deposits of grey-brown, 
purple-red and purple-brown. The lithology includes sandstone, mudstone, siltstone, containing silicified wood, 
and the bottom is a layer of conglomerate and sandy conglomerate. Thickness 40.43–646.58 m. The Cenozoic 
Quaternary is mainly distributed in the low-lying areas of mining fields. According to its origin, it can be divided 
into flood alluvium and seasonal flood retention layers. Among them, the Upper Pleistocene to Holocene alluvial 
sand and gravel layer is located in the northern part of the mine field. It is accumulated in the Gobi Plain and is 
mainly gravel, sand and a small amount of soil formed by alluvial deposits. It is loosely accumulated and has a 
large thickness variation, about 1–25.85 m, with an average thickness of 9.23 m. Holocene seasonal floods depos-
ited silt, sand, sub-sand and sandy clay layers, mainly scattered in the low-lying areas of the western terrain of the 
mine field. It is seasonal flood retention deposits, including silt, loose silt, sand, sub-sand soil and sandy clay. It is 
commonly known as whiteboard due to evaporation. The thickness is generally not large, mostly within 0.5–5 m.

Methods
In this paper, the transient electromagnetic method and high-density resistivity method are used to conduct a 
geological survey on the boundary of burnt rock and water accumulation area in the Jiangjun Gobi No. 1 open-
pit coal mine area.

Transient electromagnetic
The transient-electromagnetic method, also known as the time domain electromagnetic method (TEM for short), 
belongs to the detection method of electromagnetic induction. Its mechanism evolves the generation of an eddy 
current field effect produced by the conductive medium when exposed to a step-changing electromagnetic field. 
In other words, it utilize an ungrounded return line or a magnetic dipole (or a grounded line source electric 
dipole) to emit pulsed electromagnetic waves underground as the excitation field source (commonly referred 
to as the “primary field”). According to Faraday’s law of electromagnetic induction, after the pulsed electro-
magnetic wave ends, the earth or the detection target will generate an induced eddy current inside it due to the 
influence of the excitation field (i.e., “primary field”). This induced current exhibits both spatial and temporal 
characteristics. Its magnitude is influenced by various factors, such as the spatial and electrical properties of the 
target, the characteristics of the excitation field, and so on. Over time, the induced current gradually weakens 
until it dissipates due to heat loss. The secondary field signal corresponding to the primary field pulse signal can 
be expressed as Eq. (1):

where µ0 represents Permeability, M represents the transmitting coil magnetic moment, q represents the receive 
coil equivalent area, ρ represents formation resistivity, and t represents time.

Data processing workflow

•	 Data synthesis: Determine the appropriate maximum frequency point spacing and density to synthesize the 
original sampling data.

•	 Wavelet denoising: Apply wavelet filtering to the raw data.
•	 S-transform denoising: Apply S-transform filtering to the original data.
•	 Smoothing of curves: Inspect the attenuation curve after denoising and synthesis, and perform further smooth-

ing as needed.
•	 Terrain Effect Correction:

From the apparent resistivity-depth profile (or the apparent resistivity plan, if necessary) and the topographic 
map, determine whether there is a terrain influence, if present, apply the ratio method or spatial filtering method 
for correct. Using specialized software, convert parameters such as ρτ (t) (apparent resistivity) and Hτ (t) (appar-
ent depth). The data collected in the field by TEM exploration is induced electromotive force. The abscissa is an 
arithmetic coordinate indicating the time of observing the secondary field, while the ordinate is a logarithmic 
coordinate indicating the normalized induced electromotive force. Generally, the induced electromotive force 
needs to be converted into apparent resistivity, and the conversion formula is given by Eq. (2):

where µ0 = 4π × 107 H/m, ST is the area of the sending loop, SR is the area of the receiving coil, t is the measure-
ment time, V(t)/I is the transient value of the normalized induced electromotive force. All the above quantities 
are expressed in accordance with the international standard units of measurement.
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High‑density electrical resistivity
The high-density electrical resistivity method follows the same basic principle as the traditional resistivity 
method. However, it offers a denser distribution of measuring points during observations. Druing on-site meas-
urements, electrodes are placed at regular intervals on the measuring points and observations are made. The 
electrodes can be flexibly combined, allowing for the extraction of more geoelectric information. Electrical 
prospecting can adopt a covering measurement method similar to seismic prospecting.

