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Abstract: The development of coalfield fire areas not only leads to the wastage of coal resources but also 

results in the emission of a large quantity of spontaneous combustion gases, further exacerbating air 

pollution. Monitoring the spontaneous combustion gas products in coalfield fire areas is crucial. These 

gases are released to the surface through surface fissures and shallow soil layers. However, current 

monitoring methods for carbon emissions in coalfield fire areas often overlook the spontaneous combustion 

gas emissions from shallow soil regions. Therefore, this study focuses on CO2 and CO, which are the 

primary components in spontaneous combustion gases, and employs a self-developed multi-zone gas 

concentration monitoring system for coalfield fire areas. This system is used to capture the temporal 

variation patterns of spontaneous combustion gas concentrations and related parameters in shallow soil and 

fissure regions. The study further investigates the influence of surface meteorological factors on gas 

emissions in these areas, revealing the relationship between the gas emission patterns in shallow soil and 

fissure regions from both high-frequency and low-frequency data perspectives. The findings provide 

important theoretical insights for the rational assessment and improvement of carbon emission evaluations 

in coalfield fire areas. 
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1. Introduction 

Coal fires, a natural disaster caused by the spontaneous combustion of coal seams, typically occur in 

coal outcrops and shallow coal layers, often triggered by external activities such as coal mining. These fires 

are most commonly found in underground coal seams [1]. Currently, coal fire disasters are prevalent in 

countries such as China, India, the United States, and Australia [2-5]. In China, confirmed coalfield fire areas 

are primarily distributed in the arid and semi-arid regions of northern provinces, including Inner Mongolia, 

Xinjiang, Ningxia, Gansu, Qinghai, and Shanxi [2, 6-8]. Coal fires not only result in substantial losses of 

coal resources but also exacerbate atmospheric pollution in affected areas, seriously threaten the safety of 

mining operations, and pose significant health risks to residents [5, 9]. 

The formation and development of coal fires is a spontaneous, slow, and dynamic process that involves 

exothermic reactions, heat accumulation, and temperature rise, ultimately leading to coal seam combustion 

[10]. The combustion process of coal fires is generally divided into four stages: weathering and oxidation, 

natural ignition, combustion expansion, and fire area extinction [11]. Each stage of coal fire development 

generates various geophysical anomalies in the affected areas, such as thermal, gas, magnetic, and electrical 

conductivity anomalies [12-15]. 

In the early stages of coal fire combustion, which marks the precursor to fire spread and expansion [11], 

the coal oxidation rate accelerates, and its activity increases [16], releasing large amounts of spontaneous 

combustion gases such as CO2 and CO [17]. Surface fissures, vents, and other openings serve as the primary 

pathways for the emission of gases from coal fires. For example, Litschke et al. [18] measured CO2 levels in 

the smoke released from surface cracks in the Wuda coalfield fire area in Inner Mongolia. Ide et al. [19] 

estimated CO2 emissions from a coal fire in Colorado, USA, through on-site monitoring, while Kuenzer et al. 

[20] estimated CO2 emissions based on the amount of coal combustion. 
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However, surface fissures and vents are not the only channels through which spontaneous combustion 

gases are emitted. Under pressure, buoyancy, and other forces, spontaneous combustion gases can migrate 

upward through fissures and pores in the rock layers, eventually being released into the surface space via 

shallow soil. Existing monitoring methods often overlook the emissions of spontaneous combustion gases 

from shallow soil areas in coal fire regions. Therefore, this paper proposes a multi-region spontaneous 

combustion gas concentration monitoring system and device for coalfield fire areas, which can collect 

spontaneous combustion gas emission data from shallow soil, surface space, and fissure areas on a daily 

scale. Using wavelet decomposition, the monitoring data are broken down into high-frequency and low-

frequency components, which further reveal the relationship between gas emission patterns in shallow soil 

and fissure areas. This approach provides important theoretical support for the reasonable assessment of 

carbon emissions in coalfield fire areas. 

 

2. Research systems and methods 
 

2.1. Research area 

The selected study area is a typical coal fire zone located within the boundaries of Fukang City, 

Xinjiang Autonomous Region. This fire zone is situated in an arid to semi-arid continental climate zone, 

characterized by hot and dry summers, cold and dry winters, with an average annual temperature of 6.7°C. 

The area receives an average annual precipitation of 205.0 mm, while evaporation reaches as high as 1578.7 

mm. Windy periods are concentrated in April and May, with prevailing wind directions changing seasonally. 

