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Abstract Seismicity related to mining has gained considerable public attention in the last decades and is one
of the reasons for mine closures in Germany. The seismicity in the Ruhr coal mining district of Germany has
been monitored by different regional and (temporal) local networks and is classified as purely mining-induced
without evidence for movement of major geological faults due to the contemporary tectonic stress field. During
active mining, water was continuously pumped out of the mine to enable safe mining conditions. Mine closure
was followed by a seismic gap. When pumping was reduced the mines were gradually flooded and
microseismicity developed. This study investigates flooding-induced seismicity at the Heinrich Robert mine in
the Eastern Ruhr coal district, where water levels rise from ~1,150 m to ~380 m depth as part of post-mining
flooding operations. By applying event relocalization methods we detected concentrations of microseismicity at
about 300 m below the lowest mine levels, and there especially in sections with pillars above. Classical diffusion
models cannot be applied due to the non-linearities in the increase of pore pressure and water volume, different
flow processes and the heterogeneity of the subsurface. We performed 3D numerical geomechanical modeling
for different mine geometries, hydraulic behaviors and regional state of stress. Our results show that flooding-
induced seismicity in mines is less influenced by the ambient stress state and the flooding water volume. Instead,
the locations, the temporal evolution and the segments of potential fault reactivation during flooding are
controlled by a combination of local stress concentrations in pillar zones below the lowest mining level and pore
pressure rise. Both are governed by a complex mine geometry and the hydraulic connections therein. Our
findings support that the magnitude of flooding-related earthquakes is controlled and limited by the size of
critical stress concentrations and thus the dimensions of the mined panels.

Plain Language Summary In recent decades, people have become aware of the problems caused by
earthquakes related to mining. These issues have resulted in the closure of mines in Germany. During the
operation of mines in the Ruhr coal mining area of Germany, many earthquakes were recorded, while water was
pumped out of the mines. After the mine closed, seismic activity decreased until flooding began. This study
examines the earthquakes caused by flooding in the Heinrich-Robert mine. After mining ceased, the water level
was around —1,150 m, and it is expected to flood up to a level of —380 m. Our research revealed significant
seismic activity at approximately 300 m below the lowest mine levels, primarily under the pillar sections. We
created a simple computer model of the mine. Using this, we demonstrated how stress increases beneath the
pillars and how flooding can lead to failure. We also found that the size and shape of the mine openings affect
where these stresses form. Therefore, the design of the mine can influence where, when and how strong these
earthquakes might be.

1. Introduction

Globally, a vast number of large-scale underground facilities—primarily coal, metal ore, and other mineral mines
—are either in active operation, in the process of decommissioning, or undergoing transitional phases. Each year,
a significant proportion of these mines are closed and subsequently flooded. In the United States, the number of
active underground coal mines has declined from 654 to 185 over the past 20 years (U.S. Energy Information
Administration, 2023). Similarly, hard coal production in the European Union has decreased by 82% over the past
30 years (Eurostat, 2024). In parallel, the global demand for critical minerals is increasing, driven by the
deployment of renewable energy technologies essential for the energy transition (e.g., Hund et al., 2020;
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IEA, 2024). This demand has led to the reopening of formerly abandoned mines and the development of new
mining projects. Beyond conventional resource extraction, disused underground spaces are increasingly being
repurposed for innovative energy-related applications or waste storage. These include hydroelectric energy
storage using underground pumped-storage systems (e.g., the Forbach project; Stech et al., 2022), as well as
geothermal energy exploitation or seasonal heat storage via the utilization of flooded mine structures (e.g., Loredo
etal., 2016; Menéndez et al., 2019). Such developments underscore a growing interest in the sustainable use of the
subsurface.

The use of the subsurface can lead to risks related to ground deformation, water management, and induced
seismicity (Foulger et al., 2018; Quandt et al., 2023). Consequently, a comprehensive understanding of coupled
hydrogeological and geomechanical processes is of both scientific and societal relevance. Globally, mining-
related seismicity accounts for approximately 37% of all anthropogenically induced earthquakes (Wilson
et al.,, 2017). In Germany, the societal acceptance of underground activities is particularly sensitive to felt
seismicity. In the Saarland coal mining region, for instance, repeated perceptible seismic events have ultimately
led to the closure of mines (Alber & Fritschen, 2011; Fritschen, 2010). Numerous studies have been conducted to
better understand induced seismicity in mining environments, for example, (Chlebowski & Burtan, 2021;
Gibowicz, 2001, 2009; Gibowicz & Lasocki, 2001).

Mining induced seismicity is primarily associated with mass extraction and related processes such as compaction
and subsidence, disposal of material (e.g., waste), dewatering, and thermal perturbations (Klose, 2007;
McGarr, 1976; McGarr et al., 2002). Most events originate in the immediate vicinity to excavations, where local
stress concentrations can lead to rock failure. In the so-called Excavation Damage Zone (EDZ), brittle failure
facilitates stress redistribution and partial stress relief (Kelsall et al., 1984). One mechanism contributing to
mining induce seismicity is stress arching, a phenomenon of stress redistribution around underground openings.
Due to the zero-shear stress boundary condition at the excavation surface, stresses are reoriented and concentrated
within the remaining load-bearing structures (Brady & Brown, 2004; Terzaghi, 1943). Therefore, the vertical
stress is significantly increased in intact pillars as shown by numerical models (e.g., H. Wang et al., 2013; S.
Wang et al., 2013). Esterhuizen et al. (2010) have used numerical modeling to analyze pillar performance in both
weak and strong host rocks. Their results demonstrate that pillars may be loaded beyond their peak strength and
still maintain structural integrity in stiff rocks or when the span-to-depth ratio is small. In strong rocks, part of the
load is transferred to the unmined volumes, whereas for larger span-to-depth ratios and soft rock conditions the
full overburden is transferred to pillars. This concept has previously been postulated by Wagner (1974, 1980) and
validated by numerical modeling. Huang et al. (2021) have conducted discrete element modeling to investigate
stress arching around excavations, focusing on stress concentrations both laterally and above openings in intact
and layered rock masses. Most studies on stress arching have primarily addressed the stress state and mechanical
strength of mine roofs and pillars (e.g., Huang et al., 2021; Iannacchione et al., 2005; Ning et al., 2022),
comparatively few have examined stress concentrations in the immediate floor or beneath excavations (e.g., Lu
et al., 2021).

In the post-mining phase, seismic activity typically declines significantly (Arabasz et al., 2005). In many cases,
decommissioned mines are allowed to flood to reduce the operational costs of long-term dewatering (Drob-
niewski et al., 2017). Water flow occurs primarily through open shafts, galleries, and permeable faults zones
intersecting the mines. Fluid flow through the rock matrix is comparably slow and therefore of a minor role. The
resulting changes in pore pressure alter the effective stresses (McGarr et al., 2002) and could lead to new seismic
activity. Lightfoot and Goldbach (1995) have conducted water injection experiments in mines to induce
controlled fault slip. In a flooding experiment carried out in an iron mine in Lorraine, Senfaute et al. (2008) have
observed a progressive increase in seismicity, which has correlated with the gradual filling of mine voids. In South
African gold mines, Goldbach (2009, 2010) has reported a 14-month delay between the onset of flooding and the
occurrence of seismic events. Fowkes et al. (2015) have studied flooding-related seismicity in a South African
mine, emphasizing the role of frictional slip events on permeable faults and flow through a connected fracture
network. Their findings have indicated that a broader range of fault orientations has become prone to slip during
flooding. In the former uranium mining area of Schlema-Alberoda, Knoll (2016) has argued that flooding-related
seismic events may also occur on faults located farther from previously active mines and with longer time delays,
particularly when differential subsidence has been observed and permeable faults are present. Increasing seis-
micity has also been documented in association with rising water tables during episodes of heavy rainfall
(Ogasawara et al., 2002). Dominique et al. (2022) have investigated the relationship between seismicity and

NIEDERHUBER ET AL.

2 of 28

85U017 SUOWWIOD AIERID 3(edl|dde au) Aq peusenob afe ssppiie O ‘8sn Jo Sa|nJ o Akeiqi78uljuO AB|IM UO (SUORIPUOD-PUR-SWLBIWI0D A8 |1 AReiq 1 BUI|UO//SA1Y) SUORIPUOD PUe SWB L U1 38S *[G202/60/LT] Uo AreigiTauluo A8|im ‘@1bojouyss L iy nsu| Buns|e Ag £2€TE08rSZ02/620T OT/I0p/wod A8 Are.q pul|uo'sgndnBe//sdny wouy papeolumoq ‘6 ‘SZ0Z ‘9566912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031323

groundwater level variations in the abandoned Gardanne coal mine in southern France, where they have observed
a delayed seismic response, with some events felt at the surface. Namjesnik (2021) and Yu et al. (2018) have
suggested that, over time, mechanical weakening of remnant pillars could lead to induced seismicity on structures
close to excavated volumes. An overview of post-mining seismicity has been provided for mines in France,
Germany, and Poland as part of the PostMinQuake studies summarized by Contrucci et al. (2023).