Working parameters of the device
Compared to commonly used devices such as dipoles, differentials and combined three-level devices, the Wen-
ner quadrupole device offers advantages in terms of reduced susceptibility to surface fluctuations and greater 
measurement depth. Consequently, the Wenner device was utilized for this measurement. High-density electrical 
exploration should aim to minimize the impact of terrain undulations. However, completely avoiding them is 
challenging in practical work. Therefore, when conducting high-density electrical exploration, it is crucial to con-
sider which device is least affected by terrain. Among the device types used in high-density electrical methods, the 
dipole device is most severely affected by terrain. Its electrical sounding curve is inherently complex, and when 
combined with the terrain factors, the identification of its electrical sounding profile becomes difficult. When 
the three-pole device encounters a valley or ridge, the electrical measurement curve exhibits multiple peaks, and 
the response levels of the AMN and MNB devices become uneven, making it challenging to distinguish between 
them. In comparison, the quadrupole device is least affected by terrain, and the shape of its electrical sounding 
profile is easier to interpret. Quadrupole devices can be further divided into Wenner and Schlumberger devices. 
The Wenner device offers relatively high vertical resolution and is sensitive to reflecting the vertical distribution 
of geological bodies. Therefore, the Wenner device is selected for exploration tasks that require higher vertical 
resolution. On the other hand, the Schlumberger device exhibits high sensitivity to changes in the horizontal 
direction of geological body. As a result, this device is chosen for exploration tasks that require high horizontal 
resolution. In conclusion, the Wenner device, which is less affected by terrain and provides higher tangential 
and vertical resolution, was selected for this work as described in this article.

In the Wenner quadrupole device, it is possible to arrange 60–120 electrodes at once, while sections exceeding 
120 are measured by rolling, with a point distance of 5–10 m. This method allows for the collection of 552–2970 
data points within a fixed section in a measurement (552 data points of 60 channels and 16 layers, 1275 data 
points of 90 channels and 25 layers, 2025 data points of 120 channels and 25 layers, and 2970 data points of 180 
channels and 20 layers). The schematic diagram of Wenner quadrupole device is shown in Fig. 2.

Technical process

1.	 Data collection
	   At the measurement point, drive the copper electrode into the ground to a depth of 15 cm.
2.	 Data processing and inversion

•	 Data preprocessing To enhance the inversion accuracy and interpretation effectiveness, the measured 
apparent resistivity data need to undergo preprocessing. The raw measurement data is processed using 
the RES2DINV software from Sweden. The processing steps include: Filtering—automatically remove 
data outliers using the median filtering method or manually removing outliers through graphical inter-
action.

•	 Terrain correction Load and edit terrain data from a text file. Set the maximum number of correction 
interactions to three, then initiate terrain correction to account for the deviations caused by terrain 
effects.

•	 Inversion Perform 2D inversion using the Swedish RES2DINV software. The inversion utilizes the 
apparent resistivity cross-section georeformation data as the initial model and completes after several 
iterations, indicated by a well-converged convergence curve.

Figure 2.   Schematic diagram illustrating the placement of measuring points in Wenner array.
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Experiments
Transient electromagnetic method
Survey line distribution map
The spatial distribution of the measuring lines is shown in Fig. 3.

Quality inspection
The accuracy classification of quality inspection is shown in Table 1.

The quality of data in the entire region is measured by the overall mean square relative error M, and its cal-
culation formula is as follows:

In the formula, n represents the number of test channels participating in statistical calculation. m represents the 
number of detection points. Vj(ti) represents the original observation data of j-th point and i-th measurement 
track. V ′

j (ti) represents the j-th point i-th track system inspection observation data. Vj(ti) represents the average 
value of Vj(ti) and V ′

j (ti).
We have completed a total of 108 transient electromagnetic measurement lines. We have a total of 5285 

measurement points, with 5112 points related to production and 173 points inspected for quality, all of which are 
qualified. The quality inspection rate is 3.17%, and the mean square relative error of the inspected points across 
the entire measurement area is 6.38%. The measurements meet Class I standards, which align with the design 
and specification requirements. Table 2 displays the statistical data of transient electromagnetic checkpoints in 
the entire area.

Interpretation of typical sections
To provide a more intuitive depiction of the vertical electrical changes and accurately identify the boundary 
of the burnt area and the location of local water distribution on the plane, data slices of different depths are 
extracted from the transient electromagnetic data in the vertical direction. This study analyzes the apparent 
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Figure 3.   The spatial distribution of the measuring lines.

Table 1.   Accuracy classification table. The point-free error is the result of combining the observation error 
of B or dB/dt and other errors, including those caused by variations in external electromagnetic noise and 
instrument instability. The point error is the combination of the device error and point-free error. The device 
error arises from geodetic inaccuracies, as well as imprecise wiring and point placement.

Class

Mean square relative error/%

The point error The point-free error

I 10 5

II 15 10

Table 2.   Transient electromagnetic quality inspection statistics table.

