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Abstract: As part of the FloodRisk project, the influence of rising mine water in abandoned coal mines on induced seismic-
ity is investigated. The Seismological Observatory of the Ruhr University Bochum operates a monitoring network for the
whole Ruhr area (North Rhine-Westphalia, Germany) since 1983. The local scale FloodRisk network was installed in the
eastern part of the Ruhr area in 2020. The continuous monitoring opens up the opportunity for a long-term study of seismic-
ity in combination with water levels related to mining in the region. The resulting database for the eastern Ruhr area includes
over 13,000 induced earthquakes in a period of 26 years during active mining, very few events in the postmining phase be-
fore the onset of flooding and more than 1,700 events in the first two and a half years of flooding. The seismological database
is supplemented by the mine water levels, which are regularly measured at various measuring points distributed over the
study dewatering area “Haus Aden” and made available by Ruhrkohle Aktiengesellschaft (RAG).

Seismic activity was highest in the phase of active mining and concentrated in the vicinity of the mining areas. After the end
of mining, only very low seismicity was detected. With the start of flooding, significantly more events were registered again.
The rise curve of the mine water level and the temporal and spatial distribution of the seismicity are observed and analysed.
Five temporal flooding phases are identified in which the correlated seismicity shows different distribution patterns. Phases
in which the levels of individual sections of the mine merge in flooding show particularly high seismicity. A strong spatial
clustering of well-localised events occurs below the deepest flooded levels of the mine. Several mechanisms that alter the
stress in active mining and flooded mines and induce seismic events are known from previous studies. To apply this to our
study, particular attention is given to the spatial distribution of seismicity in relation to known geologic and mining struc-
tures. In the flooding phase, most of the seismicity is localised in the area below the flooded drifts.

Kurzfassung: Im Rahmen des FloodRisk-Projekts wird der Einfluss steigender Grubenwasserpegel in stillgelegten Stein-
kohlebergwerken auf induzierte Seismizitdt untersucht. Das Seismologische Observatorium der Ruhr-Universitdt Bochum
betreibt seit 1983 ein Messnetz fiir das gesamte Ruhrgebiet (Nordrhein-Westfalen, Deutschland). Das lokale FloodRisk-
Netzwerk wurde im Jahr 2020 im dstlichen Teil des Ruhrgebiets installiert. Die kontinuierliche Uberwachung erdftnet die
Maoglichkeit einer Langzeitstudie der Seismizitit in Kombination mit den Pegelstinden des Bergbaus in der Region. Die aus
der Auswertung der seismologischen Netze resultierende Datenbank umfasst fiir das 6stliche Ruhrgebiet iiber 13.000 indu-
zierte Beben in einem Zeitraum von 26 Jahren wéhrend des aktiven Bergbaus, sehr wenige Ereignisse in der Nachberg-
bauphase vor Beginn der Flutung und mehr als 1.700 Ereignisse in den ersten zweieinhalb Jahren der Flutung. Die seismo-
logische Datenbank wird ergénzt durch die Daten des Grubenwasserspiegels, welche an verschiedenen, tiber das Untersu-
chungsgebiet ,,Haus Aden* verteilten Messpunkten regelméfig von der Ruhrkohle AG (RAG) gemessen und zur Verfligung
gestellt werden. Die seismische Aktivitit war wiahrend der Phase des aktiven Bergbaus am hochsten und konzentrierte sich
auf die Umgebung der Abbaugebiete. Nach dem Ende des Bergbaus wurde nur noch eine sehr geringe Seismizitdt aufge-
zeichnet. Mit dem Beginn der Flutung wurden wieder deutlich mehr Ereignisse registriert. Die Anstiegskurve des Gruben-
wasserspiegels sowie die zeitliche und rdumliche Verteilung der Seismizitdt werden beobachtet und analysiert. Fiinf
verschiedene Flutungsphasen konnen identifiziert werden, in denen die korrelierte Seismizitdt unterschiedliche Vertei-
lungsmuster aufweist. Phasen, in denen sich wahrend des Grubenwasseranstiegs zuvor hydraulisch getrennte Bereiche
vereinigen, weisen eine besonders hohe Seismizitdt auf. Eine starke rdumliche Hiufung von gut lokalisierten Ereignissen
tritt unterhalb der gefluteten tiefsten Sohlen des Bergbaus auf. Aus fritheren Studien sind mehrere Mechanismen bekannt,
die die Spannung in aktiven Bergwerken und gefluteten Gruben verdndern und seismische Ereignisse ausldsen. In diesem
Zusammenhang wird der rdumlichen Verteilung der Seismizitit in Bezug auf bekannte geologische und bergbauliche
Strukturen besondere Aufmerksamkeit geschenkt. In der Flutungsphase ist der grofite Teil der Seismizitdt auf den Bereich
unterhalb der gefluteten Stollen beschrénkt.
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1. Introduction