The observed delayed seismic responses in some mines suggest a fluid-pressure-driven mechanism. This has been
widely interpreted in other subsurface environments, such as geothermal systems, wastewater disposal sites, and
CO, storage reservoirs, using diffusion models (e.g., Rothert & Shapiro, 2003; Shapiro et al., 2011). These
models typically assume that changes in pore pressure propagate through homogeneous, porous, and fully
saturated media, governed by Darcy's law and linear poroelasticity (Biot, 1941; Rice & Cleary, 1976; Rothert &
Shapiro, 2003; Shapiro et al., 2002). The spatiotemporal evolution of seismicity is often found to correlate with
the extent of the pore pressure diffusion front, allowing for predictive modeling of event occurrence based on
hydraulic diffusivity. While diffusion-based frameworks have proven effective in many natural geologic settings,
its applicability in mining environments remains limited. Mines are typically characterized by strong heteroge-
neities, discontinuous media, open voids, and sharp permeability contrasts by localized fractured rock mass
within the excavation damage zone (EDZ). In such complex settings, pressure transmission may be affected by
non-Darcian flow, anisotropic permeability, and discrete fluid pathways forming interconnected networks. In
such network-dominated environments, the occurrence of induced seismicity becomes increasingly complex
(Goldbach, 2010), and classical diffusion-based models often fail to capture the governing mechanisms, rendering
predictions unreliable (Fowkes et al., 2015).

In this study, we investigate seismicity associated with mine water flooding, focusing on the underlying mech-
anisms and spatial-temporal patterns of induced events. Specifically, we address the following research questions:
(a) What are the controlling factors governing the spatial and temporal evolution of seismicity in flooded mining
environments? (b) What is the extent and location of mine volumes most susceptible to flooding-induced
seismicity?

To address these research questions, high-resolution seismic monitoring data are essential, along with detailed
records of mine flooding history, mine geometry, and local and regional stress conditions. The Heinrich-Robert
mine is located in the Eastern Ruhr coal mining district. It provides a well-documented case study with compre-
hensive data. Seismicity in the area has been purely induced. No recent tectonic events have been recorded
(Griinthal, 2014; Rische et al., 2023). This has been linked to a low critical stress state in the study area. The stress
regime is normal faulting, where the vertical stress (Sy) exceeds the maximum (Sy;,,,) and minimum (Sji,)
horizontal stress (Niederhuber et al., 2025). According to Niederhuber et al. (2025), these gradients are
24.5 MPa/km for Sy, .., 21.0 MPa/km for Sy, and 15.5 MPa/km for Sj,;., with S, is oriented N134° (Nie-
derhuber, Rische, et al., 2023; Niederhuber, Kruszewski, et al., 2023). Mining activities, however, have been shown
to locally perturb the ambient stress field, bringing faults and fractures closer to failure (McGarr et al., 2002). These
critically stressed structures can subsequently be reactivated through fluid pressurization, as Hubbert and
Rubey (1959) have demonstrated. In this study, we refer to such zones as volumes of critical stress concentration.

Seismic monitoring in the Ruhr coal mining area has a long history, beginning in 1908. Since then, observations
have been conducted using various regional and temporary local seismic networks (Bischoff et al., 2010;
Gibowicz et al., 1990; Mintrop, 1909a, 1909b, 1947; Rische et al., 2023; Wehling-Benatelli et al., 2013). All
seismic events recorded by these networks during active mining operations in the Ruhr area have been classified
as mining-induced earthquakes, with a maximum observed magnitude of 3.3 M; (Bischoff et al., 2010). Most
events have occurred on steeply dipping fracture planes that strike parallel to the mining face and are of limited
spatial extent (Bischoff et al., 2010). There has been no evidence of seismicity occurring along major geological
faults (Alber et al., 2009). In the Heinrich-Robert mine, a strong correlation between longwall mining faces and
event locations has been observed (Wehling-Benatelli et al., 2013). Induced seismicity has been recorded
continuously until mining operations ceased in 2010, followed by a seismic gap that lasted until 2019 (Rische
et al., 2023). Flooding began in mid-2019, after which flooding-induced seismicity has been detected. However,
these events have also not occurred along major fault structures (Rische et al., 2023). Rische et al. (2023) have
indicated that flooding-related seismicity may occur beneath the galleries. However, they have not been able to
clearly associate seismicity patterns with features of the mine geometry due to limitations in event localization.
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The precision of event locations has been constrained to approximately 600 m in both horizontal and vertical
directions, which is significantly larger than the dimensions of galleries and pillars within the mine.

The aim of this study is to explain the spatial and temporal occurrence of flooding-induced seismicity in a post-
mining environment. We use extended seismological time series and perform event relocalization based on
updated velocity models. We develop generic three-dimensional geomechanical finite element models of
increasing complexity to investigate the influence of various factors, including the elevation and inclination of
mined panels and the width of pillars. We focus specifically on the stress and pore pressure distribution in
volumes located beneath the mining panels, in depths where seismicity is observed. We further relate our findings
to localized microseismicity, mine geometry, and the flooding history of the Heinrich-Robert mine. Our approach
incorporates stress-dependent permeability enhancement and poro-mechanical coupling in unsaturated zones,
thereby addressing limitations inherent in conventional diffusion-based models.

2. Geological Setting

The Upper Carboniferous strata in the Ruhr area, located in western Germany, is notable for its extensive coal
deposits, and their exploitation have historically served as a major driver of regional economic activity. Active
coal mining ended in 2018 (Meschede & Warr, 2019). The Ruhr Basin extends about 150 km in NE-SW and about
80 km in NW-SE (Drozdzewski, 1993; Drozdzewski et al., 2009). Sedimentary thicknesses range from 4 km
(Meschede & Warr, 2019) to 5.5 km (Alber et al., 2009), and the basin has been structurally overprinted by
folding and thrusting associated with the northwestward migration of the Variscan orogeny (Drozdzewski
et al., 2009). During the Upper Carboniferous, up to 3.5 km of coal-bearing strata were deposited, consisting of
cyclic sequences of sandstones, siltstones, shales, and coal seams (Richter, 1971; Schifer, 2019; Suess
et al., 2007). These folded Carboniferous units are unconformably overlain by Cretaceous marine sediments,
which increase in thickness toward the northwest (Drozdzewski, 1993; Richter, 1971). At shaft Heinrich-Robert,
the transition between Cretaceous and Carboniferous strata occurs at a depth of approximately 570 m below the
surface.

Thrust faults and NW-vergent Variscan folds (Brix et al., 1988) subdivide the basin into NE-SW trending anti-
and synclines (Drozdzewski, 1993). Our study area is located within the Hamm Horst structure within the
Bochum main syncline. The latter is divided by the Grimberg Saddle (anticline) in a northern and southern
Bochum syncline. The horst is laterally bound by the Sutan thrust fault in the WNW and the Scharnhorst thrust
fault in the ESE and the Flierich fault and Radbod normal faults in the west and east respectively (Figure 1a).
Within the horst only some minor faults are known. Allgaier et al. (2024) has described E-W and N-S trending
strike-slip faults in the basement of the Heinrich-Robert mine. Toward the major thrust faults, such as the Sutan
fault, the number of minor faults increases (Figure 1b).

3. Heinrich-Robert Mine and Flooding Activities

The Heinrich-Robert mine is part of the “Verbundbergwerk Ost” colliery within the Haus Aden water province.
The mine is located on the Hammer Horst, between the Flierich and Radbod faults (Figure 1). Mining in Heinrich-
Robert began in 1901 (VoB, 1994) and multiple mining levels have been developed at depths corresponding to
economically viable coal seams. The primary mining levels are situated at depths of —890, —970 and —1,120 m
(Figure S.5 in Supporting Information S1). The mine has been developed using longwall mining techniques,
progressing from NW to SE (Figure S.5 in Supporting Information S1). Coal seams are excavated to increasing
depths, following the NE-SW striking fold structures of the basin (Figure 1). The excavation height is determined
by the average thickness of the coal seams, which in Heinrich-Robert is approximately 2 m (Figure S.5 in
Supporting Information S1), consistent with other German hard coal deposits (Langefeld & Paschedag, 2019).