Work method Physical points Detection points Quality inspection rate Accuracy Remark

Transient electromagnetic 5112 173 3.17% 6.38% (Class I) Total mean square relative 
error
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resistivity plan diagrams at depths of 45 m, 100 m, 150 m, and 240 m. By comparing and analyzing the electrical 
characteristics of planes at different depths, it is possible to infer the boundary of the burnt area and the loca-
tion of water accumulation. This analysis primarily focuses on the interpretation and inference of the apparent 
resistivity plan at a depth of 100 m. Figure 4 illustates the plan view of the apparent resistivity contours of the 
TEM at this specific depth. The low resistivity range is between 10 and tens of �· m, the medium resistivity range 
is between 100 and 400 �· m, and the high resistivity is defined as values greater than 500 �· m. Based on the 
transient electromagnetic results, the electrical characteristics exhibit a pattern of medium and high resistance-
low resistance-medium resistance-low resistance-high resistance from north to south on the map. The eastern 
and western regions of the map show relatively medium and high resistivity, suggesting a normal formation or 
a fire zone without water. Figure 4 clearly indicates the presence of significant low-resistance anormaly zones on 
the northern and southern sides of the study area. After the coal seam is burned, the electrical characteristics 
of the normal formation are disrupted by the local areas with high water content, and the apparent resistivity 
is characterized by low resistance. It is speculated that there are two water-rich areas (blue areas in the Fig. 4), 
labeled as I and II from north to south. The low-resistivity anomalies, indicating better local traps of water, are 
presumed to correspond to regions with higher water content. Based on geophysical characteristics, the electrical 
characteristics of the coal seam exhibit medium to high resistance, leading to the conclusion that the boundary 
of the burning area is located on the south side of the study area (indicated by the red dotted line).

This study selected representative sections for a comprehensive analysis of the vertical electrical characteris-
tics. Figure 5 illustrates the vertical section characteristics of the combined TEM sounding profile. The overall 
vertical electrical characteristics of the survey area exhibit similarities. The electrical characteristics of the section 
are divided into four layers, with the electrical properties ranging from high resistance-medium, low resistance-
high resistance-medium and low resistance in a shallow-to-deep sequence. The shallow part is characterized by 
relatively high resistivity, which is attributed to the presence of dry sandy soil and fine sandstone. The region 
between 20 and 45 m from surface exhibits low-resistivity, displaying significant changes in contour density. It is 
speculated that this low-resistivity anomaly is caused by water-bearing sandstone and argillaceous siltstone. At a 
depth of approximately 40–140 m, there is a relatively high-resistivity region, which is presumed to be attributed 
to burnt rock areas or coal-bearing strata. The high-resistivity region teminates with an irregular low-resistivity 
anomaly, and the irregular contour lines are believed to be a result of the inhomogeneity of the coal-bearing 
strata. The deep section of the profile reveals a low-resistivity anomaly, which is likely caused by siltstone, fine 
sandstone formations, and water-bearing burnt rock areas. The siltstone and fine sandstone layers exhibit low 
resistivity with relatively gradual contour changes. Due to the presence of groundwater in the burned area, the 
resistivity is lower than that of the surrounding formations, resulting in distorted and densely changing contour 
shapes. This phenomenon is indicative of a water-enriched burned area and serves as an important criterion for 
distinguishing between normal strata and water-bearing burnt rock areas.

Figure 6 shows transient electromagnetic slices at different depths. Based on Fig. 6, it can be concluded that the 
apparent resistivity of slices at depths of 30 m, 45 m, 100 m, 150 m, and 240 m is similar from shallow to deep, and 
the low-resistance anomaly area gradually increases from shallow to deep. The 45-m iso-depth apparent resistivity 
plan reveals that the local low-resistivity areas on the north and south sides of the study area are water-filled, and 
the contours are trapped and highly variable. The eastern part of the study area exhibits relatively high resistivity, 
suggesting an unwatered formation in the burned area. As the depth increases, the low-resistivity area gradually 
expands. The 100-m iso-depth slice map shows two distinct low-resistivity anomalies, which can be inferred as 
water-rich areas. In the 150-m iso-depth slice map, the low-resistance anomalies on the north and south sides 
gradually converge towards the middle-south. By analysing the morphological characteristics of the contour 
lines, regions where the contour lines change more intensively are identified as locally water-bearing areas, while 
areas with gentler contour line changes are speculated to be caused by the low-resistance anomalies resulting 
from argillaceous siltstone strata. The eastern region exhibits a relatively high-resistivity anomaly, which is pre-
sumed to be an anhydrous formation or a burnt area. The low-resistance anomaly area in the 240-m iso-depth 

Figure 4.   A contour map of Apparent resistivity at a depth of 100m obtained using the TEM method. This 
figure was generated in GEOIPAS 4.6 software. The official website address of GEOIPAS software is https://​www.​
jinwe​isoft.​com/f/​list-​b4bb0​d9102​6d471​28d97​55d15​253eb​a7.​html.

https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
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slice map is similar to the 150-m low-resistance anomaly area. The areas where the low-resistance contour lines 
change intensively are presumed to be caused by the water-containing burning area, while the low-resistance 
anomaly area with more gradual contour line changes are attributed to mud, siltstone, sandstone and other strata. 
The boundary of the burned area is deduced from the division of dense contours of low-resistance anomalies 
and high-resistance anomalies. The boundary of the 45-m deep burning area is presumed to be located on the 
south side of the survey area, close to the southern end of the survey line. For the 100-m depth, the boundary 
of the burnt area is estimated to be about 90–167 m on the north side near the southern endpoint, based on the 
anomalous characteristics of high and low resistance and the dense contours. The boundary of the burned area 
at a depth of 150 m is similar to that at a depth of 100 m. For the 240-m depth, the boundary of the burning area 
is estimated to be located on the south side of the study area, based on the anomalous characteristics of high and 
low resistance and the dense contour line.

