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Damaging earthquakes happened in the Hainaut coal basin (Belgium) in the 19th and 20th
centuries but stopped after coal mining. We relocated 54 Hainaut earthquakes of the period
1965 and 1985 by using regional and local seismic phase measurements from recordings in
and around Belgium. These new results finalise the Hainaut earthquake catalogue, derived
from macroseismic data for the 1887—1965 period and instrumental records after 1965. This

updated database allows us to discuss the origin of this intriguing seismicity. Computed focal coal mining,
depths show that the strongest earthquakes before 1985 occurred inside the Upper Hainaut,
Palaeozoic part of the Brabant Parautochton, probably below the deepest parts of the coal Belgium

mines. The shallowness of this seismicity, its spatial link with the coal basin, the compressive
to strike-slip focal mechanisms of the stronger earthquakes between 1965 and 1985 and the
large quantity of coal mass removal all match with worldwide observations of mining-
triggered earthquakes. The earthquake mechanisms agree with the local, compressive to
transpressive stress regime derived from differences in upper crustal density and topography
that make the Hainaut area more sensitive to fault reactivation at shallow depths, as

observed in similar tectonic settings elsewhere in the world.
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1. Introduction

Since seismic activity in stable plate interiors is episodic, known
seismicity in many areas occurred before the installation of
modern seismic networks. This challenges earthquake source
parameter determination and seismotectonic analyses. This is
the case for the Hainaut coal mining area in Belgium where
significant earthquake activity for Western Europe occurred
from the end of the 19th century until the beginning of the
1980s, before the installation of a dense modern digital
monitoring seismic network in 1985 (Camelbeeck et al., 1990).
From 1887 to 1985, five shallow Moment Magnitude (Mw) 4.0
earthquakes caused moderate to severe damage to buildings
corresponding to maximum intensity VII on the European
Macroseismic Scale 1998 (EMS-98). In this period, people
experienced 111 other felt events, some of them producing

o080

slight damage (Camelbeeck et al., 2022). Since 1985, seismicity
has strongly decreased and only three Mw < 3.0 earthquakes,
that occurred in 1987, were locally felt (Camelbeeck, 1988).
Events with Mw > 2.0 were no longer recorded during the last
20 years. Most of the seismicity in Hainaut occurred inside the
coal mining area. However, two significant earthquakes with
magnitudes Mw 3.9 and 4.1 occurred just outside the surface
limits of the Hainaut coal area, respectively on 24 October 1976
near Givry south of the coal basin, and on 20 June 1995 near Le
Roeulx to the north of the basin (Fig. 1).

Mining in the Hainaut coal basin was distributed in three
different administrative districts, here further referred to as the
Borinage-Mons (Dupont, 2021), Centre-La Louviére and
Charleroi basins, which is described in detail in Delmer (1977,
2004, 2013). The deepest mines were in the Charleroi Basin up
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Hainaut seismicity: 1965-1985
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Figure 1. Seismic activity in the Hainaut coal mining area mapped for the different phases of seismic monitoring in Belgium. A. Location of the study
area with indication of existing Belgian seismic stations (DOU, Dourbes; UCC, Uccle; WRM, Warmifontaine) and the nearest stations abroad (HEE,
Heerlen; ENN, Epen; KLL, Kalborn; STB, Steinbach; WLF, Walfordange), (partially) in operation between 1965 and 1985. The location of the master
events (in blue) considered in our study to relocate Hainaut earthquakes between 1965 and 1985 are reported. Black box: location of the main study
area. B. 1965-1985 earthquakes computed and studied in this work. H1 and H9 refer to 1979 Hainaut seismic refraction profiles (Dejonghe et al.,
1992). C. 1887-1965 seismicity during which only the UCC seismic station was working since 1898. Earthquake source parameters of this period
were mainly determined with macroseismic data (Camelbeeck et al., 2022). D. 1985-2022 seismicity monitored by the modern seismic network.

to a depth of 1050 m (M. Dusar, pers. comm., 2023).

Most Hainaut earthquakes are associated in time with more
intensive mining periods in the 19th and 20th centuries. The
origin of this seismicity remains controversial (Descamps, 2009;
Troch, 2018; Camelbeeck et al., 2022) while the possible link
between mining and seismicity became topical again with the
need to update hazard maps for the Eurocode-8 building code
and the security of SEVESO industries, and with the
development of deep geothermal projects in Belgium (e.g.
Licour, 2014).

As there is no unique definition in scientific literature,
“induced earthquakes” and “triggered earthquakes” are defined
as follows in this paper:

i) induced seismic activity refers to seismic events occurring
inside the excavated volume, that are limited in depth and
closely related in time to the industrial activity;

ii)  triggered seismicity is related to crustal stress changes

caused by mining and can occur at larger depths, at
distances away from the mines, and can be delayed in
time.
These definitions correspond to the two types of earthquakes
related to mining defined by Gibowicz & Kijko (1994).
The most important episode of activity in Hainaut occurred
between December 1965 and 1970, at the end of the intense coal

mining and before the capability to determine reliable
earthquake epicentres and focal depths from Belgian seismic
stations. This seismic episode was recorded by numerous
historical stations in Belgium, the United Kingdom, The
Netherlands, Germany, and France but especially by the
sensitive large aperture seismic network running in France since
1963 and maintained by the Geophysical and Detection
Laboratory of the French Alternative Energies and Atomic
Energy Commission (CEA-LDG; Massinon & Plantet, 1976).
This dataset has never been fully exploited to better localise this
earthquake activity, analyse the earthquake mechanisms, and
better understand its causes.

In this study, we first present an overview of this strong
seismic episode in Hainaut between 1965 and 1970. Secondly,
we developed a multiple event location method to improve the
single location quality given by Camelbeeck (1985, 1993) for 21
earthquakes of the Hainaut 1965-1970 seismic episode and the
five other earthquakes that occurred up to 1985. We analyse the
reliability of the epicentres, focal depths, and fault plane
solutions, as well as the location of 28 smaller earthquakes that
were only recorded by the Belgian seismic stations of Dourbes
(DOU) and Uccle (UCC). Thirdly, we compare the spatial and
temporal distribution of this 1965-1985 seismicity with the
activity before 1965 and between 1985 and 2022 (Fig. 1).
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Finally, we discuss the origin of the Hainaut seismicity and its
link to mining by analysing its geological and tectonic context
and considering the spatial and temporal characteristics of the
former coal mining activity, and the local stresses generated by
spatial variation of density in the crust and topography.

2. The seismic episode in the Hainaut coal mining area
between 1965 and 1970

2.1. The sequence of earthquakes

Between December 1965 and December 1970, the Centre—La
Louviére and the Charleroi basins of the Hainaut coal mining
area suffered from an unusual seismic activity for our regions
with four damaging and several other well-felt earthquakes
(Fig. 1). These earthquakes were followed by sequences of
smaller events, part of them also being felt by local populations.
We identified 127 events based on the recordings at the Belgian
seismic station of Dourbes (DOU), which was working without
significant interruptions during the whole considered period and
already equipped at this time with 3-components sensitive
seismometers (Fig. 2). The 1965 and 1966 DOU seismic
bulletins only report arrival time measurements of seismic
phases but without event location or event type (i.e. natural
carthquake, quarry blast or other event associated with human
activities). Fortunately, Van Gils (1966) provided a list of 27
earthquakes that occurred between the strong earthquake of 16
January 1966 and 11 March 1966. We completed this list up to
the end of 1966, by adding events from the DOU bulletins if
their seismic arrival time occurred before 7 h and after 17 h
UTC and if the measured P- and S-wave arrival time difference
at DOU was like the ones observed for the largest Hainaut
events of this episode of activity. After all, most events reported
during the daytime are associated with blasts in the numerous
quarries of southern Belgium. From 1 January 1967 onwards,
the DOU seismic bulletins changed and from then they clearly
reported if an event was an earthquake that occurred in Hainaut.