Prior to the commencement of mining activities, the deep, highly saline and dense groundwater exhibited minimal
interaction with the regional flow system. Only in isolated locations, such as brine springs south of the Miin-
sterland, deep groundwater emerges at the surface (ahu AG, 2017). Through mining operations, deep groundwater
has been drained from the Upper Carboniferous formations down to depths of approximately —1,400 m. The
overlying shallow groundwater remains hydraulically isolated by the impermeable Emscher Marls, effectively
preventing direct influence from surface precipitation on mining-related water levels. The Cenomanian and
Turonian limestones, situated between the Emscher Marls and the Carboniferous strata, are considered as an
aquifer with a broad catchment area and may contribute to groundwater inflow into the mining zones (Hahne
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Figure 1. (a) Tectonic map of the Carboniferous surface in the Haus Aden water province, showing major faults and structural features. The map includes parts of the
Bochum syncline and minor parts of the Essen syncline, based on Kunz (1988) and Wrede (1988). The location of the Heinrich-Robert mine within the Hammer Horst is
marked (based on RAG-BID, 2023) along with the borehole locations (yellow dots). Graben structures are highlighted in yellow. (b) Cross section through the Heinrich-
Robert mine based on Kunz et al. (1988) including also minor faults (red) and the approximate extent of Heinrich-Robert mine (black box). Coal seams as well as the
enhanced vertical profile of the nearby borehole Pelkum-2 based on GD NRW (1971) are color coded according to Niederhuber et al. (2025). In the profile red lines
represent faults, while brown lines are unmined coal seams.

etal., 1982). Consequently, accurately predicting the extent to which precipitation from distant regions influences
infiltration into the Upper Carboniferous formations remains a complex and uncertain task.

Faults may act as fluid pathways, as evidenced by observed gas seepages (Thilemann, 2000; Ukelis et al., 2023).
However, Rudolph et al. (2010) have reported that the subsurface of the Ruhr area is generally characterized by
low permeability and sealing fault structures. Further investigations on rock samples have confirmed that the
porosity and permeability of Carboniferous rocks are very low (Greve et al., 2023; Koch et al., 2009). In contrast,
mine infrastructure, such as shafts, galleries, and mined panels, constitutes artificial pathways with significantly
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Figure 2. Left: Map of the Haus Aden water province showing monitoring shaft locations (red dots), major faults, and the SW-NE profile line. The shaded gray area
marks the extent of the Heinrich-Robert mine; right: Schematic SW-NE cross section of the central dewatering system, illustrating the underground pipe network,
monitoring shafts, major faults, and water levels from August 2019 to August 2022, based on Maibaum (2012).

higher permeability (Hahne et al., 1982). These structures facilitate rapid adjustment of water levels within the
mine during flooding.

During active mining at the “Verbundbergwerk Ost” colliery, mine water has been managed by lifting all water
through the Heinrich-Robert and Haus Aden shafts (Figure 2). In 2013, pumping operations at the Heinrich-
Robert shaft ceased, and all mine water has since been lifted at the Haus Aden site (RAG, 2023). In the early
stages of mine flooding, water levels rose independently in each mine (Heinrich-Robert, Radbod, Haus Aden, and
Monopol) due to isolated hydraulic conditions resulting from differences in mining depths. In mid-2019, pumping
operations at the Haus Aden shaft have been discontinued. As the mine water level approached —970 m, hydraulic
connectivity between the collieries increased, including connections to adjacent mines such as Radbod and
Werne. This expansion of the hydraulic network significantly slowed the rate of water level rise (Figure S.8 in
Supporting Information S1). Prior to the establishment of these hydraulic connections, relatively small volumes of
water were sufficient to produce noticeable increases in water level. However, following the interconnection of
the mine systems, substantially larger volumes of water have been required to achieve comparable rises, due to the
increased storage capacity and expanded hydraulic connectivity.

Since 2021, all mines have been hydraulically connected to the Haus Aden shaft, resulting in a more linear in-
crease in water levels. This connection allows water in the entire water province to rise to approximately —600 m
(RAG, 2014), but a slight time shift in the water level is currently observed between the shaft Lerche in the SW
part of the mine Heinrich-Robert to shaft Sandbochum in the NW part. The latest strategy (DMT, 2023) aims to
stabilize the final water level at around —380 m. Once this level is reached, pumping will continue to prevent
mixing of deep saline water with shallow freshwater. Extensive areas of the Ruhr region have experienced
subsidence exceeding 25 m due to historical mining activities (Harnischmacher, 2010), making continued
pumping also essential to avoid flooding.

4. Seismological Database and Data Processing

We use data from a temporary network of up to 32 short-period seismological sensors focused on the Heinrich-
Robert mine (Figure 3a), as previously described by Friederich et al. (2020) and Rische et al. (2023), along with
data from the RuhrNet operated by Ruhr University Bochum (2007). We expand the analysis of Rische
et al. (2023) for the time series from 6/2019 until 6/2024. Seismic events are identified using automatic detection
algorithms, including STA/LTA and cross-correlation triggers, as well as through manual inspection of waveform
data. Visual inspection allows us to detect small events in previously inactive areas, even in the absence of
waveform templates, which are often missed by automated systems (Rische et al., 2023). We manually pick
arrival times of Pg and Sg phases, and, where possible, determine the polarities of first arrivals. Automatic picks
are reviewed and corrected to ensure accuracy.
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By default, we localize all seismic events using the NonLinLoc algorithm (Lomax et al., 2000, 2009) integrated
within the SeisComP package (Helmholtz Centre Potsdam GFZ, 2008) and perform magnitude determination for
each event. For single-event localization, we apply a layered 1D velocity model adapted from a regional crustal
model that has been used in Rische et al. (2023), incorporating depth steps at 4, 12, 22, and 32 km, with a constant
Vp/Vs ratio of 1.73 (orange line in Figure S.3.1h in Supporting Information S1). For relative relocalization of
seismic events, we apply the double-difference method using hypoDD, according to Waldhauser and Ells-
worth (2000). In our study, we use a search distance of 150 m within the single-linkage clustering algorithm and
use the catalog differential times to relocate the clusters (parameters in Supplement 3, Table S.3.1 in Supporting
Information S1). Although the double-difference technique reduces sensitivity to the velocity model, we test
multiple models to assess its influence (Figure S.3.1 in Supporting Information S1).

5. Distribution of Microseismicity

We compile an event database comprising approximately 2,500 induced seismic events with local magnitudes
ranging from —0.9 to 2.6 M; and a magnitude of completeness exceeding 0.3 M; . The magnitude distribution
(Figure S.9 in Supporting Information S1) indicates a deficit of events with magnitudes greater than M; = 2.
Using single-event localization, we localize seismic events at depths between —800 and —2,400 m. For
approximately 930 events, the spatial uncertainty remains below 600 m (Figure 3a), and for about 630 events, we
achieve a localization better than 100 m (Figure 3b). Notably, nearby large-scale (kilometer-scale) faults show no
increase in seismic activity, confirming the initial findings reported by Rische et al. (2023).

This study refines the seismicity distribution using relatively localized hypocenters (Figure 3b). Despite the
smaller number of relocalized events, the overall spatial distribution, including clustering beneath the galleries,
remains consistent (compare Figures 3a and 3b). Also, the event depth, which is a key focus in our study shows a
consistent peak distribution between —1,200 and —1,600 m (Figure S.6 in Supporting Information S1, Figure 3c)
for all tested velocity models. When we use the model with the best trade-off between RMS values and data loss
(vp_up = 3 km/s), relocated events concentrate between —1,200 and —1,500 m, with a mean depth of —1,340 m
(Figure 3c), clustering vertically 200-500 m below the mining level. Horizontally, events cluster around remnant
pillars between the mined panels (Figure 3b). Fault plane solutions from 30 events indicate steeply dipping faults.
However, they show no depth-dependent or temporal clustering of mechanism types (Supplement 4 in Supporting
Information S1), suggesting that seismicity is primarily controlled by local stress redistribution rather than
regional tectonic stress regimes.

6. Numerical Model

To investigate the factors controlling flooding-induced seismicity, we develop three generic finite element model
geometries based on a simplified mine geometry consisting of four panels (Figure 4). We progressively increase
the complexity of the models by varying the depth and curvature of the mine panels, and the pillar width (see
following sections for material properties, physics, boundary conditions and model set-up). For one of the generic
configurations, we compare the results of a static versus a transient approach and assess the influence of different
ambient stress states. Additionally, we evaluate the impact of stress dependent permeability enhancement. Unlike
real mine geometries, where multiple interacting factors may obscure individual effects, the generic models
enable a controlled examination of specific influences on induced seismicity during flooding. Finally, we
compute a static model using the actual mine geometry of Heinrich-Robert mine (Figure 5) and compare clusters
of critically stressed volumes with observed induced seismicity.

Figure 3. (a) Induced seismicity from 6/2019 until 6/2024 in the former “Verbundbergwerk Ost” colliery. Approximately 2,500 events are localized (transparent colors),
of which ~930 exhibit spatial uncertainties <600 m (solid colors). Gray shaded areas represent projections of all mining levels, ranging from —725 m to —1,150 m;
(b) Distribution of 631 relocated events with spatial uncertainties <100 m. White areas between mined panels indicate remnant pillars, which also host the galleries
(colored lines). Most events occur beneath the lowest galleries. Gray transparent polygons denote mined panels at various depths (as projected in panel a), indicating that
some pillars span multiple levels or are undermined; (c) Depth distribution of relocated events, with a peak between —1,200 and —1,500 m. The mean event depth is
—1,340 m, approximately 370 m below the main mining level.
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Figure 4. Generic mine models used for numerical simulations, simplified to four mined panels. Model A includes four panels at a uniform depth of —1,000 m. Model B
consists of three panels at —1,000 m and one at —750 m. Model C reflects the simplified morphology of coal seams. All model boundaries are aligned with principal
stress orientations. Each model is subdivided into mesh domains, with finer resolution in the inner domains and coarser mesh in the outer regions.