High‑density electrical method
Survey line distribution map
The spatial distribution of the measuring lines is shown in Fig. 7.

Figure 5.   Cross-sectional characteristic diagrams of different survey lines using the TEM method. This figure 
was generated in GEOIPAS 4.6 software. The official website address of GEOIPAS software is https://​www.​jinwe​
isoft.​com/f/​list-​b4bb0​d9102​6d471​28d97​55d15​253eb​a7.​html.

https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
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Quality inspection
52 sections were actually measured, with a total section length of 45,100 m and a total of 4510 physical points. 
The quality inspection section had a length of 1700 m and 170 physical points, accounting for 3.77% of the total, 

Figure 6.   Contour maps of apparent resistivity at various depths were generated using the TEM method. This 
figure was generated in GEOIPAS 4.6 software. The official website address of GEOIPAS software is https://​www.​
jinwe​isoft.​com/f/​list-​b4bb0​d9102​6d471​28d97​55d15​253eb​a7.​html.

https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
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meeting the requirement of 3–5% specified. The relative mean square error of the profile is 0.05%, which satisfies 
the specification requirements by being less than ± 1.5%, achiving Class I precision. Table 3 shows the statistical 
data for the High-density measurement checkpoints in the entire area.

The results of resistivity forward modeling and inversion for the five measuring lines are represented in Fig. 8.

1.	 Line 168

The detection depth of the entire section is about 80 m, and the apparent resistivity ( ρs ) varies between 1.08 and 
400.21 �· m. The surface of the section is covered by Quaternary sedimentary layer. Due to the presence of the 
coal mining activities, some areas are densely covered with coal ash layer, ranging from 10 to 20 cm in thickness. 
The entire section is situated on the western side of the study area. Judging from the overall shape of the section, 
the geological boundaries are relatively well-defined. Locally, there are some spherical and elliptical bodies with 
high-resistivity, which may be attributed to gravel layers or shallow irregular dry mudstones. A low-resistivity 
layered anomaly is observed within a depth of 50 m at the 10-m position of the survy line, which is likely to 
be a loose sandy conglomerate aquifer. Below 50 m, a high-resistance layered anomaly is present. Based on its 
extent, it is inferred that this anomaly may indicate a burnt rock (coal-bearing stratum) area. At 460–520 m and 
620–720 m of the survey line, the low-resistance anomaly continues to extend deeper, possibly due to the influ-
ence of small fracture zones between the layers. Water from the aquifer infiltrates along the fracture surfaces, 
spreading to greater depth and causing the low-resistance anomalies to extend in a band shape. 

2.	 Line 232

It can be observed from Fig. 8 that the detection depth of the entire section is approximately 80 m, and the 
apparent resistivity ( ρs ) varies between 1.08 and 335 �· m. Due to the coal mining, the coal ash layer is thicker, 
ranging from 10 to 20 cm. This section is situated in the middle-western part of the study area. Judging by the 
overall shape of the section, the geological boundaries are relatively distinct. Locally, there are some spherical 
and elliptical bodies with medium-high resistance. They are believed to be caused by gravel layers or shallow 
irregular dry mudstones. Low resistance strips are observed in certain areas, which are speculated to be result 
from structural fissure water. An anomaly low-resistivity layer appears within a depth of 50 m at approximately 
20 m of the survey line, which is presumed to be loose sandy conglomerate aquifer. Below 60 m, there is a high-
resistance layered anomaly. Based on its extent, it can be inferred that this anomaly may be a burnt rock (coal-
bearing stratum) area. At 100 m and 200–260 m along the survey line, the low-resistance anomaly continues to 
extend deeper. This extension is presumably caused by the influence of small fracture zones between layers. The 
water in the aquifer penetrates along the fracture surface and spreads to greater depth, resulting in the extension 
of low-resistance anomalies in a band shape. 

3.	 Line 264

As shown in Fig. 8, the detection depth of the entire section is about 80 m, and the apparent resistivity ( ρs ) varies 
between 2.08 and 282 �· m. The surface of the section is covered by Quaternary sediments. Due to the influence of 
the mined coal field, the coal ash layer is thickly covered in some places, about 10–15 cm. This section is located 

Figure 7.   The spatial distribution of the measuring lines.