Amongst a total of 127 earthquakes identified in the Hainaut
area during the period December 1965-December 1970, 21
were reported by seismic stations outside Belgium, while 28
were only measured at the DOU and UCC Belgian stations. We
provide in this study a location for these 49 earthquakes. The 78
remaining events in our list were only recorded by the DOU

Seismic activity in Hainaut 1965-1970
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Figure 2. The 1965-1970 Hainaut seismic episode. Monthly number of
earthquakes in the Hainaut area recorded by the Dourbes (DOU) seismic
station.

seismic station and cannot be located, except for four events
(identified by ‘M’ in Table 1) that were large enough to be felt
and for which macroseismic data was used to locate them
(Camelbeeck et al., 2022).

Camelbeeck et al. (2022) determined moment magnitude
(Mw) for 26 earthquakes between 1965 and 1985 (Table 1) that
were recorded by European seismic stations. For events 8 and 9
in Table 1, Mw was estimated from epicentral intensity
(Camelbeeck et al., 2022). For events 5, 10, 15, 31, 32, 33 and
42, Mw was estimated from local magnitude (M;)determined
by Camelbeeck (1985) using amplitude measurements on the
original seismograms and the conversion law presented in
Camelbeeck et al. (2022). Unfortunately, amplitude information
is not available for the 19 other events of the list and the 59 of
the 127 events that were only recorded at the DOU seismic
station. Since original seismograms are no longer available to
evaluate ground motion amplitudes for these events, the
magnitude was estimated by considering that it could be related
to the presence or absence of S- and P-waves arrival times
measurements in the seismic bulletins of DOU, UCC and
Warmifontaine (WRM). We established a relationship using the
earthquakes of this period for which Camelbeeck (1985, 1993)
evaluated the magnitude from original seismograms. We
concluded that if the seismic bulletins mention seismic phase
measurements at the three stations, Mw would be around 3.2. If
P- and S-wave arrival times are reported at UCC, Mw is
reported to be 3.0, whereas if only the S-wave arrival time is
indicated, Mw = 2.8. For the events that are only reported in
DOU, Mw would be less than 2.5.

The main conclusion of this analysis is that three
carthquakes of the seismic episode had a magnitude Mw greater
or equal to 4.0, seven other events had an Mw in the range 3.5—
3.9, 48 events had a magnitude between 2.5 and 3.4, and the 63
remaining ones had a magnitude less than 2.5 (Fig. 2).

2.2. Description of the main earthquakes of the 1965-1970
episode

The 1965-1970 seismic episode began on 15 December 1965 at
12h07m with a violent Mw = 4.0 earthquake that caused a
considerable commotion in the region west of the city of La
Louviere (Fig. 3). This seismic event caused moderate damage,
especially to chimneys and roofs, and to verandas damaged by
falling chimneys, particularly in the localities of Bray and
Strépy-Bracquegnies where intensity VII was observed (EMS-
98 scale—briefly described in the legend of Fig. 3). The official
questionnaire of the Royal Observatory of Belgium (ROB)
mentions 230 damaged and 122 toppled chimneys in Strépy-
Bracquegnies, which corresponds to 10% of the houses in this
locality. In the epicentral area, people felt three other lighter
tremors on the same day at 13h42m, 14h02m and 15h16m.

One month later, the earth shook again in the localities
between La Louviére and Morlanwelz. On 16 January 1966, two
earthquakes with magnitudes Mw = 2.9 and 3.5 were felt in the
morning, respectively at Oh13m and 6h51m. The second event
was strongly felt in Haine-Saint-Pierre with pieces of plaster
falling from some ceilings and minor damage to a few chimneys
in bad condition (intensity V). These two earthquakes preceded
an Mw = 4.0 event that occurred at 12h32m and caused
commotion and, in some places, panic among the population. In
the localities of Carnieres and Morlanwelz, the material damage
is quite considerable (intensity VII) (Fig. 3). The shock
damaged or toppled around 400 chimneys in Carniéres, which
corresponds to 14% of their total number in the locality. In
Morlanwelz-Mariemont, this percentage is lower but
nevertheless reaches 7-8%. These earthquakes were followed
by numerous smaller events during the following months.

One year later, on 28 March 1967, an Mw = 4.1 earthquake



4 GEOLOGICA BELGICA, VOL. 28

Table 1. Relocated Hainaut earthquakes between 1965 and 1985. *Relative location using regional seismic phases. M: event identified based on
macroseismic data (Camelbeeck et al., 2022). Q: location quality of earthquake using relative locations. [0]: relative location using DOU and UCC
data—nearest master event a distance larger than 4 km. [n>1]: relative location using DOU and UCC data—number of master event(s) used at less
than 4 km. Earthquake times here and in the text are mentioned in UTC. Zloc: focal depth, with 1c uncertainty in brackets, computed relatively to two
reference events (refl and ref2). Zm: focal depth, with 1o uncertainty in brackets, from macroseismic data (Camelbeeck et al., 2022). Ert, ery, erx are
the 1o uncertainties on the origin time, latitude (lat) and longitude (lon), respectively. Mw = Moment Magnitude.

N° Q D M YEAR.h m sec ert (s) LAT°N ery (km) LON°E erx (km)  Zloc (km) Zm (km) Mw
o1* A 1512 1965 12 07 14.96 0.41 50.446 1.4 4.094 1.1 refl 2.7(0.8) 4
02* C 1512 1965 13 42 01.36 0.26 50.443 15 4.103 1.9 2.3(5.0) 2.6
03* A 1512 1965 14 02 14.08 0.29 50.467 14 4.128 1 3.3(3.3) 33
04* A 1512 1965 15 16 34.96 1.13 50.436 1.7 4.066 1.8 3.6(3.4) 29
5 [2] 16 01 1966 00 13 20.7 0.2 50.476 6.2 4.349 3.7 2.6(1.4) 29
06* A 16 01 1966 06 51 34.78 0.88 50.455 15 4.274 1.2 3.6(3.4) 3.3(1.6) 3.5
07* A 16 01 1966 12 32 50.53 0.68 50.466 1.4 4.293 1.1 4.9(2.4) 2.1(0.9) 4