6.1. Rheology and Physics

Hydraulic fracturing stress measurements within the Heinrich-Robert mine have not shown lithology-dependent
variations (Niederhuber et al., 2025). Consequently, the models assume a homogeneous subsurface material. This
simplification reduces geometric complexity and avoids high aspect ratios in mesh elements, thereby enhancing
numerical stability and improving convergence. The parameters applied in the simulations are summarized in
Table S.4 of Supporting Information S1.

Stress redistribution near excavations can lead to rock failure. We consider two failure modes and the influence of
pore pressure P,, assuming compressive stress as positive and tensile stress as negative. The effective stress is

P

coupled with pore pressure changes using the linear poroelasticity law (Equation 1):

where o’ ;; is the effective stress, S;; the total stress tensor, a is the Biot's coefficient, and 6 is the Kronecker delta
(1ifi =jand 0 if i #j). Tensile failure occurs when the effective minimum principal stress o5 is smaller than the
tensile strength T of the rock (Equation 2):

o3 < T (2)

Compressive failure occurs if the shear stress 7 exceeds the failure envelope (linear Mohr Coulomb criterion for
2D as shown in Figure S.7.1 in Supporting Information S1 or Tresca criterion for 3D, respectively). The failure
envelope is defined by the effective normal stress o,, the pore pressure Pp, coefficient of static friction y and the
cohesion C, (Equation 3):

> p-oy+Cy (3)

Cohesion C, is calculated based on the uniaxial compressive strength UCS and the coefficient of friction u using
Equation 4 based on Jaeger et al. (2007):
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Figure 5. (a) Mined panel surfaces in the study area, provided by RAG-BID (vertical exaggeration by a factor of 5). (b) Smoothed surfaces of mined panels based on
depth variations of the coal seams (workflow shown in Figure S.4 in Supporting Information S1). (c) In model D the smoothed surfaces are embedded within a model
cube oriented parallel to the principal stress orientations, consistent with models A—C.
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2 cos ¢

For Ruhr sandstone, we establish a friction coefficient of 4 = 0.60, consistent with values reported by Bye-
rlee (1978). Alber and Schwarz (2015) have identified this value as an upper bound for weakly coal-coated
fractures, and Duda (2011) has reported friction coefficients ranging from 0.6 to 0.7 derived by triaxial test of
Ruhr Sandstone.

The maximum shear stress 7,,,, Where resistant forces (normal effective stress and cohesion) are in equilibrium
with the driving forces (shear stress) is defined as maximum shear capacity 7,,,,, based on the Mohr Coulomb
criterion (Equation 5):

(] +03

> + Cy 5)

Tmax = Sin((p) :
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The equation can be rewritten in the form of the proximity of the state of stress to the failure envelope, or distance
of Mohr Circle to Failure Envelope (DMF). Thereby the radius of the Mohr Circle defined by the minimum and
maximum principal effective stress is subtracted from the maximum shear capacity (Equation 6):

DMF = sin(p)- (6)

o1 +0;5 (6, — o3 +le,- sin (atan(p))
2 2 u

For both failure mechanisms, a stress-weakening approach is introduced, where the stresses in the volumes
matching the failure criteria are completely relieved, as is common in fractured rocks (Brady & Brown, 2004).

For failure, the effective stresses and thus the pore pressure (Equations 2 and 3) must be considered. The spatial
and temporal distribution of pore pressure depends on permeability. The Upper Cretaceous Ruhr Sandstone is
characterized by low intrinsic permeability, with fluid flow predominantly controlled by fracture permeability
(Allgaier et al., 2023; Creutzberg, 1963; Greve et al., 2023; Jagert et al., 2023; Kiick, 1988). Stress concentrations
near mines, particularly in pillars, may alter the intrinsic permeability k;,,. While elevated stress generally reduces
permeability by closing microfractures (Bohnsack et al., 2021; Durucan & Edwards, 1986; Song & Els-
worth, 2024; Zheng et al., 2015), the effect is minor and not considered in the model. In contrast, permeability can
increase by several orders of magnitude due to fracture formation or shear dilation (Durucan & Edwards, 1986;
H. Wang et al., 2013; S. Wang et al., 2013). This increase typically ranges from 10° to 10* (S. Wang et al., 2013),
depending on rock type. Newly formed pathways and fracture networks may vertically extend several hundred

meters, depending on the mine geometry (Yin et al., 2016).

Fracture networks can be represented explicitly via discrete fracture models or implicitly through effective
continuum approaches (Horl & Rohde, 2024). To reduce computational cost and avoid detailed fracture data, we
adopt an implicit equivalent permeability approach. This modifies the permeability of fractured rock masses (Liu
et al., 2016), enabling large-scale flow modeling using Darcy's law (Azizmohammadi & Matthii, 2017). To
account for stress-induced permeability enhancement kpyr, we define a scaling relationship that adjusts the
intrinsic permeability k;, by a scale factor kg. (Equation 7):

kpyr = Kinc - ke (7)

S. Wang et al. (2013) have observed a moderate permeability increase as fractures approach yield stress, followed
by a sharp rise at higher stress or strain levels. We define the scale factor kg, as an exponential ramp function,
dependent on the maximum shear capacity 7,,,, and the DMF value. A threshold of 0.1 is applied to the DMF
normalized by 7,,,,, and the maximum permeability enhancement is capped at 10* (Equation 8):

1, DMF >0
DMP—rmax DMF
(10*) ™, DMF < 0; < 0.1
kSc = Tmax (8)
DMF
10*, DMF < 0; > 0.1

Tmax

Locally unsaturated zones near excavations may violate Darcy's law, resulting in unrealistic negative pore
pressures that artificially increase total stress. This issue is often disregarded in numerical models (Abdi
et al., 2010; Chen et al., 2019; COMSOL Multiphysics, 2021). To suppress these effects, we implement two
measures: (a) Darcy velocities are zero in unsaturated regions, and (b) pore pressure-dependent variables (ab-
solute pressure, hydraulic head, and pressure head) are set to zero. In addition, the poroelastic coupling is disabled
in this region by modifying the Biot coefficient a based on pore pressure: a = 1 for P, > 0, and a = 0 for P, < 0.

6.2. Reactivated Volumes and Preferential Fracture Orientations Based on DMF Analysis

The model predicts (a) the spatio-temporal occurrence and magnitudes of stress concentrations, and (b) the lo-
cations and orientations of fractures with potential for reactivation using Equation 6. As the reactivation of
preexisting faults or fractures is more likely than the formation of new fractures, the cohesion C, is set zero.
Negative DMF values indicate a high likelihood of reactivation, while positive values suggest stability. The
volume with negative DMF, denoted V., serves as a proxy for fault reactivation and is computed at each time
step using a piecewise Heaviside function. Analogue to Shapiro et al. (2010) we use a statistically homogeneous
set of fractures within the medium. Higher V), values indicate increased potential for fracture reactivation.
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Figure 6. Modeling results of model C for 3,150 days of flooding. Left: Depth where the stress state reaches the failure envelope (DMF < 0). Right: Transects showing
zones where DMF criterion is met. White sectors indicate the positions of mined-out panels within the transects. (Note: The inner box corresponds to the refined mesh
domain). In transects C and D the closest of the (inclined) mined panels is projected. Star symbols refer to locations shown in Figure 7.

Additionally, we analyze the fracture orientation associated with the most negative DMF. The corresponding
orientation is determined by the angle § between the principal stress direction S1 and the fault normal vector Tr .
Details on the 3D calculation of 717 are provided in Supplement 7.

6.3. Setup of the Generic Mine Model

In the Heinrich-Robert mine, galleries are nearly orthogonal, with NNW-oriented galleries aligned with Sg,ax
(Niederhuber, Kruszewski, et al., 2023; Niederhuber, Rische, et al., 2023). Mined panels are represented as 2 m-
thick polygons, reflecting the average mining height (Supplement 1 in Supporting Information S1). We tested the
influence of galleries, simplified as straight tunnels, on stress redistribution (Supplement 9 in Supporting Infor-
mation S1). Their effect is highly localized and alters stress only between mined panels. However, as all stress
components (Symaxs Shmin» a0d Sy) increase (Figure S.11 in Supporting Information S1), the DMF values remain
below critical. Thus, our generic mine model includes pillar sections but excludes galleries. In model A, all four
mining panels are placed at a uniform depth of —1,000 m, with 300 m wide pillars (Figure 4). Model B shifts the
northeastern panel to —750 m to reflect varying mining levels in Heinrich-Robert and reduces pillar width to 200 m.
Model C introduces subsurface morphology to represent coal seam depth variations, as described in Supplement 1
in Supporting Information S1. The same panel layout as in model A is mapped onto a generic surface (Figure 4)
adapted to the Northern and Southern Bochum Syncline (Figure 1).