Table 3.   High-density measurement quality inspection statistics.

Work method Physical points Detection points
Quality inspection 
rate

Quality inspection 
accuracy Remark

High density electrical 
method 4510 170 3.77% 0.05% (Class) No bit mean square 

relative error
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in the middle-to-west of the study area as a whole. Judging from the overall shape of the section, the geologi-
cal boundaries are relatively clear. Some spherical and elliptical medium-high resistance bodies appear locally. 
These bodies are speculated to be caused by gravel layers or shallow, irregular, dry mudstones. A low-resistivity 
layered anomaly appears within a depth of 50 m at about 20 m of the survey line, which is speculated to be a loose 
sandy conglomerate aquifer. Below 50 m, a high-resistance layered anomaly is observed. Based on its extension 
state, it is inferred that this anomaly may be a burnt rock (coal-bearing stratum) area. At positions 380–420 m, 
540–600 m, and 750–790 m along the survey line, the low resistance anomaly continues to extend deeper. This 
is speculated to be due to the influence of small fracture zone between layers. Water from the aquifer infiltrates 
along the fracture surface and spread to greater depth, resulting in the low-resistance anomaly extending in a 
band shape at greater depth. 

4.	 Line 272

As shown in Fig. 8, the detection depth of the entire section is approximately 80 m. The apparent resistivity 
( ρs ) ranges between 1.46 and 234.03 �· m. The section is situated in the central and western part of the study 
area, which is covered by the shallow Quaternary system. It is distributed along the low-lying areas of the Gobi, 
where Haloxylon ammodendron vegetation is abundant locally. The overall section shape reveals well-defined 
geological boundaries in this area are, suggesting a relatively stable geological structure. From 0 to 320 m along 
the survey line, at a depth of 10–15 m, there is a dry Quaternary overburden exhibiting medium to high resist-
ance and a layered abnormal shape. Additionally, from 320 to 900 m along the survey line, the depth of 0–30 m 
showns medium to high resistance and a layered abnormal shape, which is attriuted to the presence of Quaternary 
deposits, surface sandstone and sand soil. Between 320 and 400 m along the survey line, at a depth of 20 m and 

Figure 8.   Resistivity forward modeling and inversion of the five measuring lines. This figure was generated in 
GEOIPAS 4.6 software. The official website address of GEOIPAS software is https://​www.​jinwe​isoft.​com/f/​list-​
b4bb0​d9102​6d471​28d97​55d15​253eb​a7.​html.

https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
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deeper, a layered high ancestor layer is observed, likely caused by the irregular distribution of dry mudstone, 
burnt rock, and sandy conglomerate layers (coal-bearing strata) within the sandstone. 

5.	 Line 400

As can be seen from Fig. 8, the detection depth of the entire section is about 80 m. The apparent resistivity ( ρs ) 
varies between 1.08 and 400.21 �· m, and the ground surfaces is covered by a Quaternary sand and gravel cov-
ering layer. Based on the overall shape of the section, the geological boundaries are clearer, and the geological 
structure appears relatively stable. In the section at a depth of 0–30 m, there is a dry Quaternary overburden 
characterized by medium to high resistivity, exhibiting distinctive layering. Moving eastward (at the end of the 
section), the thickness of the medium to high resistive layer increases due to the thickening of the Quaternary 
overburden. At a depth of 30 m, a relatively low-resistivity layer with distinct layering is observed, likely attributed 
to the presence of water-bearing sandstone and fine sandstone.

Determining the burnt rock boundary and underground water extent
Base on the observed trend of apparent resistivity at a depth of 45 m and the criterion of apparent resistivity 
≤ 16�· m, within the area, two anomalous areas with low resistivity (labeled as I and II) were identified at the 
depth of 45 m, as shown in Fig. 9.

No. I low-resistivity zone is located in the northwest of the study area and continues to extend to the northwest 
without traps. The deep low-resistivity zone mainly consists of sandstone and coarse sandstone. Due to the influ-
ence of surface water, it exhibits low resistance, suggesting it is a area with abundant water. No. II low-resistivity 
area is situated in the southern part of the study area, extending to the east and west sides without traps. The deep 
low-resistivity area is mainly composed of sandstone, coarse sandstone, and burnt rock, with intermittent layers 
of mudstone and argillaceous sandstone. Influenced by the supply water, it presents a low resistance, which is 
presumed to be a water-rich area. The boundary of burnt rock (coal-bearing strata) is located in the south of the 
study area. The resistivity of burnt rock (coal-bearing strata) is higher than that of surrounding rocks, and the 
resistivity of coal seams is also slightly higher than that of sandstone with higher porosity. It is inferred that the 
high-resistance boundary in the south marks the southern limit of burnt rocks, while the water-rich boundary 
in the north indicates the northern boundary of burnt rocks. The surrounding rocks have gone baking due to the 
spontaneous combustion of coal seams, and water or muddy substances have infiltrated through the porosity, 
resulting in an overall low resistance. The high-resistivity formations in the south and north of the study area 
may be interbedded with coal-bearing strata and coarse sandstone.