8 [2] 17011966 17 04 16.2 0.1 50.421 2.8 4.209 5.7 2.8
9 [3] 17 01 1966 20 29 00.0 0.1 50.462 2.8 4.248 3.5 2.8
10 [0] 24 01 1966 22 13 21.0 0.5 50.391 3.4 4.313 4.7 2.9
M 03 02 1966 06 50 48 50.46 4.26 3.1
11* B 11 03 1966 04 09 32.63 0.21 50.449 1.8 4.345 1.9 3.2
12 [4] 12 03 1966 13 42 09.8 0.1 50.484 4 4.321 3.9 3.2
13 [0] 14 03 1966 05 20 25.2 0.5 50.34 14 4.28 2 3
14* C 16 03 1966 01 21 30.94 0.22 50.428 2 4.246 2.7 3
15 [0] 17 03 1966 18 17 08.5 0.5 50.445 6.8 4.258 9.2 3
16 [1] 19 03 1966 06 28 47.5 0.5 50.437 13 4.29 1.5 3
17* B 2003 1966 00 08 15.38 0.47 50.457 14 4.368 13 3.5
18 [3] 2103 1966 17 24 18.2 0.1 50.457 1.9 4.239 4.7 2.5
M 22 03 1966 00 20 32 50.46 4.33 2.5
19 [2] 08 04 1966 16 07 57.0 0.2 50.458 2.9 4.344 6.6 2.5
20 [1] 2104 1966 18 38 45.1 0.5 50.448 2 4.271 14 2.5
21 [4] 0505 1966 03 01 32.1 0.2 50.477 4.7 4.292 2.6 3
22 [3] 05051966 11 16 33.8 0.2 50.503 5.3 4.408 13.5 2.5
23 [2] 2109 1966 23 47 53.6 0.7 50.451 4 4.246 5 2.5
24 [4] 2209 1966 09 57 54.9 0.5 50.46 2.9 4.251 7.4 2.5
25 [0] 03101966 19 57 15.5 0.5 50.519 6.4 4.269 3 2.5
26 [0] 31101966 16 33 14.9 0.5 50.425 1.2 4.246 12.8 3
27* A 28 03 1967 15 49 24.56 0.65 50.448 1.2 4.269 1.1 0.0(2.1) 3.0(1.0) 4.1
M 04 04 1967 11 16 26 50.46 4.28 2.8
28* A 04 04 1967 18 04 48.34 0.62 50.466 1.5 4.252 1.2 0.0(1.8) 3.3
29 [1] 04 04 1967 21 00 51.8 0.5 50.463 0.4 4.263 0.8 2.5
30 [4] 04 04 1967 21 56 38.0 0.1 50.481 4.4 4.333 4.5 2.5
31 [4] 08 04 1967 13 02 05.8 0.1 50.492 4 4.333 3.9 2.6
32 [5] 09 04 1967 04 53 49.0 0.8 50.443 6 4.214 11 29
33 [5] 14 04 1967 14 27 41.5 0.8 50.448 4.4 4.228 7 2.6
34 [1] 16 04 1967 14 49 35.1 0.5 50.479 14 4.279 1.9 2.5
35 [0] 04 06 1967 07 31 08.6 0.5 50.406 4.6 4.221 3.4 2.5
36 [0] 07 08 1967 0144 49.3 0.5 50.397 7.6 4.235 1.2 2.5
37* A 12 08 1968 07 26 41.53 0.23 50.466 1.5 4.23 1.5 2.7(4.5) 2.3(1.0) 3.6
38 [2] 1308 1968 13 11 44.6 0.7 50.453 2.5 4.249 5 2.5
39* B 1308 1968 16 17 28.28 0.47 50.461 15 4.193 1.8 2.7(6.1) 3.6
40* C 13 08 1968 16 40 41.80 0.25 50.478 15 4.263 1.4 3
41* A 1308 1968 16 57 14.54 0.26 50.461 1.5 4.226 1.2 6.4(3.4) 2.3(0.8) 3.9
42 [2] 1308 1968 19 21 13.0 0.5 50.457 1.5 4.27 5 3
43 [3] 16 08 1968 18 35 03.4 0.5 50.47 14 4.276 53 2.5
44%* B 2309 1968 04 08 12.59 0.23 50.453 15 4.302 13 5.2(4.4) 2.8(1.7) 3.2
45% B 2309 1968 05 47 16.22 0.24 50.44 1.6 4303 1.6 6.5(4.6) 2.4(1.1) 3
46* B 16 01 1970 23 34 58.35 0.46 50.361 14 4.306 1.2 3.1
47%* A 03111970 08 45 59.01 0.31 50.383 14 4.388 1.2 ref2 2.3(1.0) 3.6
48* C 031119701207 33.72 0.19 50.367 1.7 4.326 14 3.1
49* B 20121970 13 48 33.49 0.23 50.444 1.5 4.207 1.2 2.0(3.1) 33
50* A 24101976 20 33 26.99 0.42 50.358 14 3.983 1.2 0.0(4.1) 5.5(1.7) 3.9
51* A 14 09 1982 19 24 34.60 0.2 50.43 14 4.288 1.2 4.9(3.6) 3.5(1.6) 3.4
52%* C 14 09 1982 19 29 08.32 none 50.402 1.5 4.095 1.7 2.9
53* B 04 08 1983 07 08 24.71 0.22 50.417 2 4.45 1.6 1.6(5.4) 3.2
54%* B 09 08 1983 01 32 34.80 0.37 50.437 1.9 4.442 1.2 1.8(5.0) 3.3
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Figure 3. Macroseismic maps of the four strongest earthquakes of the 1965-1970 seismic episode in the Hainaut area (Camelbeeck et al., 2022). Each
small circle shows the intensity in each locality (EMS-98 macroseismic scale): 11 = scarcely felt; III = felt indoors by a few people; IV = felt indoors
by many people and outdoors by very few, a few people are awakened; V = felt indoors by most, outdoors by few. Many sleeping people awake,
hanging objects swing considerably and small objects can be shifted, negligible damage to few buildings; VI = many people are frightened and run
outdoors, many houses suffer slight non-structural damage; VII = most people are frightened and run outdoors, furniture is shifted and objects fall
from shelves, many well-built ordinary buildings suffer moderate damage including the fall of chimneys, older buildings may show significant
damage (Griinthal et al., 1998). Bottom panel shows the location of communes and localities discussed in the text. Geology in the background based
upon http://www.onegeology.org/ (last access: 1 May 2022).

was violently felt in the region between La Louviére and and Morlanwelz-Mariemont (intensity V). On August 13, the
Charleroi. In some places, the power was cut off abruptly. Some first violent shock (Mw = 3.6) occurred at 16h17m, but without
inhabitants rushed out of their homes, frightened, while others evident traces of slight damage (intensity IV-V). A lighter,
sought refuge in their cellars. The most affected localities were barely perceptible earthquake occurred at 16h40m (Mw = 3.0),
Carniéres, Morlanwelz-Mariemont and Trazegnies where the followed at 16h57m by the most important, stronger, and
percentage of damaged or destroyed chimneys ranges between 8 damaging earthquake of this sequence (Fig. 3). It directly
and 10% (intensity VII) (Fig. 3). Inside many houses, ceilings affected the region of La Louviére, Haine-Saint-Pierre and
and walls were cracked. The earthquake was followed by many Haine-Saint-Paul, which is the most inhabited part of the area.
(felt) aftershocks up to the end of April 1967. In those localities, there was a moment of panic at the time of
The Hainaut area stayed quiet for nearly 1.5 years until the tremor. A few hundred chimneys fell everywhere, but
another damaging Mw = 3.9 earthquake occurred in the region fortunately there were no injuries (intensity VI). These
of La Louviére on 13 August 1968. It was the fourth seismic earthquakes were followed by smaller shocks over the next two
event of a sequence that began the day before at 7h26m by an months. Two of them on 23 September at 4h08m (Mw = 3.0)
Mw = 3.6 earthquake, strongly felt in La Louviére and and 5h47m (Mw = 2.9) were well perceived by the population.
neighbouring localities. During this event, a few chimneys were Detailed information about the damage and effects of these
damaged in La Louviére, Haine-Saint-Pierre, Haine-Saint-Paul largest felt events can be found in the synthesis on the impact of
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the seismic activity in Hainaut between 1877 and 1985
published by Camelbeeck et al. (2022).

The region calmed down up to 16 January 1970 when an
Mw = 3.1 earthquake was felt in the region of Fontaine-
I’Evéque, closer to Charleroi. On 3 November 1970, an Mw =
3.6 slightly damaging earthquake occurred south of Charleroi in
the cities of Dampremy, Marchienne-au-Pont, Marcinelle,
Monceau-sur-Sambre et Mont-sur-Marchienne (intensity V). It
was followed the same day by an aftershock at 12h08m. The
1965-1970 seismic episode ended with an Mw = 3.3 earthquake
that was felt in La Louviére on 20 December 1970. There were
no more earthquakes reported in the Hainaut coal basin up to 14
September 1982.

2.3. Previous investigations on the 1965—-1970 seismic episode

Few studies investigated this 1965-1970 earthquake activity.
Van Gils (1966) published isoseismal maps of the first
damaging earthquakes on 15 December 1965 and 16 January
1966 and provided a list of aftershocks up to 11 March 1966.
Ahorner (1972) gave a brief description of the largest events
that were recorded at the Bensberg seismic station near Cologne
and showed fault-plane solutions for the three largest events (on
15 December 1965 12h07m, 16 January 1966 12h32m and 28
March 1967 15h49m). Camelbeeck (1993) located 18 events
that occurred between 1965 and the end of 1970 and 5
earthquakes between 1971 and 1985 with M > 2.8 by using
seismic phase arrival times at European seismic stations. The 1o
uncertainty on these locations was greater than 2.0 km for all the
epicentres, between 2 and 3 km for 11 events, between 3 and 4
km for 6 events, between 4 and 5 km for 2 events and greater
than 10 km for 4 events. Focal depths ranged from 1 to 7 km for
all the events confirming the shallowness of this earthquake
activity, but the associated 1o uncertainty was always greater
than 3 km. These large uncertainties complicated establishing a
direct relationship between this earthquake activity and
geological structures and mining. Camelbeeck (1993)
determined fault plane solutions for six of the most important
earthquakes, showing variability in the faulting mechanisms
either related to a poor focal mechanism quality or evidencing a
complex tectonic structure.