The Ruhr area has been characterised by centuries of mining.
Induced stresses from mining-related structures such as
shafts, galleries and mining areas overlap with the regional
tectonic stress field (Niederhuber et al. 2023, this issue). To
enable mining at great depths, the water level in the area of
the mines was lowered significantly by intense pumping and
the surrounding rock was drained. With the end of coal min-
ing in Germany, concepts have been developed how the so-
called eternity tasks can be managed ecologically and eco-
nomically. Dewatering in the abandoned deep mines plays a
major role in this context (RAG 2014). Smaller water prov-
inces are to be merged and the mine water level is to be
raised to a higher level to reduce pumping costs. The rising
mine water level and the associated increase in pore pressure
are now changing the stress conditions again and can lead to
induced seismicity.

The FloodRisk project is a multi- and interdisciplinary
study of the effects of the rise in mine water level in aban-
doned coal mine areas in Germany and is reported in a num-
ber of studies in this issue: Allgaier et al. 2023; Greve et al.
2023; Niederhuber et al. 2023; Quandt et al. 2023; Ukelis et
al. 2023). Effects of mine water rebound include heterogene-
ous ground uplift, degassing at faults (Ukelis et al. 2023, this
issue), and stress changes. One of the most directly measur-
able effects is the induced seismicity, which is the subject of
this paper.

The causes of induced seismicity are diverse (National
Research Council 2013; Foulger et al. 2018) and range
from fluid extraction or injection (e.g. Zoback & Harjes
1997; Cuenot et al. 2008; Cesca et al. 2011) to artificial
water reservoirs (e.g. Talwani 1997; Klose 2012) to surface
and deep mining (Seeber et al. 1998; Pechmann et al. 2008;
Bischoff et al. 2010; Fritschen 2010), to name a few. In-
duced events are entirely controlled by anthropogenic
stress changes and would have not occurred without them
(Dahm et al. 2013).

The stress changes and mechanisms leading to induced
seismicity during deep mining in the Ruhr area have been
investigated in previous studies (Alber et al. 2009; Bischoff
et al. 2010; Wehling-Benatelli et al. 2013). Three models for
brittle failure were modelled by Alber et al. (2009) and later
identified in a detailed seismological study by Wehling-
Benatelli et al. (2013). The first seismic event type occurred
near the active advancing face and represents the immediate
energy release adjacent to the mined area. The events are
spatio-temporally correlated with the migration of the face
wall. The second mechanism is associated with the failure of
load-bearing sand-/siltstone layers which fail due to en-
hanced stresses during mining. Induced events cluster
slightly above or below the depth of active mining and oc-
curring at the current position of the longwall. The third
source mechanism is interpreted as the failure of remnant
pillar structures from previously mined out seams overlying
the currently excavated seam or tectonically weak structures
such as small-scale faults that are reactivated by the mining
induced stresses.

Martina Rische et al.