The terrain is primarily composed of low hills and ridges, with higher elevations in the south and lower 

elevations in the north. The area is marked by the development of gullies and sparse vegetation. The region 

experiences significant wind speed variations and strong wind erosion, leaving coal seam outcrops in a 

persistently dry state or subjecting them to dry-wet cycles, where brief wetting is followed by rapid drying. 

These conditions make coal seam outcrops highly susceptible to spontaneous combustion [21]. 

Figures, pictures and photos will be numbered continuously, max 170mm width, alignment center, see 

example below. There can be two (or more) pictures on the same row, if the section containing the pictures is 

divided in two (or more) columns. 
 

 
Fig.1. Location map of the study area 

 

Field investigations revealed distinct signs of coal fires in this area, including prominent surface 

fractures, cracks, and subsidence pits. Monitoring points were established at locations with flat terrain, 

starting from surface fractures. 

 

2.2. Monitoring platform 

Based on the characteristics of different locations within coal fire areas, this study independently 

developed an integrated monitoring platform capable of continuously monitoring gas concentrations and 

their influencing factors at various locations in coal fire regions. The platform enables simultaneous online 
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coupled monitoring of multiple parameters in surface areas, shallow soil areas, and fracture zones. The 

specific components of this platform are illustrated in Fig 2. The multi-region monitoring platform for the 

temporal characteristics of spontaneous combustion gas products in coalfield fire areas used in this study 

consists of four modules: surface monitoring module, shallow soil monitoring module, fracture monitoring 

module, and data acquisition and power supply module. 
 

 
Fig.2. Schematic diagram of the monitoring platform for temporal characteristics of spontaneous 

combustion gas products in multi-regions of the coalfield fire area. (a) Power supply and data module;  

(b) Surface layer module; (c) Shallow soil module; (d) Fissure area module [22] 

 

2.3. On-site monitoring 

After determining the study area, the installation and commissioning process of the monitoring platform 

is as follows: 

 Site selection 

Based on the characteristics of surface fractures, cracks, and white smoke, the fracture zone was 

identified as the target monitoring area. Using the fracture zone as a reference point, surface temperature 

measurements were taken along the vertical direction of the fractures with temperature sensors. Locations 

with lower temperatures and flat terrain were selected as the installation sites for the data collection and 

power supply modules. 

 Platform layout and assembly 

First, the sensors and equipment components of the surface module, shallow soil module, and fracture 

module were assembled into an integrated system. Then, the fracture module, surface module, shallow soil 

module, and data collection and power supply module were laid out in the fracture and shallow soil regions. 

Finally, the solar panels were oriented toward sunlight, and the modules were connected with wires to ensure 

the complete assembly of the platform. 

 Sensor calibration and debugging 

The power for the data collection and power supply module was turned on, and the sensors in each 

module were powered and calibrated. This step ensured the sensors operated accurately and stably, and the 

monitoring error was kept within an acceptable range. 

 Data collection and verification 

After ensuring the sensors were functioning properly, a preliminary test lasting 5 minutes was 

conducted to check whether the collected data met the predefined monitoring standards. Once the system's 

stability was confirmed, the data reading and saving interval was set to 1 minute to ensure real-time data 

collection and storage. 

 System monitoring and data continuity assurance 

Based on the stable operation of the system, regular checks of the system's operational status were 

scheduled, with 10:00 am as the observation time, in accordance with the daylight hours in Xinjiang. This 

was to prevent monitoring interruptions or sensor malfunctions, ensuring the continuity and completeness of 

the data collection. 
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2.4. Data Preprocessing 
 

 Data Preprocessing 

In order to improve the validity of the data, preprocessing was conducted on the data obtained from the 

system monitoring. First, missing (null) and abnormal values in the monitoring data were handled by either 

removal or imputation. Next, the arithmetic mean of the data for each minute was calculated to obtain the 

average data for every 30 min. Finally, the data from different modules were summarized in chronological 

order to form a complete system monitoring dataset. 

 Pearson Correlation 

The Pearson correlation coefficient is a measure of the linear relationship between two sets of variables, 

typically denoted by r. It is expressed as: 
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where, n is the sample size, xi and yi are the i-th single sample point and are the sample means. The Pearson 

correlation coefficient ranges from [-1, 1], where 1 indicates a perfect positive linear correlation, 0 indicates 

no linear correlation (non-linear correlation), and -1 indicates a perfect negative linear correlation. 

 Discrete Wavelet Decomposition 

Discrete wavelet decomposition is a process that decomposes a signal into high-frequency and low-

frequency components [23]. The high-frequency part of the signal represents the abrupt changes and 

fluctuation intensity of the sequence, while the low-frequency part reflects the trend characteristics of the 

sequence, usually representing the approximation of wavelet coefficients. As the decomposition scale 

increases, the high-frequency components are progressively removed, and the low-frequency part is retained, 

which captures the overall variation pattern of the time series. 