In model D, we reconstructed the coal seam morphology based on the mining depth of the individual panels and
borehole data from Pelkum-2 (details in Supplement 1 in Supporting Information S1). Next, we simplified the
geometry of mining panels of each level and mapped them onto the coal seams (Figure 5).

All generic mine models are embedded in a homogeneous volume of 5 X 5 X 2 km, optimized to minimize
boundary effects in hydro-mechanical simulations. Model size is iteratively reduced through multi-step fitting to
enhance computational efficiency. Geometry generation, meshing, and numerical simulations are performed
using COMSOL Multiphysics®. Mesh density is adapted to geometric complexity and local solution re-
quirements via multiple mesh domains. To avoid artificial shear stress at model boundaries during pre-stressing,
the model is rotated so that boundaries align with the principal stress orientations (Figure 6).
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6.4. Boundary Conditions and Initial Values

In the poroelastic model, both solid mechanics and fluid flow require boundary and initial conditions. Roller
boundary conditions are applied to vertical sides and the bottom, restricting boundary-normal displacement while
allowing in-plane motion. Gravity is imposed as a vertical body force across the domain. To represent pre-
flooding conditions, initial stresses are defined as linear gradients: Sy: 24.5 MPa/km, Sy,...: 21.0 MPa/km,
Spmin: 15.5 MPa/km (Niederhuber et al., 2025). These gradients are used in the static prestressing step followed by
another static step where mechanical equilibrium is established. This state is evaluated using the DMF (Equa-
tion 6), and the derived DMF values are used to calculate the equivalent permeability (Equations 7 and 8), which
is employed in subsequent model steps.

We perform transient simulations for models A, B, and C, covering the flooding period from 1 October 2019
(—=1,123.7 m), to 12 June 2024 (—738.5 m). For models B and D, we conduct static simulations based on the final
flooding level of —600 m. In the transient models, equivalent permeability is updated at each time step. Hydraulic
conditions are initialized using a hydraulic head, resulting in a hydrostatic pore pressure gradient. Zero pore
pressure boundaries are applied at the mined panels. A static solution yields the equilibrium pore pressure dis-
tribution with reduced pore pressures in the vicinity of the mine.

To simulate mine water rise, pore pressure on the mined panels is increased over time based on water level data
from RAG AG (RAG-BID, 2023). These shaft recordings, referenced to sea level, are linearly interpolated to
define the function WL,

WL, (t). If WL;,(t) < z, no pore pressure is applied. If WL; (1) > z, pore pressure is computed by integrating fluid

(t). At each time step, the mining depth z (also relative to sea level) is compared to

density over the height difference WL, (t)—z.

This approach reproduces the findings of Hahne et al. (1982), who have shown that in mines with Emscher Marl
stratigraphically overlying the Carboniferous, water inflow originates from the Cenomanian rocks (Figure S.5 in
Supporting Information S1). Infiltrating water is first intercepted by the uppermost lateral mining level and then
transported via shafts and galleries to deeper levels. As a result, the upper mine sections are drained while lower
sections are progressively flooded, depending on the mine water level. Due to the large diameters of shafts and
galleries, fluid velocities are higher, and thus pressure changes occur significantly faster than in porous media.
Lateral flow contributions are represented by hydrostatic far-field conditions, as demonstrated by Niederhuber
et al. (2025).

In addition to the transient model, which simulates time-dependent water level changes, we develop a static model
to represent the final flooding phase, where stress and pore pressure have reached equilibrium. Boundary con-
ditions match those of the transient case, except for a fixed water level at —600 m. The spatial extent of fault and
fracture reactivation is derived from the distribution of negative DMF. Unlike the retrospective transient models,
the steady-state model offers predictive capability.

7. Results of Numerical Modeling

The transient models (A, B, C) simulate flooding from 2019 to 2024 up to a water level of —738 m. In addition, we
performed a static simulation for model B, while model D represents purely static conditions. Since most
flooding-induced seismicity has occurred approximately 300 m below the lowest mining level, concentrated
beneath pillars between panels (Figures 3b and 3c), we focus our analysis on model results at this depth.

7.1. Model A—4 Panels at —1,000 m

At the final time step of the transient model (12 June 2024), DMF values indicate elevated reactivation potential,
particularly beneath pillars between mined panels. Reactivation is most pronounced in Sy, -aligned pillars, with
failure depths reaching —1,200 to —1,400 m, while S,,;, -aligned pillars exhibit shallower failure. This un-
derscores the influence of stress orientation on failure depth (Supplement 8 in Supporting Information S1).

7.2. Model B—3 Panels at —1,000 m, One at —750 m

Model B includes two scenarios: (a) transient flooding with a time-dependent water level (Figure S.13 in Sup-
porting Information S1), and (b) a static simulation representing the final flooding state with pore pressure
equilibrium (Figures S.14 and S.15 in Supporting Information S1). Additionally, we tested the impact of different
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stress regimes on the modeling results with the static model (Figure S.16 in Supporting Information S1). The
shallower panel in the upper right modifies the stress field, producing a broader and more asymmetric distribution
of negative DMF compared to model A. In areas unaffected by panel elevation, reduced pillar width (200 vs.
300 m) leads to more extensive negative DMF zones, particularly in S,,,;, -aligned pillars. Compared to Sy, -
oriented pillars, failure zones in S, -aligned pillars extend more broadly between mined panels, as shown in
Figures S.11 and S.13 in Supporting Information S1. The static simulation with a fixed water level of —738 m
reproduces the spatial pattern of negative DMF observed in the transient case (Figure S.14 in Supporting In-
formation S1). Mohr circle analysis reveals elevated vertical stress within and beneath pillars, indicating a high
likelihood of shear failure under increasing pore pressure (Figure S.15 in Supporting Information S1). A com-
parison of stress regimes—normal faulting (Niederhuber et al., 2025) and strike-slip (Kruszewski et al., 2022)—
shows similar reactivation patterns (Figure S.16 in Supporting Information S1).

7.3. Model C—Four Curved Panels

In model C, zones of negative DMF values peak in the pillar aligned with Sy« (Figure 6). The depth distribution
of these zones is strongly influenced by coal seam morphology and the geometry of mined panels. While the
elliptical shape of the DMF zones remains consistent with previous models (Figures S.11 and S.13 in Supporting
Information S1), the major axis now aligns with morphological features (transect A-A’, Figure 6). In the ),
aligned pillar (transect C-C’) adjacent panel morphology intensifies negative DMF compared to model A with flat
panels. Along transect D-D’ (parallel to syncline and S,,.,;,), morphological effects are minimal and DMF
resemble those in model A.

Water level changes during flooding are highly heterogeneous in space and time. Three representative locations
are shown in Figure 8, with Mohr circles (representing the 2D stress state) plotted for each time step (30 days)
between 1 October 2019, and 12 June 2024. Beneath pillars, increasing pore pressure shifts Mohr circles toward
lower effective stresses, leading to failure (Figures 7a and 7b). Changes are more pronounced in Sy, -aligned
pillars (Figure 7b) compared to Sy, -aligned pillars (Figure 7a)). The first are closer to mined panels due to the
coal seam morphology, resulting in faster pore pressure rise and decreasing ADMF (Figure 7d). Beneath panels,
vertical stress (Sy) decreases, transitioning the stress regime to thrust faulting (S, = $3). At position c) the state of
stress gets less critical during flooding because rising water increases vertical stress, reducing the Mohr circle
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radius and counteracting pore pressure effects (Figure 7c). Horizontal stress changes are minor and governed by
the Poisson's ratio. The smaller radius indicates greater stability, with increasing ADMF (Figure 7d).

7.4. Model D—Real Mine Geometry

In static model D, pore pressure is analytically added to modeled total stress to represent effective stress during
flooding. Negative DMF concentrates within pillars (Figure 8a). The depth of these zones depends on the number
and depth of coal seams and the vertical extent of remnant pillars. Stress intensifies in pillars within stacked coal
seams. In contrast, when pillars are undermined, stress is not transferred to depth below the mining panel.

Seismicity follows the trend of the negative DMF (Figures 8b—8d) which is related to the morphology of the
mined panels. The section with the most negative DMF along the B-B’ transect corresponds to the area of the
deepest mined coal seam Sonnenschein (Supplement 1 in Supporting Information S1) which was the earliest to be
flooded (Figures S.2, and S.3 in Supporting Information S1).

8. Discussion

In the following subsections, we explore temporal and spatial evolution of flooding-induced seismicity in relation
to mine water management. We discuss the parameters influencing the results of our stress calculations from
Section 7 and assess their impact on seismicity. We compare our findings with patterns reported from other mines
to support the role of stress arching.