It is known from previous studies from different types of
mines in Germany (Schiitz et al. 2014; Knoll 2016; Alber
2017) that the flooding of old mines can lead to a renewed
increase in induced microseismicity. In Schiitz et al. (2014),
the flooding of a uranium ore deposit (Erzgebirge, Ger-
many), located in the crystalline bedrock, is seismologically
monitored. There, weak events are distributed in clusters
over the entire deposit area, while stronger events (M; >0)
are linked to local tectonic structures in the granite and shale.
Earthquakes occur more frequently in times of high flooding
velocities and the deepest quakes also occur during that time.
Knoll (2016) considers mechanisms of induced earthquakes
in the uranium mine and compares them with those from the
first flooding phase in the Saar hard coal mining region
(Saarland, southwestern Germany). Events induced by an
increased pore fluid pressure dominate in both regions. A
study by Alber (2017) analyses 383 events recorded by DMT
GmbH & Co. KG during the 2013-2016 mine-water rise in
the Duhamel region located also in the Saar hard coal mining
region. The mine water rise from below 1,400 m up to
1,072 m is divided into four phases of different rates. The
highest seismic activity occurred in the period with the fast-
est water rise. Epicentres were determined for about half of
the observed events and the events were assigned to indi-
vidual mining areas and a fault zone. By comparing the mag-
nitude and PGV (peak ground velocity) of seismicity during
mining and in the flooding period, magnitudes of events on
reactivated faults were estimated. The largest induced earth-
quake in this study was recorded on 9/15/2014 with M; 2.7
and 7.521 mm/s PGV.

As geological and mining conditions vary greatly be-
tween study areas, it is difficult to draw general conclusions
about the distribution, frequency and strength of the expected
seismicity. More high-resolution studies are also desirable to
analyse the induced seismicity during flooding more pre-
cisely. Particularly in densely populated areas such as the
Ruhr region, it therefore makes sense to conduct investiga-
tions accompanying floods in order to be able to prevent
damage on the one hand and to conduct basic research on the
other.

In this study we focus on the observation of the eastern
Ruhr area and investigate in detail the relationship between
mine water rise and induced seismicity in the “Haus Aden”
dewatering area. The area is tectonically inactive, and all de-
tected earthquakes are induced.

Based on the investigations in the area during active min-
ing (Alber et al. 2009; Bischoff et al. 2010; Wehling-Bena-
telli et al. 2013) we can estimate which stress changes lead to
seismicity in a drained environment. The rise in mine water
now adds the influence of increased pore pressure. The dis-
tribution of seismicity can provide information if these
mechanisms are also activated during flooding. To monitor
the induced seismicity during the flooding with high accu-
racy, we operate a temporal network of up to 29 short period
seismic stations since 2020 in the region of the former “Berg-
werk Ost” colliery, which had the highest seismicity rate in
the Ruhr area during active mining. Continuous monitoring
of seismicity and mine water levels is available for this re-
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gion from the active mining phase through postmining to the
flooding phase.

Section 2 presents the monitoring networks, consisting of
permanent seismological stations and an adapted seismolog-
ical project network, as well as the mine water monitoring
stations. Section 3 deals with the setup of the seismological
database. For the data of the new network, detection and lo-
calisation methods are described. Moreover, this database is
analysed from different points of view and correlated with
the mine water level data. In section 4 the known geological
faults and the mining structures are briefly presented and
visualised together with the observed seismicity. In section 5
we discuss how seismic events relate to these structures and
how mine water influences the temporal and spatial distribu-
tion as well as the failure mechanisms of the events. In addi-
tion, the events during flooding are compared in distribution,
failure mechanisms and magnitudes with those during min-
ing.

2. Measuring arrangements
2.1 Seismological network

A new temporary local network of seismic stations was in-
stalled in 2020 in the eastern Ruhr area to monitor induced
seismicity due to changes in the mine water level. The entire
region was continuously monitored since 1983 by the seis-
mological observatory of the Ruhr University Bochum
(RUB) with the RuhrNet (Ruhr University 2007; Stammler
et al. 2021), using different station configurations. Initially
seismicity was monitored with a short-period array in the vi-
cinity of the university, later this was extended with local
stations in the mining region as well as small time-limited
local networks such as HAMNET (Wehling-Benatelli et al.
2013).

