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TECHNOGENIC SEISMICITY AS A CLIMATIC FACTOR 

Abstract 

The hypothesis of technogenic seismic degassing of the subsoil is proposed. Technogenic 

seismicity manifests itself at depths exceeding the depth of subsoil development and over a large 

area. The focal zone (foci) of technogenic earthquakes are voluminous bodies of macroscopic 

dimensions, in which the reactivation of existing and the formation of new cracks and faults occur 

due to the transition of the massif into a critically stressed state. Such geomechanical 

transformation of the massif creates conditions for its degassing and release of some of the gases 

contained in it into the atmosphere. The example of the Kuzbass region in Siberia shows that 

technogenic seismic degassing can affect areas of hundreds of square kilometers to depths of 2-

4 km or more, where methane resources are concentrated in the amount of billions of m3/km2. 

According to the estimates made, the geomechanical transformation of the massif  as a result of 

seismic activations in the Tom-Usinsk region of Kuzbass is observed up to depths of 4-5 km and 

an area of up to 150 km2, which can provoke the emission of methane into the atmosphere up to 

10^10 m3.   Based on the analysis of methane resource reserves in the coal-bearing deposits of 

Kuzbass and the areal manifestation of technogenic seismicity, a conclusion is made about the 

importance of technogenic seismic degassing of the massif for climate change. This allows us to 

consider technogenic seismicity as a climatic factor. In the near future, the hypothesis put forward 

may be tested by satellite monitoring methods currently being developed. 
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1. Introduction 

This section focuses on the fact that the impact of technogenic seismicity on the 

environment is primarily understood as a seismic effect, that is, tremor and deformation of the 

Earth's surface. The impact on the atmosphere is considered to be local and limited. Further, by 

technogenic seismicity, the author means two categories of seismic phenomena, which in the 

classifications of technogenic seismicity are called “induced” and “trigger” (McGarr and Simpson, 

1997; Adushkin and Turuntaev, 2015). 

The seismic effect and deformations of the earth's surface are understood as the direct 

impact of technogenic earthquakes and rock bursts on the environment. Only these two factors 

are mentioned, for example, in the review papers on rock bursts by B. Chernik (Czernik, 1964), I. 

Batugina, and I. Petukhov (Batugina, Petukhov, 1990), T. Li (Li et al., 2007), A.Keneti and B. 

Sainsbury (Keneti and Sainsbury, 2018), A.V. Lovchikov (Lovchikov, 2016).  



A historical example of the impact of dynamic phenomena on the atmosphere can 

be found in the work of Malyshev Yu..N. and co-authors. Methane and carbon dioxide 

were released into the atmosphere through mine shafts and affected the population and 

wildlife during sudden gas outbursts in mines (Malyshev et al., 1996). 

In other cases, attention is focused on the reactivation of tectonic faults caused by 

mining operations, whereby such faults become conduits for mine gases migrating to the 

surface. However, these cases usually are not associated to technogenic seismicity. For 

example, H. Cui and co-authors describe a case of tree mortality within the zone of a fault 

reactivated by subsidence process (Cui et al., 2010). A. Batugin et al. (2021) provide an 

example of the ignition of a coal-waste dump located within a geodynamic zone. Surface 

expressions of tectonic faults are recognized as favorable sites for the emission of mine 

gases into the atmosphere from both active and abandoned mines (Kachurin et al., 2015; 

Pokryszka et al., 2005; Tauziède et al., 2002; Vasilenko et al.,2016). During seismic 

reactivation of faults, mine gases may be emitted into the atmosphere due to the piston 

effect (Batugin et al., 2023). Although this list may not be exhaustive, it generally reflects 

the prevailing view that the direct impact of a technogenic seismicity on the atmosphere is 

insignificant and episodic. 

The indirect impact of technogenic seismicity on the environment, including the 

atmosphere, is understood as the risk of accidents at hazardous facilities caused by seismic 

activity. The possibility of indirect effects of technogenic seismicity on the environment 

and, in particular, on the atmosphere is beyond the scope of this study. The purpose of this 

work is to demonstrate that technogenic seismicity can act as a significant factor in the 

degassing of the subsurface, having a global impact on environmental conditions and 

climate change. 