8.1. Spatio-Temporal Evolution of Mine Water Levels and Induced Earthquakes

Rische et al. (2023) have suggested that flooding-induced seismicity occurs near underground galleries based on
single-event localization. We use extended observation periods and improved event relocalization. Our results
confirm the overall pattern of Rische et al. (2023) but also reveal spatial clustering of the events ~300 m below
galleries, concentrated within remnant pillars (Figure 3). The temporal distribution of seismicity is heterogeneous
across the remnant pillars and reflects the flooding history. Variations in the depth of hydraulic connections to
neighboring collieries, combined with differences in gallery depths, results in a non-uniform rise in water level
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discussed in the text.

(Figure S.8 in Supporting Information S1). Shaft Lerche enables inflow from the deeper western collieries into
Heinrich-Robert mine (DMT, 2023), while connections to Radbod and Sandbochum transfer water to shallower
northern mines. To capture this, we develop a simplified flow model based on the depths of the main galleries
(—1,120 and —970 m) and hydraulic connections and compare it with seismic patterns in Figure 9.

During the early flooding (October 2019 to April 2020), water level in Heinrich Robert rose linearly, coinciding
with a linear increase in seismicity at position 1. Once the water reached the —970 m level, hydraulic connections
to neighboring collieries in particular mine Radbod became active, initiating parallel flooding and stabilizing the
water level in Heinrich-Robert between May and July 2020. Seismicity also plateaued, still clustered at position 1.
This position is located at the intersection of a shaft that connects galleries of multiple mine levels, including the
—1,120 m gallery connecting Heinrich-Robert and shaft Lerche. The seismicity in position 1 is within a remnant
pillar beneath shallow panels (=930 to —950 m), where zones of stress concentrations are also shallow. As the
gallery in —1,120 m aligns with the extent of the EDZ of the mined panels, increased permeability in combination
with short migration pathways enables rapid transmission of pore pressure changes to the depth of critically
stressed fractures. This results in a fast seismic response, reflected in the simultaneous linear rise of water level
and seismicity.

In August 2020, Radbod reached hydraulic equilibrium with Heinrich-Robert, and water levels resumed to a
linear rise, though at a slower rate (Section 3, Figure S.8 in Supporting Information S1). Between August 2020
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and August 2021, seismicity peaked for the entire observation period. The first and most prominent cluster formed
at position 2 (Figure 9), followed by clusters at positions 3 and 4, associated with flooding of the deepest mining
levels in Heinrich-Robert. By early 2021, clusters 5 and 6 emerged, coinciding with flooding of shallower sec-
tions in the southern Bochum Syncline. As flooding progressed, deeper seismicity declined by mid-2021, while
shallower clusters became dominant, though with fewer events. While previous clusters were spatially associated
with remnant pillars spanning the full vertical extent of the mine, cluster 5 was associated with a pillar truncated
by a shallow mining level, not visible in Figure 9. This indicates that even partially severed pillars can still
accumulate sufficient stress for reactivation, provided truncation occurs at the top, not the base. The final sig-
nificant phase of induced seismicity occurred in mid-2022 in the northwestern part of the mine near shaft
Sandbochum (position 7). Position 7 within the Northern Bochum Syncline corresponds to the shallowest part of
the mine. A few additional seismic events were also recorded in the Southern Bochum Syncline.

Overall, the temporal occurrence of seismic clusters and their spatial distribution correlates with the depth of the
deepest mining levels, which are controlled by the subsurface morphology of northeast-plunging synclines.
Deeper areas show earlier seismicity, while shallower regions exhibit delayed responses due to pore pressure
diffusion through the rock. Exceptions occur where galleries intersect stress concentration zones. In these areas,
seismicity correlates directly with the linear rise in water level, due to enhanced hydraulic connectivity with
neighboring collieries. This allows rapid pore pressure transmission. In contrast, areas without such galleries
show delayed seismic responses, governed by pore pressure diffusion.

8.2. Numerical Model and Geomechanical Assessment of Flooding-Induced Events

To assess the location of seismicity during flooding, we apply two approaches. The static model represents a
worst-case scenario and defines the maximum affected volume for a given water level. Unlike the transient model,
it neglects pore pressure diffusion, which is governed by permeability (Kivi et al., 2024). This leads to larger
changes in pore pressure in the static model compared to those in the transient model for the same recorded mine
water levels (Figure S.14 in Supporting Information S1). While the static model cannot explain the frequency of
events, it is beneficial for estimating the lateral and vertical zoning, where DMF is negative. It requires fewer
computational resources and less information on subsurface flow behavior, which is often poorly constrained. We
integrate both modeling approaches and examine how mine geometry influences stress redistribution and
dominates the background stress field (Section 8.2.1). We further compare the temporal evolution of volumes
with negative DMF for the different modeling approaches (Section 8.2.2) and relate these changes to the observed
sequence of induced seismic events. Finally, we assess the potential for larger fault reactivation (Section 8.2.3)
and discuss its implications for seismic hazard in the context of mine flooding.

8.2.1. Stress Redistribution in Different Tectonic Regimes

For model B we consider two ambient stress regimes that have been reported: a normal faulting regime (Nie-
derhuber et al., 2025), and a strike-slip regime (Kruszewski et al., 2021; Miiller, 1991). In both scenarios, the zero-
shear-stress boundary condition at the mine walls leads to stress redistribution around the mined panels, resulting
in stress arching (Brady & Brown, 2004). Independent of the regional tectonic regime, the local stress redistri-
bution shows similar patterns (Figure S.16b in Supporting Information S1, positions 1 and 2). Directly above and
below the mined panels, the unloading (shown in Figure S.12 in Supporting Information S1 for the regional
normal faulting regime, but also valid for the regional strike slip regime because Sy« > Sy = S3) results in a
local thrust faulting stress regime. This aligns with the mining-induced microseismicity that has been described by
Wehling-Benatelli (2010). At the pillar boundaries, horizontal stresses are zero as the mined panels cannot
transfer horizontal stresses. Here, increased vertical stress due to stress arching combined with the absence of
horizontal stress leads to spalling as the dominant failure mechanism (Figure S.12 in Supporting Information S1).
Within the pillars, our results indicate a local normal faulting regime (S,, = Sy > S,, > §,,), consistent with

seismicity observed on steeply dipping normal faults (Bischoff et al., 2010; Wehling-Benatelli, 2010).

We cannot determine the full impact of mining-induced pillar bursts and fault reactivation beneath the mine on
deeper sections. However, following initial rock failure (e.g., from mining or blasting), failure progresses within
pillars and along panel edges until stress equilibrium is reached (Iannacchione et al., 2005). It is likely that rock
failure propagates and causes weakening at greater depths. The extent and nature of failure depend on the local
stress state and the mechanical properties of the surrounding rock. Tensile failure typically remains confined to
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Figure 10. Temporal evolution of AV, compared to water level. (a—c) results of model A—C (with locally enhanced
permeability) and (d) results of model C (with homogeneous permeability throughout the model).

areas near the mined panels, whereas shear failure can extend farther from the excavation (Yin et al., 2016). Both
failure modes disrupt the rock structure and significantly increase permeability, as demonstrated by S. Wang
et al. (2013).

Observations of the non-uniform spatial distribution of methane degassing at the surface above the Heinrich-
Robert mine (Thielmann, 2000) support the assumption of zones of enhanced permeability within the mine.
Methane emissions concentrate above pillar zones and do not correlate with fault zones or mined panels (Sup-
plement 10 in Supporting Information S1). This pattern aligns with areas of critical stress concentration derived in
model D and supports the hypothesis, that localized shear failure within the remnant pillars leads to stress-
dependent increases in permeability. The observation of methane degassing, several hundred meters above the
mining panels indicates that zones of critical stress concentration extend vertically over considerable distances, as
proposed by the numerical models. Furthermore, material behavior transitions from elastic to more plastic (Jiang
et al., 2016); Park and Ash (1985); Revuzhenko, 1978). This reduces stress magnitudes and makes subsequent
seismicity during flooding less likely.

During flooding, the additional water load on the panels increases the total vertical stress. Since pore pressure
rises by the same amount, effective vertical stress should remain unchanged. However, our simulation reveals
changes in the minimum principal stress component (Figure 7¢). These changes can be attributed either to (a) an
inclined stress tensor, where horizontal stress components contribute to S3, or (b) an imbalance between pore
pressure and water load. The latter acts instantaneously on the mining panels, whereas pore pressure changes are
delayed at greater depths, depending on permeability. Such time lags have also been observed during reservoir
impoundment, where delays between filling and induced seismicity have been reported (Roeloffs, 1988). Geo-
metric and poroelastic effects further influence stress redistribution within the pillars, resulting in a greater
reduction in the vertical than in the horizontal direction (Figures 7a and 7b).