The stations of the new FloodRisk network with Interna-
tional Federation of Digital Seismograph Networks (FDSN)
network code YD (Friederich et al. 2020) are equipped with
short-period sensors and digitisers of different kind (Tele-
dyne Geotech S13 [vertical] + EarthDatalLogger, Mark L4-
3d + EarthDatalLogger, Raspberry shakes 3D/1D). The aper-
ture of the network is about 20 km x 10 km and station spac-
ing ranges between 1 and 3.5 km. In areas with increased
seismicity, the station density was increased to improve lo-
calisation accuracy. All stations are sending the data online
via Seedlink to the RUB seismological observatory, using a
Wi-Fi connection or mobile routers. The permanent station
RN.HMES (Ruhr University 2007) records data continu-
ously since 2004 and is included in the network. The station
configuration changed during the observation period, with
the first three stations deployed as early as December 2019,
following a 2.6 M,y event. From May to June 2022, the
FloodRisk network was expanded to 19 stations and later
densified with single stations up to currently 29 short-period
seismological stations, shown as triangles in Fig. 1. The tem-
poral change of the network configuration can be seen in
Figs. 7-11. The stations are concentrated in the central and
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Fig. 1: Map of the water province “Haus Aden”, subdivided into
subprovinces, in the eastern Ruhr area between the cities of Dort-
mund and Hamm. The inset at the top left shows the location of the
province in Germany. The seismological station network YD,
marked by triangles, is concentrated in the central and eastern part
of the study area. The seismological station HMES (black triangle)
of the RuhrNet is integrated into the FloodRisk monitoring net-
work. Monitoring points of the mine water level measured by RAG
are marked by squares. Relevant level changes during the period
under investigation can be observed at the shafts Kurl 3 (K3),
Lerche (LE), Heinrich Robert (HR) and Radbod 5 (R5).

eastern parts of the study area, which are particularly active
seismically.

2.2 Mine water levels

The water rise in the mine workings is monitored with
sounding pipes at open shafts. The measuring points are
marked as squares in Fig. 1. Levels are measured regularly
by RAG and made available via the public web service “Biir-
gerinformationsdienst” (BID; RAG-BID 2022).

A schematic section through the mine workings (Fig. 2)
from the shaft Kurl3 (K3) in SW to the Radbod5 (R5) NE
shows the open surface shafts and the deepest levels of the
mine. These deepest levels show a strong topography. The
black line in the map inlet shows the section between the
marked shafts. The section runs through various partial wa-
ter provinces, which are merged in the flooding process to
form one dewatering province as soon as the barriers, such as
inclined rock headings, which are also visible in the topogra-
phy, are exceeded by the water level. The mine water levels
in the shafts at different points in time during the project are
also shown in this figure. Only the water levels in the shafts,
marked as lines in different shades of blue, are known. To
what extent the surrounding mountains are already saturated
with water is unknown. The porosity of the surrounding rock
is very low (Greve et al. 2023) so that flow movements are
mainly to be expected in the open mine structures. The main
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Fig. 2: Schematic section SW to NE through the mine workings of the former “Bergwerk Ost” colliery, showing shafts and deepest levels.
The labelled open shafts are equipped with sounding pipes for mine water monitoring. The map shows the location of the section (black
line) in the Haus Aden province with the boundaries of the abandoned partial water provinces (blue borders). At the Haus Aden shaft, after
reaching the target level, dewatering will be carried out using a submersible pump. Mine water levels at different points in time during the
project give an idea of the distribution of mine water underground. The different levels at the beginning of the flooding can be seen, which
are initially still separated by inclined rock headings. As the flooding progresses, the levels in the different subareas approach each other.
The main hydraulic pathways are the beds, crossways and (opened) pipelines.