Conclusions
Transient electromagnetic and high-density resistivity methods can be applied to geological surveys, prediction 
of burnt rock boundaries, and prediction of groundwater in subsurface exploration. By conducting investigations 
on the range of underground water and burnt rock boundaries in the Jiangjun Gobi No. 1 Open-pit Coal Mine, 
we summarized the electrical characteristics of the study area and approximately determined the boundaries 
of underground water and burnt rock. This provides reference data for avoiding geological hazards, mineral 
development, and ecological environment protection.

Figure 9.   Inferred burnt rock boundary and underground water accumulation area. This figure was generated 
in GEOIPAS 4.6 software. The official website address of GEOIPAS software is https://​www.​jinwe​isoft.​com/f/​list-​
b4bb0​d9102​6d471​28d97​55d15​253eb​a7.​html.

https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
https://www.jinweisoft.com/f/list-b4bb0d91026d47128d9755d15253eba7.html
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The Jiangjun Gobi No. 1 open-pit coal mine is located in the Kalamaili fault zone and is rich in groundwater. 
Different geophysical exploration methods are employed in this paper according to the depth of the forma-
tion. Among them, the transient electromagnetic method with high resolution is used in the middle and deep 
parts, while the high-density electrical method with high accuracy is used in the shallow parts. By studying the 
geophysical data, this paper addresses several fundamental geological issues related to the distribution of burnt 
rock boundaries and groundwater in the Jiangjun Gobi No. 1 Open-pit Coal Mine. Based on the measurement 
results, two water-rich areas (labeled as I and II in Figs. 6 and 9) were inferred, and the boundaries of burnt rock 
at different depths were identified.

The study of the geophysical data and geological information of the entire study area leads to a systematic 
understanding of the stratigraphy and electrical distribution characteristics of the study area, as follows: 

1.	 The geological structure throughout the study area is weakly developed yet relatively stable. The overall strata 
exhibit low-resistance characteristics, with relatively low resistivity values. In this transient electromagnetic 
work, the boundary of the burned area and the water-rich burnt rock area were inferred based on abnormal 
relative high or low resistance and the shape and characteristics of the resistivity contour.

2.	 The relatively high-resistance layer near the surface is caused by the fourth-grade sand and gravel layer.
3.	 A low-resistance layer exists within a range of 20–50 m throughout the study area, which is inferred to be 

an aquifer. Due to the local presence of interlayer fracture zones, surface water seeps downwards, and the 
low-resistance layers tend to connect to deeper layers. It is speculated that the relatively abnormally high 
resistivity in the middle and deep depths is caused by burnt rocks and coal-bearing formations. The anoma-
lous low resistivity in the deep is caused by sandstone and water-rich burnt rock.

4.	 Based on the results of the transient electromagnetic and high-density resistivity methods, two groundwater 
areas eastward (labeled as I and II in Figs. 6 and 9) were inferred.

5.	 The boundaries of the burnt area at depths of 45 m, 100 m, 150 m, and 240 m were inferred. The burnt rock 
boundary is inferred to be the boundary between the relatively high-resistance and low-resistance areas in 
the southern and entire northern parts of the study area, which is the boundary between the inferred water-
rich area and the relatively high-resistance area.

In this geophysical exploration, validation boreholes were established in the corresponding areas based on the 
distribution of groundwater and burnt rocks. The validation boreholes were all vertical boreholes. It is suggested 
to verify the inferred burnt rock and water-rich boundaries within the study area based on the design borehole 
depth and location, to provide technical support for other engineering projects through constrained inversion of 
the entire geophysical exploration results. According to prior experience, the high-resistance area may be formed 
by interlayers of burnt rocks, coarse sandstones, and other layers generated by coal spontaneous combustion 
and baking, and there may also be coal-bearing strata. Therefore, it is recommended to strengthen validation in 
the future. Although this geophysical exploration achieved certain exploration objectives, it cannot replace the 
engineering geological survey or related evaluation work in the later development and construction stages. It is 
recommended to conduct engineering surveys of rocks, soils, hydrology, and other aspects in the entire study 
area before engineering construction and to conduct engineering geological surveys or related evaluations in 
each stage according to relevant specifications.

Data availability
The datasets generated and analysed during the current study are not publicly available since the data belongs 
to the mine resource management unit, the authors do not have the authority to disclose the data. However, the 
data is available from the corresponding author upon reasonable request.