8.2.2. Temporal Distribution of Volumes With Negative DMF

Models A and B, which feature planar mining panels, show an almost linear increase in negative DMF volume
AV over time (Figures 10a and 10b). Model A shows higher absolute AV, compared to model B. This
difference results from the depth distribution of the mining panels: in model A, all panels are located at —1,000 m,
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whereas model B includes one panel at a shallower depth of —750 m, close to the final water level in the
simulation (Figure 4). Due to the elevated panel, associated stress concentrations are also at shallower depths and
faults therein are reactivated later, particularly when the flooding level exceeds the panel depth. This reduces the
AVpr during the early stages of the simulation compared to model A, where all panels are situated at the same
depth.

In model C, we investigate the influence of enhanced permeability based on the DMF criterion introduced in
Section 6.2. We compare a model with homogeneous permeability (Figure 10d) to one with stress-dependent,
locally enhanced permeability (Figure 10c). Under homogeneous conditions, AV, remains lower and does not
exhibit a peak during the period of highest mine water level rise (Figure 10d). Instead, a delayed increase in
AVpur occurs approximately 3 years later. The enhanced permeability model shows a pronounced increase
AV during the rapid rise in mine water level between late 2019 and early 2020 (Figure 10c). In the later
flooding phase, AV, stabilizes over time, with minor fluctuations.

Although the overall temporal trend of AV, generally reflects the measured seismicity, a significant time shift
is evident. The highest seismicity occurred between mid-2020 and mid-2021, approximately one year later than
predicted by the model C. This delay is likely attributed to the following effects:

1. Simplified mine geometry with mining in a single coal seam: In the model the panels follow a generalized
subsurface morphology adapted to the Bochum Synclines, with an average depth between —1,000 and
—1,100 m. This depth reflects the average depth of the lowest coal seam Sonnenschein in the Heinrich-Robert
mine (Figure S.2 in Supporting Information S1). Although the deepest mining levels are flooded first, seis-
micity does not necessarily concentrate at these depths (Figure 9). For flooding-induced seismicity, stress
concentrations require the presence of pillars laterally constrained by at least two mined-out panels at similar
depths. In the southern and western parts of the mine, deeper panels exist below —1,000 m but do not form
pillars (Figure 9). To address this, we recalculated model C for panels located at higher levels (=900 to
—1,000 m). This results in a delayed onset of AV, (Figure S.18b in Supporting Information S1 compared to
Figure S.18c in Supporting Information S1) and aligns more closely with seismicity at Heinrich-Robert mine
from 2019 to 2022 (Figure S.18a in Supporting Information S1).

2. Representation of mined panels as open voids: In the model, mined panels are implemented as open voids,
where fluid velocities are significantly higher than in porous media, and pore pressure acts immediately on
void boundaries. However, in the Heinrich-Robert mine some panels have been actively backfilled, while most
remain unfilled with a high probability for massive roof collapse. Initially, the goaf is air-filled, and water must
displace this air to saturate the voids. This displacement is governed by capillary forces, which are more
pronounced in smaller pores, reducing hydraulic conductivity and introducing a time lag. Air compressibility
further resists fluid flow, slowing pore pressure equilibration. Unsaturated zones contribute minimally to flow,
effectively lowering permeability. Once saturation is reached, pressure propagates more rapidly through the
incompressible water column. Additionally, void space is reduced due to compaction, and flow is influenced
by dams constructed within galleries. Despite reduced lateral conductivity, vertical permeability often in-
creases due to fracturing of the surrounding rock (see Section 8.2.1). Overall, the sequences of events and
AV reflects a superposition of effects that reduce horizontal and increase vertical permeability.

3. Fault orientation and reactivation potential: We investigate negative DMF values considering the most critical
fault orientations (Supplement 7 in Supporting Information S1). Most fractures are expected to trend NW-SE,
parallel to the larger normal faults consistent with dipmeter log data indicating NNW to NW orientations in the
study area (Allgaier et al., 2023). However, the fault sets have formed during orogeny and subsequent uplift
under a uniform far-field stress state. Within the mining area, the local stress field differs in both magnitude
and orientation. Fracture sets that are not optimally oriented for reactivation require higher pore pressure for
reactivation. This, along with local variations in the coefficient of friction contributes to the observed time shift
between model predictions and seismicity. Alber and Schwarz (2015) have demonstrated that the friction
coefficient varies widely depending on coal content.

8.2.3. Consequences for Larger Fault Reactivation

Within the Eastern Ruhr Area several major normal faults, strike-slip faults, and thrust faults are known (Allgaier
et al., 2024). If reactivated they would have the potential of creating earthquakes of a large magnitude. However,
they have not been active prior to, during, or after mining and flooding activities (Griinthal & Bosse, 1996; Rische
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et al., 2023), thus they might be not critically stressed in the contemporary stress field. This aligns with the results
of Allgaier et al. (2024), who calculated slip tendencies for the Haus Aden water province using both deterministic
and probabilistic approaches under normal faulting conditions, as also proposed by Niederhuber et al. (2025).
Their analysis indicates a low probability of fault reactivation solely from increased pore pressure. To activate
them the stresses need to be modified significantly.

Within the study area the most important faults are the Flierich and the Radbod faults which bound the Hammer
Horst. The static model D shows that stress changes exceeding the DMF criterion and associated seismicity
during flooding are primarily concentrated in the central part of the mine (Figure 8b), linked to stress arching, and
not near the Flierich fault (Figures 8b and 8d). Therefore, our findings suggest that larger fault reactivation is
unlikely. It remains uncertain whether minor faults encountered during mining at the mining level (Allgaier
et al., 2024) extend to deeper levels. Stress concentrations confined beneath the pillar areas could reactivate these
smaller faults resulting in low magnitude events. This is confirmed by the maximum recorded flooding-induced
seismic event in “Verbundbergwerk Ost” with a magnitude of M; = 2.6 (Rische et al., 2023).

Our analysis indicates that fault reactivation is confined to a narrow depth range, governed by stress concen-
trations, and is laterally restricted by the width of the pillar. Consequently, only sections of faults that extend
beneath the pillar zones are susceptible to reactivation during flooding. Since earthquake magnitude correlates
with the size of the reactivated fault plane, the resulting seismic events are inherently limited in magnitude (Wells
& Coppersmith, 1994). The longest continuous pillar section, measuring 2.8 km, is located in the Northern
Bochum syncline. However, due to widening of the pillar toward the northeast, the section exhibiting negative
DMEF is reduced to 2.3 km (Figure 8a). Within this zone, faults optimally oriented for reactivation are typically
steeply dipping and oriented perpendicular to the pillar (Supplement 12 in Supporting Information S1). Focal
mechanisms also indicate failure along steeply dipping faults, consistent with the fault and fracture orientations
described by Allgaier et al. (2023).

Using the empirical relationships established by Wells and Coppersmith (1994), we estimate a maximum
earthquake magnitude of Mag = 2.5, based on the rupture area. This is slightly less than the observed maximum
earthquake magnitude (Mag = 2.6). This estimate assumes normal faulting, a vertical extent of 200 m for zones of
negative DMF and an average pillar width of 200 m. In comparison, Alber (2023) has concluded a maximum
magnitude of M; = 2.3. However, the approach of Wells and Coppersmith (1994), which relates earthquake
magnitude to rupture length or area, is based on larger-magnitude and deeper tectonic events and may not be fully
applicable to smaller induced earthquakes. Abercrombie (2021) has highlighted ongoing debates regarding the
interpretation of earthquake source parameters. Thus, there is some uncertainty in our estimate of the maximum
magnitude. Our magnitude—frequency distribution (Figure S.9 in Supporting Information S1) shows a deficit in
larger events, consistent with observations from other studies on induced seismicity (e.g., Bischoff et al., 2010).
Verdon et al. (2017) have reported bimodal magnitude distributions and attributed deviations from the Gutenberg-
Richter relationship to characteristic length scales that constrain rupture dimensions and event magnitudes. This
supports our interpretation that only fault segments within critically stressed volumes around the mine are sus-
ceptible to reactivation. The limited extent of these volumes explains the observed deficit in larger-magnitude
events. Shapiro et al. (2011) have found similar deficits during injection at the Soultz-sous-Foréts geothermal
site and interpreted that only fault sections within the pressurized volume can be reactivated. In contrast to single-
borehole stimulation, our mining-related approach accounts for both pore pressure distribution and stress con-
centrations arising from complex mine geometries.