waterways are the beds, crosscuts and opened pipelines
(Maibaum 2012). After the pumps are shut off, the deep
groundwater rises and collects in the open mine structures.
The aim of changing of mine water drainage concept is to
reduce pumping costs by merging pumping sites into a cen-
tralised water drainage system and switching to well opera-
tion at a shallower level (-670 m to 600 m in Haus Aden de-
watering area; RAG AG 2014). The pumps in the deepest
parts of the mine were turned off between 2011 and 2013
after active mining ceased, so some deep levels are already
flooded. Unfortunately, this period is not documented by
high resolution measurements. After the temporary cessation
of pumping in the study area in mid-2019, different levels
(light blue lines in Fig. 2) can be seen in individual mine sec-
tions, which are separated by inclined rock headings. The
water flowing into the mine is diverted to the west in the di-
rection of Haus Aden. Since mid-2020, a uniform water level
(medium blue lines in Fig. 2) has been reached in the eastern
area and the levels at the shafts Radbod5 (R5), Heinrich
Robert (HR) and Lerche (LE) monitoring sites have been ris-
ing simultaneously. In mid-2021, the water level at Kurl3
(K3) is also approaching the water level in the eastern area.
Unfortunately, water levels for the Haus Aden shaft, where
the remaining water is to be pumped after reaching the final
level, are only sparsely available (two data points in the ob-
servation period) and have not been considered in this study.

3. Observations

3.1 Seismological database

The event database for induced earthquakes during mining
and after completion of mining until the construction of the
FloodRisk network is based on the annual reports (Harjes
1983-2004; Meier 2005-2006) which contains the localisa-
tion of the epicentres and the local magnitudes. Since 2007,
the RuhrNet has been registered in the FDSN under the net-
work code RN. The detection threshold changes are depend-
ing on the network configuration and evaluation method. Up
to May 2019, 13,069 events in the magnitude range between
0 and 3.0 M, could be evaluated.

In order to obtain a database as complete as possible for
induced events during the FloodRisk project, several differ-
ent approaches are used for detection. The noise level at
some stations is quite high due to the urban environment so
one automatic detection tool alone either makes too many
false predictions or misses smaller events. A denoising
method according to Heuel & Friederich (2022) is tested to
improve the data quality at some very noisy stations. Events
above 0.6 M,y are reliably detected by an automatic system
in the processing software SeisComP3 (Helmholtz Centre
Potsdam GFZ — German Research Centre for Geosciences &
gempa, GmbH 2008) another automatic system uses a simi-
larity analysis to search for events that belong to an already
existing cluster and can thus be found based on template
events (Gal et al. 2021). In addition, a manual check is done
to see whether there are further events not detected by the
automatic systems. Particular attention is paid to newly acti-
vated focal areas for which no templates are yet available.
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Fig. 3: Cumulative (black) as well as simple (grey) magnitude-fre-
quency distribution in the FloodRisk network for the period from
June 2019 to December 2021. The white staircase function shows
the magnitude distribution in the still incomplete measurement net-
work until May 2020, which is considered when estimating the
completeness of 0.5 M.

All detected events are evaluated and verified manually. The
processing includes a correction of the automatically deter-
mined onsets, a manual adjustment of local P and S phases
and a determination of the hypocentre by means of a non-
linear localisation in the programme NonLinLoc (Lomax et
al. 2000, 2009) from the determined P and S travel times, as
well as a magnitude determination. A 1D velocity model is
used for localisation. Fritschen et al. (1999) used a model
that takes into account the carboniferous strata in the eastern
Ruhr area. This model was smoothed and integrated with the
regional model of the Ruhr University Observatory.

A total of 1,744 induced events were evaluated in the
study area between June 2019 and December 2021 using over
20,000 picked onsets. The magnitudes of the events range be-
tween -0.8 and 2.6 M, compare Fig. 3 for an overview of the
magnitude distribution of the events. For comparative stud-
ies, the different detection thresholds depending on the differ-
ent monitoring networks have to be taken into account. In
order to compare the seismicity during the flooding phase
with that during active mining and after decommissioning,
we assume a completeness of the overall catalogue of 1.4 M,
(Bischoff et al. 2010). For a conservative estimation of the
completeness within the FloodRisk network, we have consid-
ered, in addition to the total catalogue, the period in which the
station network was still extended and thus obtain a value of
0.5 M,y with 365 events above this limit.