3. Method to improve location of 1965 to 1985
earthquakes in the Hainaut area

Individual locations of the Hainaut earthquakes between 1965
and 1985 resulted in large uncertainties and are only possible for
the largest events that were recorded by enough seismic stations
outside the Belgian territory (Camelbeeck, 1993). Reducing
these uncertainties would require 3-D knowledge of seismic
velocities and crustal thickness throughout the whole region
covered by all the considered European seismic stations, which
is unrealistic due to the complex geological structure of
Northwestern Europe. Fortunately, as the Hainaut earthquakes
always occurred in the same geological context, using relative
location methods would be a way to improve the location
quality of each earthquake and to enlarge the number of
earthquakes that can be located with good precision. This
relative method only requires knowledge of the crustal structure
in the region between the different earthquake sources as the
largest part of the seismic phase paths towards each recording
seismic station is identical for all the earthquakes.

Relative methods in which earthquake arrivals are compared
are routinely used to study aftershocks and earthquake swarms
monitored by mobile seismic networks (Waldhauser &
Ellsworth, 2000). Such a method was used by Van Noten et al.
(2015) to relocate the seismic sequence that occurred in Brabant
between 2008 and 2010. We applied this concept for two

different Hainaut cases: i.e. for events recorded in Europe up to
regional distances and for events only recorded at the DOU and
UCC seismic stations.

3.1 Location of earthquakes recorded up to a regional
distance

For seismic stations at more than 170 km from Hainaut, the first
seismic phase recorded from crustal seismic events is the Pn
head wave, i.e. the seismic wave traveling at the interface of the
crust and the mantle. We only used Pn phase measurements in
our study because later crustal phases are far less accurate and
can often not be identified without ambiguity due to the
complexity of seismograms at regional distances. At less than
170 km, Pg and Sg are the main observed seismic phases that
can be picked with good accuracy. For shallow earthquakes, Pn,
Pg and Sg phases are all head waves travelling along an
interface inside the crust and can be modelled in a similar way
by a linear equation (Supplementary material S1) like:

X
T0=H0+a0+_0 (1)
Va

where H, is the origin time of the considered event, g, is the
time term depending on the focal depth of the event and the
refractor depth (Moho depth for Pn-waves and a crustal internal
layer for Pg and Sg waves; see eq. S1 in Supplementary material
S1), Xj is the distance of the seismic station from the epicentre
and V, is the apparent velocity of the considered seismic phase
(Pn or Pg or Sg).

We generalised the method developed by Camelbeeck
(1993) that locates single earthquakes relative to an event for
which a precise location is known by using the difference of the
Pn or Pg and Sg arrival times measured at the same seismic
stations. Here, we relocated 26 earthquakes that occurred
between 1965 and 1985 in Hainaut by computing their relative
location by comparison with the 25 other events of unknown
locations, and 4 well-located master events recorded by the
modern Belgian seismic network and at regional distances
(Fig. 1 and Table 2, see python codes in Supplementary material
S3).

Our method is different to the now widely used method
described by Walhauser & Ellsworth (2000) because of the use
of a linear inversion and the fact that epicentres are determined
independently from focal depth and origin time analysis. Details
of our relocation method are presented in Supplementary
material S1. The method to estimate apparent velocities for Pn,
Pg and Sg phases and the depth dependence of time terms for
the Hainaut earthquakes are presented in Supplementary
material S2.

For earthquake couples including one master event, we only
considered Pn seismic phases in the computation because two
fundamental conditions are not filled to consider Pg and Sg
phases at short distance in the analysis. First, the too-large
relative distances of these events by comparison to Hainaut
carthquakes lead to a too-large difference in their respective
azimuth to these closest seismic stations. Second, as three of the
master events occurred deeper in the crust, their Pg and Sg
travel time variation with distance is no longer linear because
these travel paths are upward direct waves.

The inverted linear system includes 3479 equations
composed by comparing 104 earthquake pairs with the 4 master
events and 325 pairs comparing the 26 ‘unknown’ earthquakes
between each other. In the computations, we took into
consideration the uncertainties on the absolute location of the 4
master events reported in Table 1 and on the seismic phase
arrival time measurements. We considered that the uncertainty
on the arrival times is 1 second at all the stations. This value
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Table 2. Master earthquakes used in the multiple event relative location procedure. (*) Mw determined by Denieul (2014) from seismic moment
determination. (") Mw determined from Mw-M relationship by Camelbeeck et al. (2022). ERH, ERZ are the 16 uncertainties on the epicentre and
focal depth estimations, respectively. Z = focal depth. Mw = Moment Magnitude.

Event Location Latitude (°N) Longitude (°E) ERH (km) Z (km) ERZ (km) M,,

22 March 1987 21h05m Dour 50.406 3.802 0.8 5.2 1.1 2.9
28 August 1992 09h22m La Plate Taille 50.198 4.29 1.9 7.0 2.3 3.2%
20 June 1995 01h54m Le Roeulx 50.51 4.115 1.2 24.4 0.8 4.1*
13 July 2008 13h45m Court-St-Etienne 50.626 4.565 0.6 7.7 0.6 3.2°

corresponds to the minimum resolution of time measurements
on the paper recordings of historical stations. This resolution
can be even better in some stations and reach 0.1 second. We
did not consider the uncertainty on seismic velocities because
they had a minor influence on the results by comparison to the
two main sources of uncertainties, but we used the velocities
that minimised the residuals (Supplementary material S2).

Then, the coordinates of the epicentre of each of the 26
studied earthquakes correspond to the mean of 1000 different
solutions of the system of equations obtained by using (i) 1000
different locations of the master events based on their associated
mean and 1o values and (ii) 1000 different arrival times of each
phase measurement using a normal distribution centred on the
corresponding measurement with a sigma of 1 second. The
associated uncertainties in the results are evaluated using the
statistical distribution of these 1000 solutions. However, the
reliability of our final locations also depends on the number of
seismic phase measurements for each earthquake couple and the
azimuthal range of the corresponding seismic stations. This
aspect is discussed in the presentation of the dataset (section 4).
The results of these locations are presented and discussed in
section 5.

Even if the four master earthquakes provide good azimuthal
coverage of the studied area (see the small frame in Fig. 1), the
lack of strong earthquakes in the Hainaut area since the
development of the modern Belgian seismic network in 1985
did not allow choosing master earthquakes located inside or
closer to the Centre—La Louviére and the Charleroi coal basins.
The only one close to the investigated area is the Mw = 4.1
earthquake on 20 June 1995 near Le Roeulx that occurred at a
depth of 24 km in the Brabant Massif basement. Its depth is well
evaluated because the earthquake was recorded by three seismic
stations at less than 20 km, the closest being 3 km far from the
epicentre. The earthquake on 28 August 1992 occurred nearly
20 km to the South of the city of Charleroi. The uncertainty on
its location is larger than for the other master events with a 1o
uncertainty of nearly 2 km on its epicentre and slightly greater
on the focal depth because the closest station is located at
around 20 km distance. For these two events, we considered the
location given by the catalogue of the Royal Observatory of
Belgium at the date of 1 January 2013. The epicentre of the two
other earthquakes on 22 March 1987 near Dour in the Borinage
and 13 July 2008 in the Walloon Brabant are better constrained
because they were the stronger earthquakes of two seismic
sequences that were monitored by mobile local seismic
networks (Camelbeeck, 1988; Van Noten et al, 2015).
However, their focal depth is less well determined than their
epicentre. In the case of the 1987 earthquake, the main reason is
the use of a single-layer crustal velocity model that slightly
overvalued upper crustal velocity and then also focal depth
estimation. The 2008 event occurred before the deployment of
the mobile seismic network, which led to a less precise location

and especially focal depth than for the events measured by the
mobile stations.