 

3. Research systems and methods 

 

3.1 Surface area 
 

 
Fig.3. Temporal variation of environmental factors and gas concentrations in the near-surface region.  

(a) Average surface wind speed and atmospheric pressure; (b) Surface CO2 and CO concentrations;  

(c) Surface temperature and humidity 
 

The temporal variation of environmental factors and gas concentrations in the near-surface region is 

shown in Fig 3. According to Fig 3(a), from April 20 to April 22, the atmospheric pressure at a height of 2 m 

in the near-surface region shows an overall trend of first decreasing and then increasing. During the daily 

period from 04:00 to 08:00, the wind speed exhibits noticeable fluctuations. According to Fig 3(b), the 

temperature and humidity at 2 meters in the near-surface region show an inverse overall trend. The 
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temperature and humidity fluctuate in a curve, with the temperature reaching its maximum value and the 

humidity reaching its minimum value between 12:00 and 14:00 each day. According to Fig 3(c), the 

concentrations of CO2 and CO at 2 m in the near-surface region exhibit random fluctuations. Over the three-

day period, the overall trend shows a decrease followed by an increase in their concentrations. 

 

3.2. Shallow soil 
 

 
Fig.4. Temporal variation of soil factors and gas concentrations in the shallow soil region.  

(a) Soil temperature; (b) Soil moisture; (c) Soil CO2 concentration; (d) Soil CO concentration 
 

The temporal variations of soil factors and gas concentrations in the shallow soil region are shown in 

Fig 4. According to Fig 4(a) and (b), the temporal changes in soil temperature and humidity at different soil 

depths in the shallow soil region are observed. The soil temperature exhibits an "S"-shaped fluctuation 

pattern over time, generally decreasing first and then increasing throughout the day. The soil humidity, on 

the other hand, shows a relatively stable trend over time. As the soil depth increases, both the soil 

temperature and humidity gradually increase. According to Fig 4(c) and (d), the temporal changes in CO2 

and CO concentrations at different soil depths in the shallow soil region are observed. The CO2 concentration 

at 10 cm, 20 cm, and 30 cm depths exhibits fluctuating patterns, with a decrease in CO2 concentration 

observed around 10:00 every day. At around 19:00, CO2 concentrations generally show an increasing trend. 

The temporal variations in CO2 concentrations at the 10 cm, 20 cm, and 30 cm depths demonstrate regular 

sinusoidal fluctuations, where the trend follows a pattern of increasing, decreasing, and then increasing again 

daily. As the depth increases, both soil CO2 and CO concentrations gradually increase. 

 

3.3. Fissure area 
 

 
Fig.5. Temporal variation of physical factors and gas concentrations in the fracture zone.  

(a) Fracture mouth temperature and humidity; (b) Fracture mouth CO2 and CO concentrations 
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The temporal variations of physical factors and gas concentrations in the fracture region are shown in 

Fig 5. According to Fig 5(a), the physical factors in the fracture region exhibit the following temporal 

patterns. The fracture temperature generally increases over time, with a daily fluctuation in the shape of an 

"S" curve, decreasing initially and then increasing. The fracture humidity, on the other hand, shows a 

decreasing trend overall, but with a daily fluctuation pattern also resembling an "S" curve, decreasing 

initially, then increasing, and finally decreasing again. Between 06:00 and 12:00, the fracture temperature 

reaches its minimum value, while the fracture humidity shows an increasing trend. From 08:00 to 19:00, the 

fracture temperature shows an increasing trend. According to Fig 5(b), the temporal variation in gas 

concentrations in the fracture region follows a similar pattern for both CO2 and CO. From 00:00 to 10:00, the 

concentrations of CO2 and CO increase. Between 10:00 and 20:00, both CO2 and CO concentrations 

fluctuate steadily without significant changes. From 20:00 to 24:00, the concentrations of CO2 and CO show 

a decreasing trend. 

 

3.4. Comparison analysis of gas concentrations in different regions 
 

 
Fig.6. Comparative analysis of gas concentrations in different regions 

(a) CO2 concentration; (b) CO concentration 
 

The comparative analysis of CO2 and CO concentrations across different regions is shown in Fig 6. 