3.2 Temporal distribution of seismicity and
mine water

The temporal distribution of the induced seismicity in the
study area correlates with the mining activities. Fig. 4 shows
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the temporal pattern of seismicity over the entire database
for the Ruhr area from 1983 to 2022. During the active min-
ing phase 50 to 350 induced events with magnitudes above
the completeness magnitude of 1.4 M; (and up to 1,990
events yearly over all magnitudes) were detected in the study
area each year. These induced events correlate both tempo-
rally and spatially with the extraction activity. Thus, a clear
concentration on the working days and hours is evident in
the temporal distribution (Bischoff et al. 2010) and, if well
localised, the mining progress in the longwall face could be
tracked by the localised quakes (Wehling-Benatelli et al.
2013). Seismicity decreased rapidly after mining was
stopped and remained at a very low level until the beginning
of the flooding phase.

Fig. 5 shows the mine water levels (a), the temporal seis-
micity distribution (b) and the magnitudes of the events as
well as the cumulated energy release (c¢) from 2000 until end
of 2021. Fig. 6 shows the same features in a zoomed-in time
window focused on flooding.

With the end of active mining at “Bergwerk Ost” colliery
in 2010, the induced seismicity strongly decreases to about
1-2% of the events during active mining. After the shutdown
of the pumps mid-2019 in the eastern subarea and the begin-
ning of the mine water rise there, the seismicity increases
again. Until 2016, all water levels remain relatively constant.
The water level increase at the monitoring station LE from
2016 until 2018 up to the level of the station HR is not re-
flected in the seismicity. The other stations stay at the same
level until the pumps are switched off and partly even be-
yond. After the pumps are shut down mid-2019, the water
level in HR and LE rises only slightly and then sharply from
11/2019. At the same time, the number of measured induced
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Fig. 4: Display of the total catalogue in the region “Bergwerk Ost”,
with all evaluated earthquakes from 1983 to 2021 above the com-
pleteness threshold of 1.4 M,y as number of events per year. Until
2010, the frequency is between 50 and over 300 events annually.
After the end of mining in 2010, only very few earthquakes are re-
corded, until the activity increases again to about 20 events per year
in 2020/2021 with the rebound of mine water in the eastern sub-
provinces of the Haus Aden dewatering area.
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earthquakes (Figs. 6b and c) increases strongly in this area.
One of them is the strongest event measured so far in this
region after the end of active mining, with a magnitude of
2.6 My on 2019-11-13. In April/May, the water levels at HR
and LE reach a level of about -975 m and the water rises
more slowly. At the same time, the level at RS starts to rise
strongly until it reaches the same level as HR and LE in Au-
gust (compare Fig. 2) and the levels at the three observation
points rise approximately synchronously. The seismic activ-
ity, which is mostly localised between the LE, HR and RS
shafts, has increased significantly since the end of 2019. The
highest rate is detectable in August/September 2020 and cor-
relates with the parallel increase of the mine water levels at
the three surrounding monitoring stations. The mean number
of events with a magnitude >0.5 M,y increases to 15 per
month. The seismicity is thus significantly higher than dur-
ing the period between the end of mining and the shutdown
of the pumps, but is at most a quarter of the seismicity during
the active mining period. The light grey bars of the histo-
gram also include the number of recorded earthquakes with
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a magnitude below the magnitude of completeness. The in-
crease in seismicity during the flood period would only be
approximately visible with the regional stations. With the lo-
cal FloodRisk network, the detection threshold has been
lowered so that detailed studies are possible. In Fig. 5c, the
three periods from active mining through the postmining pe-
riod to flooding are well indicated by the different slopes of
the cumulative energy release. In Fig. 6¢ the slope of the cu-
mulative energy release graph correlates with different
phases of flooding, which are discussed in more detail in the
next section.

3.3 Spatio-temporal distribution of seismicity

Based on the characteristics of the mine water rise, five tem-
poral phases are defined, for which the spatial distribution of
the induced earthquakes is shown in the maps (Figs. 7-11).
This allows considering temporal and spatial variations of
seismicity in connection with the mine water rise. In the
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maps, the depths of the earthquakes are indicated by colours
and their magnitude by the size of the dots. Events from the
previous phases are shown in the background in uniform size
and grey.