3.2. Location of earthquakes only measured at the DOU and
UCC seismic stations

For 28 earthquakes, the only arrival times available are Pg and
Sg crustal waves for the DOU station, and Pg or Sg waves for
the UCC station. By assuming that focal depths of Hainaut
events are similar and shallow (Camelbeeck et al., 2022), we
can use the Sg — Pg arrival times at DOU of one of these 28
events and other well-located Hainaut earthquakes to estimate
the difference in epicentral distance with DOU. Similarly, the
difference of Sg or Pg arrival times at UCC with the one at
DOU indicates the difference of UCC epicentral distances
between the two events. Those two “double time difference”
allows evaluating the distance difference of these earthquakes
from the DOU and UCC seismic stations Adistpoy T

ter
, ¢
and Adistyccoagre, aS:

Vs xVp
Vp=Vs)

2

. event _ DOU DoU DOU DoU
AdlStDOUmaste,«’[(HS - HP )event - (HS - HP )master] X

and,

. event _ p o event vce DoU vce pou
Adistyccirer = Aistpoymenger = [HYC = HE)master — (HYC = HP)epene] X Vs

(3a)

or,

; event  _ p event vee Dpou vce pou
Adistyceparer = Aistoou ey — 1Hp ™ = Hp " master — (Hp™“ = HP )event] X Vp

(3b)

where HPOU HBOU ygDOU gDOU are  the  arrival  time
measurements of Sg- and Pg-waves, respectively for the DOU
and UCC seismic stations, and Vs and Vp are the mean Sg- and
Pg-waves velocity in the upper crust (see Sup. Mat. S2).

As possible master events, we considered 14 earthquakes of
the 26 events between 1965 and 1970 for which Pg and Sg
waves measurements are simultaneously available for the DOU
and UCC seismic station and which were located using data at
regional distances.

The relative location of each earthquake by comparison to a
master event is obtained by solving a system of two equations
for the two unknowns Ax and Ay, which are their difference in
longitude and latitude. These equations are similar to equation
S4 of Supplementary material S1 and are obtained by
considering that the azimuth of the seismic stations of DOU and
UCC from the two events are identical because the epicentres
are very close to each other. In our analysis, we considered that
only those earthquake couples that are separated by less than 4
km are compatible with this requirement, which of course
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strongly reduces the number of eligible master events.
4. The 1965-1985 earthquake dataset

Due to the small number of seismic stations in Belgium during
the period 1965-1985 (Figs 1 and 4), Camelbeeck (1985, 1990)
increased the dataset for the 26 studied earthquakes by
collecting copies of paper seismograms or arrival time
measurements for numerous seismic stations in Western Europe
in parallel to phase measurements published in seismic bulletins
of (inter)national and regional seismic centres. To fill gaps of
data for some Mw < 3.5 studied earthquakes, additional arrival
time measurements from the French CEA-LDG seismic network
were also collected. The location of the seismic stations for
which arrival time measurements and P-wave first motion data
were used in this study is reported in Figure 4.

Figure 5 reports for each couple of earthquakes the number
of stations that have been used in the relative location. For some
earthquakes, this number is relatively small, which certainly

limits the quality of their location. This is the case for the
earthquakes for which there is no couple including more than 7
data: 15 December 1965 at 13h42m (respectively 10 and 6
couples with respectively 5 and 6 data and no couple with more
data for a total of 127 equations), 16 March 1966 at 1h21m (4
couples with 5 data and no couple with more data for a total of
127 equations), 13 August 1968 at 16h40m (respectively 3 and
4 couples with respectively 5 and 6 data and no couple with
more data for a total of 96 equations), 3 November 1970 at
12h07m (respectively 5 and 9 couples with respectively 6 and 7
data and no couple with more data for a total of 155 equations)
and 14 September 1982 at 19h29m (8 couples with respectively
7 data and 1 couple with 8 and 10 data for a total of 165
equations).

For the other earthquakes, the dataset is more consistent. In
that respect, most of the couples formed by the largest
earthquakes (15 December 1965 at 12h07m, 16 January 1966 at
12h32m, 28 March 1967 at 15h49m, or 24 October 1976 at
20h33m) show measurements of phase arrival time for more
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couples.

than 20 stations. For the couples formed by these earthquakes
and the master events, the number of stations is smaller, but
greater than 12 to 15 in most cases. This reduced number is
explained by the progressive diminution of historical stations
that recorded the stronger earthquake well before 1970 but were
dismantled in the following decade. However, during the 1970s
and 1980s, modern digital seismic networks progressively
replaced old seismic stations. Moreover, the French CEA-LDG
modern network also evolved with time since its creation in
1964, with the closing of some stations and the creation of new
ones. Then, data from the five earthquakes that occurred
between 1976 and 1983 (mainly the 24 October 1976 at 20h33m
and 14 September 1982 at 19h24m earthquakes), which were
recorded by part of the different generations of stations or
networks, provide additional equations related to the recent
master events in the common relative inversion process.

An important parameter in the analysis of the reliability of
the computed earthquake epicentres for each couple of
earthquakes is the distribution of the azimuth of the seismic
stations reporting a difference in arrival times. A better relative
location of the two earthquakes will be obtained if the
corresponding dataset samples at least an azimuthal range of ©
radians, with several intermediate values sampling this
minimum interval (see eq. S6 in Supplementary material S1).
Figure 6 reports the largest gap in seismic station azimuth for all
the earthquake couples of the dataset. For many couples, this
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ents have been used in the location inversion for the different earthquake

value is larger or of the order of m radians. It is poor for the
earthquakes we already mentioned because of their small
number of available data. However, one of the advantages of
our multiple events inversion is the possibility to obtain a
reliable location with the presence of only a few couples
including this event respecting this “m radians” condition.

5. Regional earthquake location
5.1. Results

The results of our locations are reported in Table 1 and in
Figure 7 and Figure 1. For the 26 events located using European
seismic stations, the location corresponds to the mean value of
the 1000 different locations computed for each of them in the
way described in section 3.1., while the error bar corresponds to
the 1o of the location distribution. Figures 8 and 9 provide maps
reporting this information respectively for the 4 earthquakes on
15 December 1965 and for the years 1966, 1967, 1968 and
between 1970 and 1985.

To visualise the fitting of the dataset with the epicentre
solution for the set of the 26 studied earthquakes, we provide in
Supplementary material S3.2. all diagrams like Figure 10. This
diagram shows the difference in the seismic phase propagation
times (transformed to distance using the phase velocity) at each
seismic station between the 15 December 1965 earthquake at
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Figure 6. Azimuthal gap (in degrees) between seismic stations for each couple of earthquakes.

12h07 and the master event on 12 July 2008 at 13h46m. These
data fit well with the curve representing the difference in
epicentre location of both events obtained by inversion of the
entire dataset of the 26 studied earthquakes. The x and y
location (Belgian Lambert projection) in the title of the figure
reports the solution for the epicentre of the 1965 earthquake
with its 1o uncertainty. The relative distance between the 2008
and 1965 earthquakes is indicated as dx and dy. The red
sinusoidal curve reports the mean solution of fitting the
azimuthal variation of the relative distance between the two
earthquakes. The black curves correspond to each of the 1000
solutions of the system of equations. Blue markers correspond
to each seismic station that provided measurements for the two
earthquakes. They are reported on the diagram following their
azimuth and relative distances from the two earthquakes of the
couple. This relative distance is equal to the product of the time
difference of the Pn or Pg or Sg phase for the two earthquakes
with the apparent velocity of the corresponding seismic phase.
For each couple of events, the value of the measured time
difference residuals for each station are reported in
Supplementary material S3.1.

In Table 1, the quality Q of the 28 events located only using
seismic measurements at the DOU and UCC seismic stations are
reported by a bracket, in which the number of specific master
earthquakes used in the process is indicated.

For [0]: no master event is at less than 4 km from the
considered earthquake. The location is computed only using the
nearest master event. We considered that the event would be a
foreshock or an aftershock of this master event, and we fixed the

uncertainty on its location as the latitude and longitude
difference with this master event.

For [1]: only one master event is at less than 4 km from the
considered earthquake. As for the previous case, we considered
that the uncertainty on the location would be the latitude and
longitude difference with this master event.