2. Theory and Method 

This section demonstrates that rock mass destruction and anthropogenic fracturing 

constitute the principal technological approach employed in coal seam degassing. Similarly, 

seismic processes lead to the geomechanical transformation of the rock mass within focal 

zones, which represent macroscopic volumetric bodies containing newly formed and 

reactivated pre-existing fractures and faults. An important characteristic of technogenic 

seismicity is its occurrence at depths exceeding depth of mining and across substantially 

larger areas. Consequently, the development of technogenic seismicity leads to 

geomechanical transformation of the rock mass over extensive areas and at considerable 

depths.  

2.1 Coal Seam Methane and Principles of Mine Degassing 

Methane is a greenhouse gas contributing to global climate change and ranks second 

after CO2 in terms of climatic impact. According to various estimates, the coal industry emits 



24–40 million tons of CH4 annually into the atmosphere, accounting for approximately 10% 

of total global anthropogenic methane emissions (Puchkov, 1997). 

Modern coal seam degassing technologies enable the extraction and utilization of 30–

95% of coal methane, including methane from mine ventilation systems (Borowski et al., 

2025; Gao, 2019), which constitutes a significant argument in favor of further coal industry 

development. Methane in coal-bearing strata predominantly occurs in a bound state. To 

ensure mining safety, rock mass degassing is conducted using hydraulic fracturing, hydraulic 

loosening, pneumatic impact, and related technologies. The essence of these technologies 

consists in activating pre-existing fractures in coal and generating new fractures in order to 

convert methane into a free state and facilitate its migration (Amez et al., 2023; Puchkov, 

1997). Thus, destruction of coal and coal-bearing rock masses represents the most effective 

method of degassing. The natural gas content of coal seams at depths exceeding 500 m often 

reaches 20 m3/t or more, while degassing  measures can reduce gas content sometimes by 

more than 30% (Slastunov et al., 2022). 

2.2 Geomechanical Nature of Seismicity and the Shape of Earthquake Foci 

Coal mining practice indicates that approximately 20% of methane is emitted into 

mine workings from abutment pressure zones (Skritsky, 2017). The area extending from the 

working face to the maximum abutment pressure is considered an area of a critically stressed 

coal seam conditions in which geomechanical transformation has occurred, accompanied by 

the formation of induced fractures and reactivation of pre-existing ones (Petukhov et al., 

1968). This critically stressed zone constitutes a potential source of dynamic phenomena 

(rock bursts), which occur when instability conditions are satisfied (He et al., 2018; Petukhov, 

1972). If instability conditions are not met, the existence time of the critically stressed rock 

mass area is unlimited. 

The concept of critically stressed crustal zones is also employed to explain the nature 

of seismicity. C.S. Scholz considered continental seismicity to be evidence that the Earth’s 

crust exists in a state close to seismic failure, while earthquake foci represent regions “on the 

verge of failure” (Scholz, 1991). G.A. Sobolev and V.A. Ponomarev expressed a similar 

viewpoint, arguing that sections of the Earth’s crust are in a condition “close to the long-term 

strength limit.” According to T. Dahm and co-authors, a standard assumption in the analysis 

of induced seismicity is that crustal faults remain in a stress state close to failure due to 

continuous tectonic loading (Dahm et al., 2010). Based on investigations of rock burst 

phenomena, I.M. Petukhov argued that the Earth’s crust from the surface down to a certain 

depth is already in a critically stressed state (Petukhov, 1991). J. Townend and M. Zoback 

expressed a similar opinion, stating that induced seismicity indicates that “in general, the 

brittle crust in intraplate regions is critically stressed” (Townend and Zoback, 2000). B.G. 

Tarasov considers this state to be “beyond the fracture strength limit” (Tarasov, 2021). Thus, 

according to modern concepts, there are areas in the Earth's crust where the massif is in a 

critically stressed state or close to it, and these areas are potential sources of dynamic 

phenomena (rock bursts and earthquakes). 



Earthquakes are generally interpreted as slip along faults (Scholz, 1990; Kocharyan 

and Kishkina, 2020;), whereas the earthquake foci itself represents a certain volume within 

the Earth’s crust characterized by “rapid multidirectional displacements” (Shebalin, 1987), 

i.e., a three-dimensional area of crustal destruction. Estimates of earthquake focal geometry 

suggest that the foci (focus area) may be represented by an ellipsoid with long-to-short axis 

ratios of 3:1 (Sadovsky, 2004), or in some cases 1:1 (Beresnev and Atkinson, 2002), with 

dimensions ranging from several kilometers to tens of kilometers depending on earthquake 

magnitude M. 