In phase 1 (01/2019-09/2019; Fig. 7), the level at HR
and LE increases slightly. Only a few larger quakes with
M;y >0.9 can be seen on the map. Towards the end of this
phase, another 40 smaller quakes were detected at the one
station in the source region, but these could not be localised
because no phases could be determined at the other availa-
ble stations at a distance of at least 25 km. In the following
2 phase (10/2019-04/2020; Fig. 8), a steep parallel in-
crease of the levels at HR and LE (more than 100 m in
6 months) to about -975 m can be observed. During the
same period, two induced events with M,y 2.6 and 2.0 are
measured in November 2019. The seismicity increases
strongly and is mainly localised in the area between LE and
HR, east of a larger fault in Herringen and Pelkum (districts
of Hamm). The so far rather constant level at RS rises
strongly in phase 3 (05/2020-07/2020) and reaches the level
of LE and HR, whose rise is slower again (Fig. 9). The seis-
micity is localised in the same area as in the previous phase.
Three spatial clusters of seismicity emerge. There are few
major events but a high number of events with M;, <0.5.
Fig. 10 displays phase 4 (07/2020—04/2021) where the in-
crease of levels at LE, HR and RS proceeds simultaneously
at a moderate rate. Over this time period, the observed seis-
mic activity is consistently high. Most of the seismicity is
localised in the same area as before, but there is an exten-
sion of the active area northwards towards R5. During phase
5(05/2021-12/2021) the increase of the levels at the eastern
measuring stations LE, HR and RS is constant (Fig. 11). An
incipient rise of the level at the monitoring ring station K3
in the central area of the dewatering is detected. The seis-
micity in the active area between the eastern monitoring sta-
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tions is mostly concentrated in several clusters at the west-
ern boundary of the main active region. In addition, some
quakes are also observed in the Bergkamen area in the cen-
tral area of the dewatering. The area in between is so far
seismically inactive. There is no clear temporal trend in the
depth of the events. The focal depths are concentrated in a
range between 1,000 and 1,600 m (Fig. 12).

4. Geological setting and mining
structures

The study area is divided into horst and graben structures by
NNW-SSE striking normal faults. The main fault systems
are the Konigsborner Sprung in Bergkamen and the Flier-
icher Sprung between Bergkamen and Hamm. To the north
and south, the region is bordered by WSW-ENE striking
overthrusts (Geologischer Dienst NRW 2019). The faults
show no recent tectonic activity.

The black shaded areas in Figs. 13 and 14 mark the long-
wall mining areas of the last ten years of mining from 2000
to 2010 (RAG-BID 2022). These are located in a depth
range of 1,400—1,450 m in the Monopol mine and of 1,000—
1,150 m in the Heinrich Robert mine (HR). The large differ-
ences in the depths of the mining sectors are due to the horst
and graben structure of the area. Often the individual mining
sections are separated by inclined rock headings (compare
Fig. 2), which also represent barriers to the spreading of
mine water. The bottom levels of each section of the combined
mine (technical data of the RAG) are marked schematically
in different shades of pink in the maps (Figs. 13, 14).

5. Discussion

A correlation between the increase in mine water and the re-
occurring seismicity in the study area is clearly evident. A
particularly high seismicity rate is observed when the mine
water level has exceeded topographical barriers in the under-
ground (Fig. 2) and the mine water no longer rises separately
in the individual subareas. Questions on why the earthquakes
occur, whether they correlate with known structures and if
we can draw conclusions about the mechanisms arise.

In order to relate the seismicity to causes and structures,
we only consider localisations whose horizontal and vertical
localisation error is below 600 m. In Figs. 13 and 14, the
earthquakes selected by the quality criterion are shown in
full colour, with the entire catalogue transparent in the back-
ground. The geological fault systems and mining structures
are also displayed in the figures.