When more than 1 master event is at less than 4 km, the
reported epicentre corresponds to the mean of the different
computations and the uncertainty corresponds to the 1c value on
the different estimations.

5.2. Reliability of the epicentre estimates

The 1o values around the mean of the 1000 epicentre locations
for each of the studied earthquakes suggest a quality
improvement of our multiple event location method over the
single location of Camelbeeck (1993). They vary from 1.2 km to
2.0 km in latitude and 1.1 km to 2.7 km in longitude (Table 1).
However, validating the reliability of these results requires
analysing the residuals and the completeness of the dataset in
terms of azimuthal representation and amount of data for each
earthquake couple. To do this, we compared our epicentres and
their associated uncertainties with the reliable macroseismic
locations estimated by Camelbeeck et al. (2022) for 11
earthquakes of the seismic episode (Table 3). These
macroseismic epicentres were computed as the weighted centre
of the intensity data points (IDPs) with the maximum and
maximum minus one degree observed intensity. Their
uncertainties are estimated as the mean value of those IDPs and
are relatively small as the higher observed intensities are
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Figure 7. Seismic activity in the Hainaut seismic zone between 1965 and 1985. 1o location uncertainty is indicated by the thin black error bars which
are scaled to distance.
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1965 12h07m and 13 July 2008 13h46m earthquake couple. Blue dots:
station data points. Grey shade: Solution given by 1000 times
computing the relative location. Red curve: Mean solution.

spatially concentrated in small areas with radii of a maximum of
a few kilometres.

For 9 of these 11 earthquakes, our epicentres are very close
to the macroseismic ones (e.g. Fig. 11). For that reason, the
number of data (Fig. 5), their maximum azimuthal gap (Fig. 6)
and their residuals (Fig. 12) for most of the couples including
these earthquakes appear sufficient to obtain reliable locations.
Then, the associated 1o values would represent a reliable
evaluation of their uncertainty. These events are assigned with a
Quality A level (uncertainty estimated between 1 and 2 km).

For two earthquakes on 23/09/1968 (shadow lines in
Table 3), the distance between the two epicentre estimations is
of the order of 5-6 km, which is large compared to the 1o given
by the two methods. However, it is difficult to evaluate whether
this discrepancy is caused by a diminution of the reliability of
one or the two methods. The asymmetric repartition of the IDPs
for the 23/09/1968 04h08m earthquake (Fig. 11) suggests a
spatial inhomogeneity in the official reports of the Royal
Observatory of Belgium that questioned the effects of the
earthquake. For an earthquake that occurred early in the
morning and only produced weak effects on the people,
interpreting these answers is somehow difficult and can lead to
uncertainties in the intensity evaluation. Moreover, the absence
of information to the East of the macroseismic field could also
be related to the weaker population density in parts of the area at
the epoch (Fig. 13). This is corroborated by the observation that
both the macroseismic epicentre and the barycentres of
individual intensities are located near the larger population
centre of La Louviére.

Furthermore, the arrival time difference dataset for these
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Table 3. Comparison between

N° D MYEAR h m LAT°N LON°E Alat(km) Alon(km) dR(km) EM(km) oR(km) ) o
new locations and macroseismic
01 15121965 1207  50.446 4.094  -0.4 1.8 19 0.5 1.4 analysis by Camelbeeck et al.
06 16011966 0651 50455 4.274  -1.7 1.0 25 18 15 (2022). ALat: latitude difference
(in km) between our relative

07 16011966 1232  50.466 4.293 0.7 2.4 25 0.6 14 . S
: : : epicentre and the macroseismic
27 28031967 1549  50.448 4269 3.1 0.8 3.2 13 12 location. ALon: longitude difference
37 12081968 0726  50.466 4.23 0.7 1.4 16 17 15 (in km) between our relative
epicentre and the macroseismic
41 13081968 1657 >0.461  4.226 01 11 12 2.0 15 location. dR: distance between the
44 23091968 0408 50.453 4.302 -0.8 5.2 52 2.0 15 relative location and macroseismic
45 23091968 0547 5044 4303  -33 6.0 6.8 12 16 epicentres (in km). Ey: macroseismic
epicentre uncertainty in km (weighted
47 03111970 0845 50383 4.388  -3.0 -16 34 16 14 mean of Imax and Imax-1
50 24101976 2033  50.358 3.983  -0.2 2.7 27 24 1.4 locality centres). og: lo around
51 14091982 1924  50.43  4.288  -1.1 3.4 36 20 14 the mean of the 1000 computed

two earthquakes is characterised by maximum azimuthal gaps of
less than 180° for 18 earthquake couples out of 29 associated
with the two events, which fulfils the necessary condition for
reliable locations. However, this gap is around 300° for the
couples with the master events, which gives small weights to the
corresponding equations in the inversion (Fig. 6). The number
of equations in the inversion process with earthquakes couples
including the 4h08m and 5h47m earthquakes are respectively
246 and 188. For the 4h0O8m earthquake, 11 couples of
earthquakes contain differences in arrival times for 10 stations,
while 9 couples of the 5h47m include more than 8 stations
(1 couple with 10 stations, Fig. 6). Residuals on the arrival time
differences for couples including the 4h08 earthquake are
respectively less or equal to 0.5 (1.0) second for respectively 11
(22) couples (Fig. 12), which is less than the assumed 1o
uncertainty for arrival time measurement of 1 s in the
computations. For couples including the 5h47m earthquake,
these numbers are respectively 8 and 22. Then, these three
markers for the two events on 23 September 1968 (Figs 5, 6 and
12) suggest that their quality is relatively like the ones of the 9
stronger earthquakes, but the number of available data could be
at the origin of a slightly lower quality of the location for these
two events. These events are assigned with a Quality B level
(uncertainty estimated between 2 and 4 km).

Among the five earthquakes for which the values of the
considered markers are less favourable to obtain reliable
location, four of them occurred on the same day as earthquakes

epicentres for each earthquake.

with Mw > 3.6. Assuming that they are foreshocks or
aftershocks of these events, the comparison of their location
with the main shock furnishes a way to understand whether their
location could be reliable. Our location of the earthquakes on 15
December 1965 at 13h42m and 13 August 1968 at 16h40m is
respectively at 0.7 and 3.3 km from their probable mainshock
that occurred at 12h07m and 16h57m. For the two other events
on 3 November 1970 at 12h07m and on 14 September 1982 at
19h29m, the difference of location with their mainshock is far
larger, respectively 10.5 and 14 km. This difference is very
likely caused by errors in one or even more of the seismic phase
measurements. However, these errors are not necessarily
evidenced in the residuals, because they are modulated by the
station azimuth in the inversion process. Hence, for events with
only few data, errors in measurements can be partially hidden,
resulting in a good fitting corresponding to a bad earthquake
location. However, we tried to reduce this effect by doing a first
computation using all the available data and considering that
phase arrival time residuals greater than 3 seconds are outliers.
Then, the final computation is done without them. For the
events with few data, we attributed a Quality C level (minimum
uncertainty estimated to 4 km).

We also analysed our dataset to identify if some of the
seismic stations introduced systematic errors in the computation.
For most of the stations, the mean residual is a few tenths of a
second while its standard deviation is less than 1 second
(Fig. 13). It is the largest for the stations for which few data
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Figure 12. Mean of absolute time difference residuals for each couple of earthquake locations.

were used in the computations. Then, we were certainly not too
optimistic in our modelling by assuming that our uncertainty on
the arrival time measurements was 1 second. Moreover, this
residual distribution by station indicates that using the mean
residuals as station correction would not improve our relative
locations.

6. Focal depths

Two different approaches can be used to evaluate earthquake
focal depth from Pn wave arrival time measurements.