Focal areas of fault-slip type rock bursts directly investigated through mine workings 

also constitute volumetric structures within which dynamic displacements occurred 

simultaneously along several differently oriented faults existing prior to the rock burst. In 

some cases, focal dimensions reached approximately 500 m in plan and up to 200 m vertically 

(Batugin, 2017). Apparently, critically stressed areas within rock masses may also exhibit 

more complex volumetric geometries described by the theory of self-organized criticality 

(Bak et al., 1988) or fractal sets (Qiao, 2023). Thus, in the present study these zones are 

considered as macroscopic volumetric formations within the Earth’s crust. 

Empirical relationships between focal size L and earthquake magnitude M of the form 

lgL = aM + b have been established, as discussed, for example, by E. Bugaev (2011). For 

example, in M.A. Sadovsky's formula, a = 0.57, b = 2.64, and the dimension is L-cm (Sadovsky, 

1983). These relationships indicate that focal dimensions of seismic events with magnitudes 

between 1 and 6 range from tens of meters to approximately ten kilometers. 

2.3 Regularities of Induced Seismicity Manifestation  

This subsection addresses the fact that hypocenters of technogenic earthquakes 

occur at depths exceeding mining levels or other anthropogenic sources of subsurface impact, 

and also at considerable distances beyond them. This feature has repeatedly attracted 

scientific attention (Batugin, 2021). Hypocenters of fault-slip rock bursts at the Severouralsk 

bauxite deposit were located several hundred meters deeper than mining zones; at the 

“Laohuntai” mine, seismic activation extended to depths of 2 km (Li et al., 2007); in the 

vicinity of the “Oktyabrskaya” and “Polysaevskaya” mines, to depths of 2–3 km (Emanov et 

al., 2009); near the “Araldinskaya” mine, to 4 km (Emanov et al., 2007); and in the area of the 

Bachat open-pit coal mine, to depths of 5–6 km (Emanov et al., 2020a). This list may be 

continued. 

C.S. Scholz explained the occurrence of earthquakes beneath a reservoir in South 

Carolina by suggesting that numerous small crustal areas close to a critical state existed there 

(Scholz, 1991). I.M. Petukhov and I.M. Batugina explained such effects by the increase in the 

thickness of critically stressed crustal layers under the influence of engineering activity 

(Petukhov and Batugina, 1999). Thus, the development of seismicity at depths exceeding 

mining levels and at considerable lateral distances (several to tens of kilometers) from 

mining operations is an objective reality. 



3. Hypothesis of Technogenic Seismic Degassing of the Subsurface: The Kuzbass 

Case Study 

The above-mentioned characteristics of a technogenic seismicity suggest that seismic 

and geomechanical transformation of the rock mass may result in degassing to considerable 

depths, potentially throughout the entire coal-bearing formation and across large areas. This 

hypothesis is considered using the Kuzbass coal-mining region as an example. 

Methane resources within the coal-bearing formations of Kuzbass have been 

estimated down to a depth of 1.8 km and amount to approximately 13 trillion m3, 

representing about 14% of global coal seam methane resources. In some areas, the 

cumulative thickness of gas-bearing coal seams reaches 90–120 m (to depths of 1.8 km), with 

methane contents of up to 25–30 m3/t. Methane resource density within the coal-bearing 

strata reaches 3.0 billion m3/km2 (Trofimova and Cheremisina, 2015). 

Technogenic seismicity in the Kuzbass region began to manifest itself in the late 

twentieth century (Bryksin and Seleznev, 2012; Lazarevich and Polyakov, 2003) and 

gradually evolved into a regional hazard. In 2013, the largest technogenic earthquake in 

mining history occurred at the Bachat open pit with a magnitude of 6.1 (2013). There were 

also seismic activation zones with a magnitude of 4-5 (Emanov et al., 2020a; Yakovlev et al., 

2016). Hypocentral depths of seismic events in northern Kuzbass reach 1.5 km, in central 

Kuzbass 1.5–5 km, and in southern Kuzbass up to 5 km. The aftershock area of the Bachat 

earthquake (2013) extends at least 10 km laterally and to depths of 5–6 km (Emanov et al., 

2023). Some activation areas, such as those near the Bachat open pit mine and the city of 

Polysaevo, have persisted for more than 10-15 years, whereas others near mining enterprises 

have existed for one to three years (Emanov et al., 2020b). Migration of seismic activation 

areas has also been observed, apparently associated with interactions between tectonic and 

technogenic stress fields and the sequential transition of new crustal sections into a critically 

stressed state. As a result, the coal-bearing massif sequentially transitions into a critically 

stressed condition over extensive areas and to depths of several kilometers, thereby creating 

conditions for its technogenic seismic degassing. 