Fig. 14 demonstrates particularly well that the seismicity
is mainly confined to the area beneath and adjacent to the
deep mining galleries (pink lines), which are already flooded.
The shaded areas of the mining longwalls, in the immediate
vicinity of which, above or below, the majority of the events
were localised during active mining (Bischoff et al. 2010;
Wehling-Benatelli et al. 2013) are largely devoid of seismic-
ity. The fault zones also show no signs of seismic activity.
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Correlating the increase in mine water level with seis-
micity leads to the question, where the increase in pore fluid
pressure due to mine water can alter the stress conditions in
a way that seismic events are induced. Alber (2017) and
Knoll (2016) describe two scenarios of failure that can lead
to stress relief by seismicity during flooding. The first sce-
nario is a failure caused by exceeding the rock strength and
the second is the failure on zones of weakness by exceeding
the shear strength, caused by the reduction of the effective
normal stress by an increase of the pore fluid pressure. The
first mechanism requires high water columns, while the sec-
ond requires much lower pressures for activation. Alber
(2017) concludes in his study that the second scenario, the
reactivation of existing zones of failure is much more likely
than the formation of new fractures.

During mining, according to Bischoff et al. (2010) and
Wehling-Benatelli et al. (2013), most of the seismicity with
small magnitudes (M, <0.5) occurred near the active advanc-
ing face in the longwall, events of larger magnitude are as-
sociated with the failure of the sandstone benches mostly on
the hanging wall above the active longwall and partly in the
foot wall below the mine. In addition, a few events were as-
sociated by undermining and pillar failure. Some of these
pre-damaged areas below the mine may now have been reac-
tivated by the increase in pore fluid pressure. However, the
seismicity clusters primarily below the bottom floors, which
serve as the main waterways, rather than beneath or above
the longwalls. Under the deepest flooded drifts, conditions
appear to be particularly favourable for an increased pressure
gradient. Because of the different locations, the failure
mechanisms during flooding cannot be readily reconciled
with those observed during mining.

The study by Alber (2017) predicts that the maximum
magnitudes for flooding-induced seismicity in the Saar min-
ing district are lower than the magnitudes of mining induced
seismic events observed during the active mining phase
when the same failure zones are reactivated. According to
our seismicity distribution, which differs significantly in the
mining phase and the flooding phase, such reactivation is not
to be expected for most events in the eastern Ruhr area. The
magnitudes in the flooding period, though, are also lower.
The maximum magnitude determined for an event in the area
of “Bergwerk Ost* colliery during mining is 3.0 M; while
the magnitude of the largest event observed at the beginning
of the flooding is 2.6 M.

6. Conclusion

We combined data from the RUB’s long-term seismic moni-
toring, the high-resolution FloodRisk monitoring network in
the area of “Bergwerk Ost“ colliery during flooding, and
mine water measurements distributed in the study area. We
were able to correlate the observed induced seismicity spa-
tially and temporally with the rise in mine water and com-
pared it with the seismicity during active mining.

Seismic activity was highest in the phase of active min-
ing and concentrated in the vicinity of the mining areas. Af-
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ter the end of mining, only very low seismicity was detected.
With the start of flooding, significantly more events were
registered again. The number of events currently amounts to
about a quarter of the seismicity detected during mining op-
erations. Five different flooding phases were identified in
which the correlated seismicity shows different distribution
patterns. In these phases, a particular accumulation of events
can be observed when the mine water level exceeds subsur-
face separations of waterways. Over the entire flooding pe-
riod so far, the region below the deepest level in the area of
the Heinrich Robert shaft in Herringen and Pelkum was most
active. Generally, seismicity is predominantly localised be-
low the flooded galleries of the bottom levels of the mine.
Because of the different distribution of seismicity during ac-
tive mining and during flooding, it can be concluded that the
failure mechanisms are not identical. New mechanisms
caused by a combination of the changed stress conditions
due to mining in the dry regime and a now rising mine water
have to be modelled and further investigated. The database
of seismological events and mine water measurements pre-
sented here, which is still being expanded, provides a good
basis to support such modelling with data.
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