Received: 17 June 2023; Accepted: 23 February 2024

References
	 1.	 Su, B. et al. Monitoring direct current resistivity during coal mining process for underground water detection: An experimental 

case study. IEEE Trans. Geosci. Remote Sens. 60, 1–8. https://​doi.​org/​10.​1109/​tgrs.​2022.​31736​23 (2022).
	 2.	 Zhang, L., Xu, L., Xiao, Y., Zhang, N. & Guo, W.-Y. Application of comprehensive geophysical prospecting method in water 

accumulation exploration of multilayer goaf in integrated mine. Adv. Civ. Eng. 1–12, 2021. https://​doi.​org/​10.​1155/​2021/​14348​93 
(2021).

	 3.	 Xue, G. et al. A review of electrical and electromagnetic methods for coal mine exploration in China. IEEE Access 7, 177332–177341. 
https://​doi.​org/​10.​1109/​access.​2019.​29517​74 (2019).

	 4.	 Niu, Y. et al. Study on characteristics of EP responsing to coal mining. Eng. Fract. Mech.https://​doi.​org/​10.​1016/j.​engfr​acmech.​
2019.​106780 (2020).

	 5.	 Zhu, J. et al. Application and evaluation of regional control technology of limestone water hazard: A case study of the Gubei coal 
mine, North China. Geofluids 1–15, 2021. https://​doi.​org/​10.​1155/​2021/​66613​19 (2021).

	 6.	 Chang, J., Su, B., Malekian, R. & Xing, X. Detection of water-filled mining goaf using mining transient electromagnetic method. 
IEEE Trans. Ind. Inf. 16, 2977–2984. https://​doi.​org/​10.​1109/​tii.​2019.​29018​56 (2020).

	 7.	 Yu, C., Chen, W., Zhang, X., Lei, K. & Ma, D. Review and challenges in the geophysical mapping of coal mine water structure. 
Geofluids 1–14, 2022. https://​doi.​org/​10.​1155/​2022/​45780​72 (2022).

	 8.	 Cheng, J., Xue, J., Zhou, J., Dong, Y. & Wen, L. 2.5-d inversion of advanced detection transient electromagnetic method in full 
space. IEEE Access 8, 4972–4979. https://​doi.​org/​10.​1109/​access.​2019.​29629​63 (2020).

	 9.	 Bharti, A. K., Prakash, A., Verma, A. & Singh, K. K. K. Assessment of hydrological condition in strata associated with old mine 
working during and post-monsoon using electrical resistivity tomography: A case study. Bull. Eng. Geol. Environ. 80, 5159–5166. 
https://​doi.​org/​10.​1007/​s10064-​021-​02208-3 (2021).

https://doi.org/10.1109/tgrs.2022.3173623
https://doi.org/10.1155/2021/1434893
https://doi.org/10.1109/access.2019.2951774
https://doi.org/10.1016/j.engfracmech.2019.106780
https://doi.org/10.1016/j.engfracmech.2019.106780
https://doi.org/10.1155/2021/6661319
https://doi.org/10.1109/tii.2019.2901856
https://doi.org/10.1155/2022/4578072
https://doi.org/10.1109/access.2019.2962963
https://doi.org/10.1007/s10064-021-02208-3


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5105  | https://doi.org/10.1038/s41598-024-55496-6

www.nature.com/scientificreports/

	10.	 Ezersky, M. Geoelectric structure of the Ein Gedi sinkhole occurrence site at the dead sea shore in Israel. J. Appl. Geophys. 64, 
56–69. https://​doi.​org/​10.​1016/j.​jappg​eo.​2007.​12.​003 (2008).

	11.	 Bharti, A. K. et al. Subsurface cavity detection over Patherdih colliery, Jharia coalfield, India using electrical resistivity tomography. 
Environ. Earth Sci.https://​doi.​org/​10.​1007/​s12665-​015-​5025-z (2016).

	12.	 Horo, D., Pal, S. K., Singh, S. & Srivastava, S. Combined self-potential, electrical resistivity tomography and induced polarisation for 
mapping of gold prospective zones over a part of Babaikundi-Birgaon axis, North Singhbhum Mobile Belt, India. Explor. Geophys. 
51, 507–522. https://​doi.​org/​10.​1080/​08123​985.​2020.​17220​26 (2020).

	13.	 Jiao, J. J., Yang, H. Y., Chen, Z., Gu, Y. Y. & Liu, J. P. Inversion of mine transient electromagnetic data via the PSO-GIS algorithm 
from a conical source. IEEE Trans. Geosci. Remote Sens.https://​doi.​org/​10.​1109/​TGRS.​2022.​31733​01 (2022).

	14.	 Kumar, R., Pal, S. K. & Gupta, P. K. Water seepage mapping in an underground coal-mine barrier using self-potential and electrical 
resistivity tomography. Mine Water Environ. 40, 622–638. https://​doi.​org/​10.​1007/​s10230-​021-​00788-w (2021).

	15.	 Kumar, S. & Pal, S. K. Underground coal fire mapping using analysis of self-potential (SP) data collected from Akashkinaree col-
liery, Jharia coalfield, India. J. Geol. Soc. India 95, 350–358. https://​doi.​org/​10.​1007/​s12594-​020-​1443-y (2020).