The first approach consists of fitting to equation (1) the
available Pn arrival time measurements 7, of a given earthquake
with recording distance X;. Knowing V. the Pn wave velocity
and Ho the earthquake origin time, an estimation of the Pn time
term a, that depends on the focal depth and crustal velocity
structure (equation S1) can be determined. In the Supplementary
material S2, we computed the Pn time term with its uncertainty
for 12 earthquakes of our dataset by a common inversion (upper
part of Fig. 14). In this study, the origin time of the earthquakes
is estimated from Sg minus Pg arrival time measurements at the
seismic stations of DOU and UCC. The seismic phase velocities
are the ones determined in the Supplementary material S2. The
results of this time term analysis are shown in the upper part of
Figure 14. Their value ranges between 6.8 and 7.5 s for 6 of the
7 earthquakes that occurred in the Centre—La Louviére coal
basin. It is greater than 8.0 s for the 5 other earthquakes, three of
them occurred in the Charleroi basin, and one is the 1976 Givry
earthquake to the southwest outside the coal basins. However,

the 1o uncertainty on these time-term evaluations is large. Their
comparison with the ones of the master events and one
controlled explosion in the southern North Sea suggests that the
focal depth of these 12 Hainaut earthquakes is shallow and
would range between the surface and 7 + 2.3 km, the depth of
the 28-08-1992 master earthquake.

The two different classes of time terms evidence a bias in
our analysis that is caused by using a model with a constant
crust thickness and velocity in the crust. Events with a larger
time term occur more to the South than other events. This
observation can be related to the increased crustal thickness up
to the Moho of the order of 5 to 10 km on a distance range of
less than 100 km to the South across the Hainaut coal mining
basins noticed by Sichien et al. (2012). Unfortunately, this
structural anomaly of the Moho depth is not sufficiently
documented to take it into account in our earthquake focal depth
estimations. We therefore prefer the following relative
approach.

In this second approach, the difference of Pn time terms,
resulting from the inversion of the system of equations
(Supplementary material S1, eq. S10), for the two earthquakes
of all the couples in our dataset allows us to estimate their focal
depth difference. Afterwards, absolute focal depths can be
determined by adding earthquakes in the dataset for which
reliable focal depths have been determined by an independent
method. Following this strategy, nine earthquakes were added
and their depth was evaluated by fitting intensity distance bins
with the macroseismic intensity attenuation models for the
Hainaut area of Camelbeeck et al. (2022) (Table S1 and lower
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part of Fig. 14).

The robustness of these macroseismic estimations is
associated with the strong variation of the decrease of
macroseismic intensity with epicentral distance in function of
focal depth. For focal depths of 1, 2, 3 and 4 km in the Hainaut
basin, a decrease of 3 intensity degrees is respectively observed
at epicentral distances of around 6 km, 10 km, 15 km, and 17.5
km. To minimise the influence of the strong variation of the
Moho depth between the Brabant Massif and the Paris Basin,
we considered separately the two identified classes of events
with different ranges of Pn wave time term. We considered two
reference earthquakes (see Table 1 and Fig. 7): the 15 December
1965 at 12h07m earthquake and the 3 November 1970
earthquake at 8h45m. The first event is representative of most of
the earthquakes in the Centre-La Louviére basin and is used to
evaluate focal depth of the earthquakes in this area with time
terms between 6.8 and 7.5 s. The second event is representative
of the earthquakes located more to the south in the Charleroi
basin, mainly most of the events with time terms greater than
8.0s.

Their respective macroseismic focal depths are 2.7 + 0.8 km
and 2.3 £ 1.0 km. Lower part of Figure 14 reports focal depths
for 19 of the 26 studied earthquakes. For 17 earthquakes, it has
been determined by the difference in Pn time term. In the
computation, we considered a mean P-wave velocity V, = 4.5
km/s for the upper crustal layers in which the Hainaut seismicity
occurred, based on coal layer Two-Way-Traveltime (TWT)
mean velocities in the Hl1 and H9 seismic profiles of la
Companie Générale de Géophysique (Dejonghe et al., 1992)
shot through Hainaut in 1979 (see their location on Fig. 1). The
uncertainty on these focal depths is relatively large and is a
combination of the uncertainty on the origin time of the
earthquakes and on the difference of Pn time term. A good
coherence is also observed for the nine events for which focal
depth was evaluated from macroseismic data.

7. Discussion

7.1. Relation between Hainaut seismicity and the local
geological tectonic structure

Figure 15 shows a synthetic map including local geology,
tectonic faults and the earthquake activity for three discussed
periods of known seismic activity in the Hainaut area, including:
(1) the 1887-1965 macroseismic catalogue (Camelbeeck et al.,
2022), (ii) the 1965-1985 microseismic catalogue (analyses and
locations of this paper) and (iii) the post-1985 microseismic
catalogue corresponding to the period of continuous monitoring
since the installation of the modern seismic network in Belgium
in 1985. Figure 16 shows the interpretative Jeumont cross-
section of the ECORS deep seismic reflection profile (Raoult,
1986). Relocated Hainaut earthquakes have been laterally
projected on this profile using the Northing Lambert72
coordinate of the earthquakes.

The spatial repartition of the seismic activity in the Hainaut
coal area extends from the Borinage—Mons basin across the
Centre—La Louviere basin to the Charleroi basin (Fig. 15). The
annual seismic moment release (Fig. 17) shows the
inhomogeneity of the earthquake activity inside the three coal
mining basins indicating that: (1) the most important period of
activity in Hainaut is the seismic episode between 1965 and
1970 in the Centre basin and partly in the Charleroi basin, (2)
the Centre basin is the most active of the three coal basins,
essentially due to the Havré sequence in 1948-1949 and the
1965-1970 episode, (3) the strongest episode of activity in the
Charleroi basin occurred in 1911 in its northern part, and (4) the
Borinage was seismically less active than the two other Hainaut
basins.

Most earthquakes spatially occurred inside the coal
extraction limits except for the two Mw ~ 4.0 1976 Givry and
1995 Le Roeulx earthquakes, which occurred outside the
Hainaut coal basin. Based on their focal depth, the Givry
earthquake is located at the base of the Middle Devonian
unconformity over the Brabant Massif basement underneath the
Midi Thrust Fault while the Le Roeulx earthquake occurred at a
depth of 24 km inside the Brabant Massif basement (Fig. 16).
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Focal depths indicate that most of the earthquakes prior to 1985
occurred inside the upper Palacozoic part (Westphalian and
Dinantian) of the Brabant Parautochton, but below the
excavated Westphalian coal layers. After 1985, only low-
magnitude earthquakes have been recorded by the modern
network. These events are usually deeper and located either at
the base of upper Palacozoic or within the lower Palaeozoic of
the Brabant Massif basement.

Similar small deep events may also have occurred during
coal mining, but as they are only detectable by a dense sensitive
seismic network, their detection may have been missed at that
time. Because of the lateral projection on the conceptual cross-
section, it is at this stage not possible to make tentative
suggestions on specific fault systems responsible for the Hainaut
seismicity. A few earthquakes have very shallow focal depths,

around 1 km or below. Most of them occurred during the coal
mining period and were very likely induced by mining. These
rock failure events (Cook, 1976) are different from aseismic
events observed up to the surface and related to collapses and
subsidence due to excavation (M. Dusar, pers. comm., 2024).

7.2
context

Improved fault-plane solutions and seismotectonic

We recomputed fault-plane solutions for eight earthquakes that
occurred between 1965 and 1985 (Fig. 18 and Table 4). The
mechanisms are based on the first motion polarity of the first P-
wave phase, respectively Pg and Pn waves at local and regional
distances. Compared to the solutions of Camelbeeck (1990,
1993) and Camelbeeck et al. (2007), we benefited from a better
evaluation of the focal depth of the events and more station data.
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The upper part of Figure 19 shows the geographical
repartition of these mechanisms combined with those
determined by Englert (1995) for four 1987 Dour earthquakes
and Camelbeeck et al. (2007) for three other earthquakes after
1985. The background of this map provides information on the
stress generated at the local scale by the lateral variations of
topography and density in the crust. These local stress sources
are derived from the second spatial derivative of the geoid
(Camelbeeck et al., 2013). The local stress regime deduced from
the geoid shows that the Mons, the Centre-La Louviere and

Charleroi basins are all in compression (blue background colour
on Fig. 19). Within the Centre basin, the stress regime is more
transpressive (softer blue colour). North of the Westphalian
border inside the Brabant Massif, the local stress sources
indicate extension (red colour). In between the Hainaut region
and the Brabant Massif, a strike-slip regime must be present as
conversion from compression to extension always must move
over a strike-slip regime (Vandycke, 2002; Van Noten et al.,
2012). South of the Midi Thrust Fault, the generated stress
regime is less pronounced. In the following part, we investigate
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d d dal 1
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respectively.
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6 24-10-1976 20h33m 288 49 108 82 44 70
7 14-09-1982 19h24m 317 54 116 97 43 58
8 04-08-1983 07h08m 155 76 32 57 59 163

if the Hainaut focal mechanisms are compatible with these
observed local stresses derived from the second derivative of the
geoid. The link between these both tools has already been
demonstrated to work well for the 2008-2010 seismic swarm in
the Brabant Massif (Van Noten et al., 2015).