Figure 1 presents a schematic distribution of seismic event epicenters in southern 

Kuzbass within the mining fields of the “Raspadskaya-Glubokaya” mine and the “Raspadsky” 

and “Raspadsky-Koksovy” open-pit coal mines during the seismic activation period of 2022–

2023, according to Emanov et al. (2024). 



 

 

Figure 1. Schematic distribution of the seismic activation area within a region of high 

methane resource density in the Tom-Usinsky district of Kuzbass. 

1 – seismic activation area with hypocentral depths up to 4 km (the depth of maximum 

activation is 1.5–2 km); 2 – underground and open-pit mining fields; 3 – the city of 

Mezhdurechensk; 4 – methane resource density area. Data for items 1–3 according to A. 

Emanov et al. (2024), item 4 according to G. Trofimova and V. Cheremisina (2015). 

A total of 3243 earthquakes were recorded with energy ranging from 0.5 M to 3.8 M 

northeast of Mezhdurechensk, near mines and quarries between July 5 and December 31, 

2022. In 2023, the seismic process continued to develop and seismic activity increased 



further. Hypocentral depths reached 5 km, with the maximum concentration occurring 

within the 1–2 km interval. According to Figure 1, the area affected by this induced seismic 

activation exceeded 150 km2. 

The methane resource density Q down to a depth of H = 1,8 km exceeds 1,200 million 

m3/km2 in the Tom-Usinsky district of Kuzbass  (Trofimova and Cheremisina, 2015). It may 

therefore be assumed that the entire coal-bearing strata underwent geomechanical 

transformation during the development of technogenic seismicity. Methane resources R over 

such an area S =150 km2 and depth H amount to  

𝑅 = 𝑄 × 𝑆 = 1200 × 106 × 150 = 1.8 × 1011   m3.         

The degassing coefficient of the coal-bearing strata during its transition into a 

critically stressed state is assumed to be k = 0.1, based on practical experience in coal seam 

degassing and methane emissions from abutment pressure zones. Consequently, methane 

emissions into the atmosphere from this single area alone may have reached 1.8 × 1010  m3.  

4 Discussion 

According to the approach of the Intergovernmental Panel on Climate Change (IPCC), 

methane emissions are estimated by multiplying emission factors by the mass of coal 

extracted. Countries either use the emission factors recommended by the IPCC or develop 

their own factors (Mironov et al., 2024). Seismic processes are not taken into account. Studies 

addressing the relationship between gas emissions from the subsurface and seismic as well 

as geodynamic processes occurring within the Earth do exist (Obzhirov, 2018); however, they 

concern only natural processes in crustal fault zones. Against this background, the 

contribution of technjgenic seismicity to atmospheric pollution appears to remain 

unaccounted for and underestimated. 

In the previous section, the example of only one area of technogenic seismic activation 

demonstrated the potentially significant scale of unaccounted methane emissions into the 

atmosphere. The total area affected by technogenic seismicity in Kuzbass has not been 

estimated; however, based on schemes compiled by different authors, it may be assumed to 

cover at least 10% of the region. In the southern part of Kuzbass alone, Emanov A.F. and co-

authors (Emanov et al., 2020b) identified areas of seismic activation with a total area 

estimated by the present author at approximately 1500 km² (the total area of Kuzbass is 

26700 km²). 

At present, it is difficult to estimate the volume of rock mass affected by technogenic 

seismicity within these areas and the distances between earthquake occurrences. According 

to available estimates, within a circle of 4 km radius, as many as 30–70 earthquakes occurred 

in seismic activation areas during a single year (from 01.05.2020 to 23.05.2021) (Emanov et 

al., 2020b), i.e., on average approximately one earthquake per square kilometer, although 

earthquake distribution is clearly uneven. It has been noted that the seismic regime in 

Kuzbass undergoes continuous spatial and temporal changes (Emanov et al., 2020b), 



indicating that increasingly larger portions of the rock mass are transitioning into a critically 

stressed state. The maximum concentration of hypocenters of technogenic seismic events in 