According to Fig 6(a), the CO2 concentration at 2 m in the near-surface region ranges from 403 to 490 ppm, 

with an average of approximately 440 ppm. In the shallow soil region, as the depth of the soil layer 

increases, the CO2 concentration also increases. The CO2 concentration at a depth of 10 cm ranges from 4174 

to 4739 ppm, with an average of approximately 4437 ppm. At 20 cm depth, the CO2 concentration ranges 

from 4782 to 5239 ppm, with an average of approximately 4965 ppm. At 30 cm depth, the CO2 concentration 

ranges from 5268 to 5760 ppm, with an average of approximately 5488 ppm. In the fracture region, the CO2 

concentration ranges from 5217 to 59827 ppm, with an average of approximately 28906 ppm. According to 

Fig 6(b), the CO concentration at 2 m in the near-surface region ranges from 0 to 5.1 ppm, with an average 

of approximately 0.28 ppm. In the shallow soil region, as the soil depth increases, the CO concentration also 

increases. The CO concentration at 10 cm depth ranges from 7.2 to 15.2 ppm, with an average of 

approximately 10.5 ppm. At 20 cm depth, the CO concentration ranges from 11 to 19.9 ppm, with an average 

of approximately 13.7 ppm. At 30 cm depth, the CO concentration ranges from 12 to 20 ppm, with an 

average of approximately 15.2 ppm. In the fracture region, the CO concentration ranges from 1 to 175.5 

ppm, with an average of approximately 67.5 ppm. These results indicate that the CO2 concentration is 

consistently higher than the CO concentration across all regions. The CO2 and CO concentrations in the 

fracture region are significantly higher than those in the shallow soil and near-surface regions. In both the 

near-surface and shallow soil regions, the CO2 and CO concentrations increase progressively with depth. The 

CO2 and CO concentrations in the shallow soil region are lower than those in the fracture region but are still 

notably higher than those in the near-surface region. Since the CO concentration in the near-surface region is 

lower and more influenced by surface meteorological factors, while the CO2 concentration in the shallow soil 

region is higher and less influenced by surface factors, the CO2 concentration in the shallow soil region can 

serve as an exploration indicator for coal fire areas. 
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4. Discussion and analysis 

 

4.1. Analysis of time series data of spontaneous combustion gas concentration in different areas 
 

 
Fig.7. Low-frequency and high-frequency data analysis of CO2 and CO concentrations in different regions 

(a) Low-frequency CO2 concentration data; (b) High-frequency CO2 concentration data;  

(c) Low-frequency CO concentration data; (d) High-frequency CO concentration data 
 

The time series data of CO2 and CO concentrations monitored in different regions were decomposed using 

the discrete wavelet transform (DWT), and the results are shown in Fig 7. According to Fig 7(a), the low-

frequency data reflects the continuous trend of CO2 concentration changes in different regions. The CO2 

concentration changes in shallow soil exhibit a continuous variation pattern similar to that of the surface and 

fracture regions, primarily showing periodic fluctuations on a daily scale. The trend on a single day shows a 

decrease followed by an increase. According to Fig 7(b), the high-frequency data reflects the fluctuation trend 

of CO2 concentration changes in different regions. The high-frequency fluctuations in the CO2 concentration of 

the fracture region are significantly greater than those in the shallow soil and surface regions. Particularly, data 

fluctuations are observed between 00:00 and 12:00 of each day. According to Fig 7(c), the continuous trend of 

CO concentration changes across different regions shows a wave-like periodic trend, characterized by an 

increase, followed by a decrease, and then an increase again. According to Fig 7(d), the fluctuation trend of CO 

concentration changes across different regions is mainly concentrated in the time interval from 00:00 to 12:00 

of each day. From this analysis, it can be concluded that the emission trends of spontaneous combustion gases 

in the shallow soil region and fracture region are generally consistent. However, due to the direct connection of 

fracture channels to the surface space, the emission process in the fracture region is significantly affected by 

surface meteorological factors. In contrast, the shallow soil, as a porous medium with a porous structure, shows 

a relatively weaker response to surface meteorological factors. Therefore, the emission characteristics of 

spontaneous combustion gases in the fracture region exhibit a certain degree of lag. 
 

4.2 Correlation analysis between meteorological factors and spontaneous combustion gas concentrations 
 

 
Fig.8. Correlation analysis of near-surface meteorological factors and CO2, CO concentrations in different 

regions (a) CO2 concentration; (b) CO concentration 
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According to Fig. 8, meteorological factors near the surface have a certain influence on the CO2 

concentration in different regions. The average wind speed shows a significant negative correlation with the 

CO2 concentration at a depth of 10 cm in the soil. The average air pressure also has a significant negative 

correlation with the CO2 concentration at 10 cm, while exhibiting a strong positive correlation with the CO2 

concentration at 2 m, and a strong negative correlation with the CO2 concentration in the fractures. Temperature 

shows a significant positive correlation with the CO2 concentration in the fractures, but a strong negative 

correlation with the CO2 concentrations at 2 m and at a depth of 10 cm in the soil. Humidity, in contrast to 

temperature, exhibits a significant negative correlation with the CO2 concentration in the fractures, but a strong 

positive correlation with the CO2 concentrations at 2 m, 10 cm, 20 cm, and 30 cm in the soil. According to Fig. 