8.3. Transfer of Concept to Flooding Induced Seismicity in Other Mines

Several high-resolution monitoring studies have been conducted in European coal districts to better understand
flooding-induced seismicity. Alber (2017) has noted that flooding-induced seismicity in the Saar mining district
exhibits lower magnitudes compared to seismicity during active mining, with hypocenters located below the
former mining levels. Similar trends have been reported by Knoll (2016), Hassani et al. (2018), and Schiitz and
Konietzky (2016), for Schlema-Alberoda, where mining-induced events reached magnitudes up to M; = 2.9,
while flooding-induced events were typically below M; = 0, with a maximum of M; = 1.8 (Schiitz &
Konietzky, 2016). These events also occurred beneath the mined seams. At the Provence Colliery in the Gardanne
Basin, Senfaute et al. (1997) have observed mining-induced events up to M; = 2.9, whereas flooding-induced
events at depths of 100-500 m below the mine level reached M; = 1.9 (Dominique et al., 2022). Our study at
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the Heinrich-Robert mine confirms this trend: flooding-induced events are of lower magnitude and concentrate
below the mining level. During active mining, the maximum recorded event was M; = 3.3 (Bischoff et al., 2010),
while during flooding it was M; = 2.6 (Rische et al., 2023), with highest magnitudes occurring in the initial
flooding phase (Figure S.8 in Supporting Information S1).

However, the mechanisms proposed to explain flooding-induced seismicity differ between earlier studies and our
approach: Alber (2017) for the Saar district and Knoll (2016) for Schlema-Alberoda have concluded that
increased pore pressure reduces the effective normal stress on pre-existing faults. Hassani et al. (2018) have
attributed seismicity in Schlema-Alberoda to weakening of the fault strength by increased pore pressure. For the
Gardanne mine, Dominique et al. (2022) have concluded that seismicity results from reduced effective stress and
in Namjesnik et al. (2022) it is indicated that flooding leads to stress redistribution. Namjesnik et al. (2021) have
attributed the spatial distribution of seismicity to both known faults identified during mining and assumed faults
inferred from seismicity patterns below the mined levels in Gadanne. The assumed fault lengths correspond to the
location and extent of the remnant pillars. However, these faults had not been described during mining in the
adjacent mine panels, which should have intersected them.

In our approach, we also attribute flooding-induced seismicity to changes in pore pressure and thus effective
stress. But to explain the spatial clustering of microseismicity beneath remnant pillars, we apply the concept of
stress arching. This mechanism confines the affected volume and thereby limits the maximum possible magni-
tudes (see Section 8.2.4). As a result, seismic activity decreases over time, as observed at the Heinrich-Robert
mine (Figure S.8 in Supporting Information S1). A similar temporal trend has been documented in the Saar
mining district (Alber, 2017) and in Schlema-Alberoda (Konietzky, 2014). In the latter case, this supports a
mechanism involving stress concentration controlled by mine design, in combination with rising pore pressure.
This contradicts Hassani et al. (2018), who has attributed seismicity to fault weakening, and Knoll (2016), who
has expected seismicity to occur at greater distances along permeable fault zones.

In Gardanne mine, seismicity is episodic and temporally correlated with rainfall reflecting the open hydrological
system. However, the spatial pattern of events, especially Swarms 3 and 4 is associated with the location of
remnant pillars (Figure 17a in Namjesnik et al., 2021), similar to the patterns observed in our study area. In
difference, the Gardanne mine is located in a tectonically active region, where natural seismicity reaches mag-
nitudes of Mw 5.7-6.1 (Baroux et al., 2003). Focal mechanisms and stress inversions indicate a regional trans-
pressive to compressive stress regime (Baroux et al., 2001; Delacou et al., 2004), further supported by in situ
stress measurements within the mine (Gaviglio et al., 1996). Focal mechanisms of flooding-induced events show
a clear normal faulting (Dominique et al., 2022), contradicting the regional stress field and indicating that the
ambient stress state is locally altered within the pillars to a normal faulting regime. This effect, linked to stress
arching, is also evident in our numerical models (see Section 8.2.1). Thus, our approach explains both the spatial
distribution of Swarm 3 and 4 in Gardanne and the normal faulting focal mechanisms. This highlights that reduced
effective stress within zones of localized stress concentration due to arching is a dominant mechanism in Gar-
danne, consistent with our findings in the Heinrich-Robert mine.

8.4. Comparison to Natural Earthquake Swarms and Injection Induced Seismicity

Natural and induced earthquake swarms describe series of earthquakes that occur closely together in time and
space and unlike aftershocks, are not related to a main event. This clustering is also observed in flooding-induced
earthquakes (Alber, 2017; Hassani et al., 2018; Knoll, 2016; Namjesnik et al., 2022; see Section 8.1).

Hypocenters of natural and injection-induced swarms propagate away from the first events or from the injection
point, respectively (Danre et al., 2024). Natural earthquake swarms occur under relatively stable tectonic or
hydrodynamic conditions and seem to be controlled by pressure fluctuations under the prevailing stress field
(Danre et al., 2024), though the underlying mechanisms remain a subject of ongoing investigation (Shelly, 2024).

Fluid-induced earthquakes close to injection wells are dominated by the volume of the injected fluids (e.g.,
McGarr, 2014). The propagation of the seismicity front can be described by diffusion approaches using statistical
distributions of fault criticality, resulting in a square root relationship for the spatial occurrence of seismicity with
time (Shapiro et al., 1997). Other studies have suggested that deformation in the initial fluid injection phase can
also be aseismic (Guglielmi et al., 2015) and that aseismic slip can transfer and redistribute stresses and trigger
delayed seismicity (Eyre et al., 2019; Wang & Dunham, 2022; Wei et al., 2015; Wynants-Morel et al., 2020). In
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this framework, distributed asperities, initial stress conditions, and fault criticalities determine the scaling of
earthquake magnitudes with injected fluid volume (Danre et al., 2024). De Barros et al. (2021) have shown that
while fluid pressure diffuses nearly radially, aseismic slip occurs on an elongated ellipse, with the major axis
aligned with the major principal stress orientation.

In our study, we observe temporal migration of seismic clusters that cannot be explained solely by diffusive
processes. Within the mine, heterogeneously distributed air-filled voids and strong permeability contrasts defined
by the damage zones around panels, shafts, and galleries enable rapid, non-diffusive fluid migration. Conse-
quently, pore pressure and seismicity do not increase continuously and are not directly correlated with the volume
of flooding water. Instead, pressure evolution depends on the size of the water province, the volume of mined
panels, and the hydraulic connectivity between them via shafts and galleries. In particular, the cluster at position 1
(Figure 9) can be explained by non-diffusive processes, where critically stressed volumes are hydraulically
connected through galleries.

9. Conclusions and Outlook

We present a precise localization of seismicity during flooding in the Heinrich-Robert mine. By integrating these
observations with modeled stress distributions, we show that the temporal occurrence and spatial pattern of
seismic events are primarily driven by a combination of stress heterogeneities resulting from anthropogenic
activities and pressure changes. Seismicity is localized within confined volumes defined by the geometry of the
mine and its hydraulic structure. In this context, classical diffusion models are of limited applicability, as they
cannot fully account for the spatial and temporal variability of effective injection points and the resulting complex
stress and pressure distribution.

These findings have broader relevance beyond mining contexts. Similar mechanisms may govern fluid-induced
seismicity in highly conductive fault zones and karstic systems, where hydraulic connectivity controls stress
transfer. The concept of localized stress concentration due to arching, combined with pore pressure changes,
offers a robust framework for understanding the distribution and magnitude of fluid-related natural earthquake
swarms in tectonically complex regions.

In conclusion, we attribute this flooding-induced seismicity to localized stress arching in the pillar zones and
changes in pore pressure. While the effective vertical stress remains nearly unchanged, rising pore pressure re-
duces the effective horizontal stress, thereby increasing the likelihood of shear failure independently of the
regional tectonic regime. Focal mechanisms, as previously reported, have indicated reactivation of steeply dip-
ping normal faults subparallel to the maximum horizontal stress and spatially limited.

The geometry and especially the width of the pillars are crucial parameters controlling both spatial extent and
magnitude of increased stress and thereby govern permeability enhancement. The affected volume may extend
vertically to the surface supported by observations of methane degassing above the pillars. We conclude that the
presence of these volumes together with the mine water management and the depth distribution of the lowest
mining level govern the temporal occurrence of induced seismicity. Therefore, seismicity cannot be solely
attributed to fluctuations in mine water level.

Future flooding of the Heinrich Robert mine may reactivate faults located slightly below and, more prominently,
above the uppermost mining level. For reliable seismic hazard assessment during future flooding, the overlying
Cretaceous and Quaternary strata, particularly the Emscher Marls, must be considered due to their distinct
rheological and hydraulic properties.

In summary, flooding-induced seismicity in mines is not primarily controlled by far-field tectonic stresses or the
volume of inflowing water. Instead, the location, timing, and extent of fault reactivation is governed by pore
pressure increase in combination with localized stress concentrations below the lowest mining level. These
conditions arise from the complex geometry of the mine and its hydraulic connectivity.

These findings offer the potential to reduce the risk of stronger seismic events during mining and flooding through
selection of appropriate mine design prior to excavation. The integration of numerical modeling and event
relocation data has shown that most seismic events do not occur on nearby larger natural faults, which accounts
for the observed frequency-magnitude distribution and the deficit of larger events. Consequently, future seis-
micity is also likely to remain limited in magnitude, a critical consideration for this densely populated region.
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