	16.	 Li, S., Zhang, P. & Hu, F. Experimental study on comprehensive geophysical advanced prediction of water-bearing structure of 
shaft. Acta Geod. Geoph. 56, 193–209. https://​doi.​org/​10.​1007/​s40328-​020-​00306-4 (2021).

	17.	 Luo, G. et al. Research on typical soil physical properties in a mining area: Feasibility of three-dimensional ground penetrating 
radar detection. Environ. Earth Sci. 80, 92. https://​doi.​org/​10.​1007/​s12665-​021-​09383-2 (2021).

	18.	 Srivastava, S., Pal, S. K. & Kumar, R. A time-lapse study using self-potential and electrical resistivity tomography methods for 
mapping of old mine working across railway-tracks in a part of Raniganj Coalfield, India. Environ. Earth Sci. 79, 332. https://​doi.​
org/​10.​1007/​s12665-​020-​09067-3 (2020).

	19.	 Sun, B., Zhang, P., Wu, R., Fu, M. & Ou, Y. Improvement of upper limit of mining under an aquifer of a super thick unconsolidated 
layer in Huainan based on multi-physics field monitoring. Explor. Geophys. 52, 150–169. https://​doi.​org/​10.​1080/​08123​985.​2020.​
17801​16 (2021).

	20.	 Wang, C., Cao, A., Zhang, C. & Canbulat, I. A new method to assess coal burst risks using dynamic and static loading analysis. 
Rock Mech. Rock Eng. 53, 1113–1128. https://​doi.​org/​10.​1007/​s00603-​019-​01968-5 (2020).

	21.	 Wang, P. et al. Detection of abandoned water-filled mine tunnels using the downhole transient electromagnetic method. Explor. 
Geophys. 51, 667–682. https://​doi.​org/​10.​1080/​08123​985.​2020.​17461​82 (2020).

	22.	 Wen, L. F. et al. Review of geophysical exploration on mined-out areas and water abundance. J. Environ. Eng. Geophys. 24, 129–143. 
https://​doi.​org/​10.​2113/​jeeg24.​1.​129 (2019).

	23.	 Xie, H., Li, J., Dong, Y., Li, G. & Han, Z. Fast fisher discrimination of water-rich burnt rock based on DC electrical sounding data. 
Mine Water Environ. 40, 539–546. https://​doi.​org/​10.​1007/​s10230-​020-​00747-x (2021).

	24.	 Li, J., Yang, T., Li, Y. & Zhu, Z. Geological features of the Karamaili faulting belt, eastern Junggar region, Xinjiang, China and its 
constraints on the reconstruction of late Paleozoic ocean-continental framework of the central Asian region. Geol. Bull. China 28, 
1817–1826 (2009).

Acknowledgements
We would like to express out gratitude to Professor Xinyuan Wang from the Aerospace Information Research 
Institute, Chinese Academy of Sciences, for providing valuable suggestions throughout the development of this 
research. We sincerely appreciate Professor Wang’s guidance and assistance.

Author contributions
Y.Y. was responsible for overall project management and provided technical guidance. Y.Y. conceived the experi-
ments. Y.Y., C.Z., and Y.D. conducted the experiments. Y.Y., C.Z., Y.D.and Q.L. analysed the results. All authors 
reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Q.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1016/j.jappgeo.2007.12.003
https://doi.org/10.1007/s12665-015-5025-z
https://doi.org/10.1080/08123985.2020.1722026
https://doi.org/10.1109/TGRS.2022.3173301
https://doi.org/10.1007/s10230-021-00788-w
https://doi.org/10.1007/s12594-020-1443-y
https://doi.org/10.1007/s40328-020-00306-4
https://doi.org/10.1007/s12665-021-09383-2
https://doi.org/10.1007/s12665-020-09067-3
https://doi.org/10.1007/s12665-020-09067-3
https://doi.org/10.1080/08123985.2020.1780116
https://doi.org/10.1080/08123985.2020.1780116
https://doi.org/10.1007/s00603-019-01968-5
https://doi.org/10.1080/08123985.2020.1746182
https://doi.org/10.2113/jeeg24.1.129
https://doi.org/10.1007/s10230-020-00747-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Geological exploration of coal mine burnt rock and waterlogged area boundary based on transient electromagnetic and high-density electrical resistivity
	Study area
	Methods
	Transient electromagnetic
	Data processing workflow

	High-density electrical resistivity
	Working parameters of the device
	Technical process


	Experiments
	Transient electromagnetic method
	Survey line distribution map
	Quality inspection
	Interpretation of typical sections

	High-density electrical method
	Survey line distribution map
	Quality inspection
	Determining the burnt rock boundary and underground water extent


	Conclusions
	References
	Acknowledgements