8, meteorological factors near the surface also have a certain impact on the CO concentration in different 

regions. The average wind speed shows a significant positive correlation with CO concentrations at 10 cm, 20 

cm, and 30 cm in the soil, but a negative correlation with the CO concentration at 2 m. The average air pressure 

exhibits a significant positive correlation with CO concentrations at 10 cm, 20 cm, and 30 cm in the soil. 

Temperature shows a significant positive correlation with the CO concentration in the fractures, but a strong 

negative correlation with CO concentrations at 10 cm, 20 cm, and 30 cm in the soil. Humidity, in contrast to 

temperature, shows a significant negative correlation with the CO concentration in the fractures, but a strong 

positive correlation with CO concentrations at 10 cm, 20 cm, and 30 cm in the soil. 
 

4.3. Analysis of time series data of spontaneous combustion gas concentration in different areas 
 

 
Fig.9. Correlation analysis of gas concentrations between different regions 

 

Based on the data from Fig 9, the relationship between CO2 and CO concentrations in different regions 

can be summarized as follows. In the near-surface region, there is a weak negative correlation between CO2 

and CO concentrations. In the shallow soil region, the CO2 concentration at a depth of 10 cm shows a 

negative correlation with CO concentration. However, the correlation coefficients between CO2 and CO 

concentrations at depths of 20 cm and 30 cm are very small. In the fracture region, there is a significant 

positive correlation between CO2 and CO concentrations. In the near-surface region, there is a relatively 

strong positive correlation between CO2 concentrations and CO2 concentrations at a depth of 20 cm, as well 

as between CO2 concentrations at depths of 10 cm to 30 cm. In the shallow soil region, CO2 concentrations 

exhibit a negative correlation with both CO2 and CO concentrations in the fracture region. These results 

indicate that in the near-surface meteorological factors, temperature and humidity have the most significant 

influence on CO2 and CO concentrations in different regions. Average wind speed and atmospheric pressure 

also exert some impact on the concentrations in these regions. In the shallow soil region, the impact of 

meteorological factors on CO2 and CO concentrations differs with depth, and as depth increases, the effect 

gradually diminishes. Moreover, there is a certain relationship between the CO2 and CO concentrations in the 

shallow soil region and those in the fracture region. Therefore, the changes in gas concentrations in the 

shallow soil region can reflect the variation patterns in the fracture region's gas concentrations, which in turn 

may indicate the combustion state of coal fire areas. Combined with other detection results, this provides 

further evidence that the monitoring location lies within the combustion zone of a coalfield fire. 
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5. Conclusions 

To investigate the combustion characteristics in coal fire areas, this study utilized a multi-region 

spontaneous combustion gas product time-series monitoring system. The system collected data on near-

surface meteorological factors (such as temperature, humidity, wind speed, and atmospheric pressure), as 

well as variations in spontaneous combustion gas concentrations. It also monitored the physical properties 

and gas concentration changes in different soil layers of shallow soil, along with the thermal and physical 

characteristics and gas concentration changes in fissure areas. The key findings are as follows: 

 In the surface space, shallow soil, and fissure areas, the concentration of CO2 in the spontaneous 

combustion gas products consistently exceeds that of CO. Gas concentrations in the fissure areas are 

significantly higher than those in shallow soil and surface space. 

 The emission trends of spontaneous combustion gases in shallow soil generally align with those in the 

fissure areas. The low-frequency data from both shallow soil and fissure areas exhibit similar continuous 

trends. However, due to the greater influence of meteorological factors in the fissure areas, there is a 

certain degree of lag in the data from these regions. Simultaneously, high-frequency data from both areas 

show similar fluctuating trends. 

 Among the near-surface meteorological factors, temperature and humidity have the most significant 

impact on the concentrations of CO2 and CO in different areas. Wind speed and atmospheric pressure 

have a relatively weaker effect on concentration changes. There is a discernible relationship between the 

spontaneous combustion gas concentrations in shallow soil and fissure areas. Consequently, changes in 

gas concentrations in shallow soil can reflect the variation characteristics of gas concentrations in fissure 

areas, thereby providing insights into the combustion state of the coal fire area. 
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