Southern Kuzbass is observed at depths of 1–2 km, while in the area of the Bachat earthquake 

depths reach 4–5 km. By analogy with the development of processes within the abutment 

pressure zone, it may be assumed that the transition of the rock mass into a critically stressed 

state develops successively from one focus zone to another. Based on the above 

considerations, we adopt the working hypothesis that within the seismic activation area, 

from the Earth’s surface down to the maximum depths of seismic manifestations, the crust is 

in a critically stressed state, as proposed in (Batugin, 2021). This allows a preliminary 

estimate of methane emission E into the atmosphere caused by technogenic seismicity in 

Kuzbass using the following equation: 

𝐸 = 𝑅 × 𝑆 × 𝑘   ,                                                               (2) 

where E is methane emission into the atmosphere caused by technjgenic seismic 

processes, m³; R represents methane resources in the subsurface, m³; S is the specific area 

affected by induced seismic processes; and k is the coefficient of subsurface degassing caused 

by technjgenic seismic processes. 

Methane resources in the subsurface of Kuzbass down to a depth of 1.8 km (i.e., to the 

depths affected by induced seismic processes) are estimated at R = 13 trillion m³ (Trofimova 

and Cheremisina, 2015). Methane resources are unevenly distributed spatially; however, for 

a preliminary estimate, we assume S = 0.1 and k = 0.1. According to these assumptions, a 

manifestation in technogenic  seismicity in Kuzbass alone could lead to methane emissions  

of 0.13 trillion m³, or 1.3 × 10^11 m³ into the atmosphere. This is almost two orders of 

magnitude greater than the annual methane emission in Kuzbass estimated at 2 × 10^9 m³ 

(Tailakov et al., 2022). Although this is a rough estimate, it demonstrates that a technogenic 

seismicity may contribute climatically significant methane emissions to the atmosphere. 

Methane is also emitted into the atmosphere during oil and gas production (Khilyuk 

et al., 2000). According to estimates by the World Resources Institute 

(https://www.wri.org/insights/methane-gas-emissions-climate-change), the oil and gas 

sector accounts for approximately 14% of global methane emissions. It has been noted that 

methane emissions occur throughout the entire oil and gas supply chain; however, such a 

source as gas migration into the atmosphere associated with the development of technogenic 

seismicity is neither mentioned nor considered. However, as is known, technogenic 

seismicity occurs during oil and gas extraction, sometimes over large areas and at significant 

depths (Ellsworth, 2013).Thus, an important potential source of methane emissions into the 

atmosphere remains insufficiently investigated and unaccounted for in the oil and gas 

industry as well.  

At present, technogenic seismicity is recognized as a global issue and manifests itself 

in various types of human activity over extensive areas and depths (Foulger et al., 2018). 

Based on the proposed hypothesis, it may be assumed that not only methane but also other 

gases, including radon, migrate into the atmosphere in areas of technogenic seismicity, 



potentially posing risks to public health. Since the existence of critically stressed rock mass 

areas is not necessarily accompanied by significant seismic events, gas emissions from deep 

subsurface horizons may occur even in the absence of observable seismicity. It is possible 

that this process is continuously present in nature, providing what V.I. Vernadsky described 

as the “gaseous respiration of the Earth.” 

Satellite monitoring of regions affected by technjgenic seismicity may help reduce the 

uncertainty in methane emission estimates attributed to various economic sectors, as noted 

by researchers (Daniel J. Jacob et al., 2022), and may facilitate future climate policy 

development. 

Conclusions 

The proposed hypothesis of thechnogenic seismic degassing of the subsurface is 

consistent with existing concepts of geomechanical transformation of rock masses in 

earthquake source areas and with empirical data on the occurrence of seismic activation at 

depths exceeding mining levels and over extensive areas. Preliminary estimates based on the 

Tom-Usinsky district of Kuzbass indicate that methane emissions into the atmosphere from 

only 150 km² affected by technjgenic seismicity may reach up to 10^10 m³, while across 

Kuzbass as a whole they may attain climatically significant levels. 

Developing over extensive areas and depths, technjgenic seismicity and the 

associated transition of the rock mass into a critically stressed state may cause subsurface 

degassing during various forms of resource extraction, including hydrocarbon production. 

This process may therefore represent a major source not only of greenhouse gases (methane) 

released into the atmosphere, but also of enhanced harmful effects of radon and other gases 

on humans and the environment in different regions of the world. 

A more comprehensive and in-depth assessment of gas migration into the atmosphere in 

areas affected by technogenic seismicity may soon become possible through the application 

of satellite technologies. 
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