For most stations reported on the focal mechanisms, the take-
off angle from the seismic source is the same because they are
measured on Pn waves, regardless of the distance of the station
to the earthquake. As a result, those first motions (compression
or dilatation) are all plotted at the same distance from the centre
of the focal sphere. Combined with only a few Pg motions, this
can result in a poorly sampled focal sphere, which results in
large or multiple confident regions for the possible solutions.
This is the case for events 2 and 5 (Fig. 18). This does not mean
that the obtained solutions for those events are not of interest to
our analysis. The comparison of the 0.95 confidence area of the
slip vectors for events 2, 3 and 4 indicates a coherence between
them and suggests that these three earthquakes could have a
similar thrust mechanism with a small strike-slip component
along NNE-SSW faults. These earthquakes are among the four

larger earthquakes in the Centre basin and as such correspond to
an important part of the deformation caused by the seismicity in
this area. The maximum likelihood solution for event 5 that
occurred close to these earthquakes is a strike-slip mechanism
with a significant thrust component, which is also compatible
with the mechanisms of 2, 3 and 4. The mechanism of the strong
event 1 in the western part of the Centre basin is well
determined and corresponds to a thrust fault with the two E-W
striking nodal planes. The fault mechanisms of these five
earthquakes are fully compatible with compressive to
transpressive local stress sources determined from the geoid.

Event 7 which also occurred in the Centre basin shows a
nearly pure thrust mechanism with a strike in a direction
perpendicular to the other five events of the area, parallel to the
Variscan tectonic structures. It is similar to the fault-plane
solution for the 1976 Givry earthquake (event 6). Also, these
mechanisms agree with the local stress sources. The mechanism
of event § in the Charleroi basin is a strike-slip event with a
small thrust component, which poorly fits the local stress
sources.
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Figure 18. Re-evaluated fault-plane solutions of Hainaut earthquakes between 1965 and 1985. The 0.95 confidence level of the slip vector in the two

nodal planes is shown as coloured regions on the focal spheres.

Computing fault-plane solutions for events after 1985 was
only possible for a few events that were sufficiently strong to be
recorded by the modern Belgian seismic network. Despite its
great focal depth of 24 km, the 1995 Le Roeulx earthquake focal
mechanism is similar to the ones of the shallow stronger events
(numbers 2, 3 and 4) in the Centre basin. This suggests a
compressive local stress field consistent at the crustal scale in
and near the western and central part of the Centre basin.

The only mechanisms computed for the Borinage basin are
the ones of the Mw = 2.0-2.5 earthquakes of the 1987 Dour
seismic sequence. Three of them are quasi-pure strike-slip
faulting and are compatible with the transtensional to
transpressive stress sources defined by the geoid at the southern
limit of the Borinage basin but are different from the nearly
North-South strong compressive stress inside the basin. The
focal mechanism of the 1989 Charleroi shows pure strike slip,
which is more difficult to relate with the local stress sources as
it is in a region where differential local stress is small with a

stress regime rapidly changing spatially (illustrated by different
coloured circles and background colours in Fig. 19).

7.3. Origin of the Hainaut seismicity

The relationship between Hainaut seismicity and mining was
controversial during the mining industry period but this
discussion was spoiled because of the economic importance of
coal mining in Belgium (Troch, 2016, 2018). Up to recently, the
general understanding in the Belgian earth sciences community
is that this seismicity would be of natural origin because most of
the earthquake sources occurred deeper than mining works
(Fourmarier & Charlier, 1950), into the Dinantian and the
Brabant Massif basement. The low seismicity rate in Hainaut
since the installation of the modern network in 1985 explains
the lack of recent investigations on the subject. However, the
strong decrease in earthquake activity since the end of mining in
the 1970s clearly suggests that mining played a role in causing
this seismicity. The discussion was recently reopened by
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activity (dots) and total coal production produced by all concessions in Hainaut coal area since 1896 (Descamps, 2009).

Descamps (2009, 2010) who created a database of coal
production out of the Annales des Mines de Belgique for all the
concessions in the three Hainaut basins since 1896. Descamps
also showed the difficulty of proving an unambiguous link
between individual earthquakes and close-by coal production in
space and time. Recently, in the worldwide dataset of
earthquakes associated with human activities from Klose (2013)
we found new arguments to re-open this discussion.

In our dataset, several small seismic events before 1960
were not detected by any Belgian seismic station but were felt
locally by the population. From their effects at the surface, we
estimated their focal depths below 1 km which directly
corresponds to mining depth (Camelbeeck et al., 2022).
Although their mechanism is unknown, they should have
occurred inside or near the mine galleries during the period of
coal production and could be induced by one of the four
different types of rock failures described by Cook (1976): i.e.

rock falls resulting from loosened wall material falling inside
the galleries, or rock bursts or bumps resulting from strong
breakings, or outbursts corresponding to ejected rocks in the
mines by a rapid gas release. Current modern practices allow
locating and studying the mechanisms of such failures using
modern seismic networks (e.g. Bischoff et al., 2010, Olivier et
al., 2015).

Many other earthquakes in Hainaut, even if they are
considered shallow, occurred at depths greater than the mining
works and some reached Mw greater than 4.0. However, the
uncertainty on their focal depth (Fig. 14) suggests that some of
them could also have occurred close to the exploitation zone.
Hence, the Mw = 4.0 of 15 December 1965 was felt by workers
inside mine galleries close to its epicentre, but without damage
or observed movements and perturbations inside the galleries,
while it was destructive on large areas at the surface, suggesting
that the event was not directly related to works in these mines.
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We compared our gathered information with numerous
examples of worldwide seismicity stimulated by mining for
which causative forces and their importance, tectonic context,
and pore pressure influence have been studied (Klose, 2013; Mc
Garr et al.,, 2002). In conclusion, the characteristics of the
Hainaut seismicity (mechanism, location, magnitude, timing)
compared to the location, timing, and quantity of coal
production in the Hainaut concessions perfectly fit with these
worldwide statistics and strongly support the hypothesis of the
triggering of a large part of this seismicity by mining. This
hypothesis is supported by the following seismological
arguments:

1) The most favourable tectonic context to trigger
earthquakes by mining is compressive, which is
evidenced in the Hainaut area by our fault plane solution
and geoid analysis (Fig. 19).

2) The lateral distance of earthquakes to mining operation
points in the Klose (2013) dataset is less than 3 km,
which is coherent with most of the observed seismicity
in Hainaut (Fig. 19). A significant observation in
support of the link with mining is the total absence of
any events in the non-exploited area between the eastern
limit of the Borinage basin and the western limit of the
Centre basin.

3) Estimated focal depths in Hainaut are coherent with the
observations that seismicity triggered by mining would
extend down to below the depth of mining works
(Klose, 2013; Mc Garr et al., 2002).

and mining industry characteristics:

1) The total coal production in many concessions in
Hainaut since 1895 ranges between 10° and 107 tons
(Figs 17 and 19), which is in the range of mass changes
by mining that would trigger earthquakes with Mw
around 4.0 in a compressive regime, as estimated by
Klose (2013). Remark that these values only give the
total extraction of coal in Hainaut and that the total
extraction of rock material (including burden rock) is
much higher, supporting these conclusions even more.

2) Klose (2013) also observed that the delay in earthquake
occurrences after the beginning of nearby mining
activities ranges from 10 to several hundreds of years.
This would explain the delay of the seismic activity in
Hainaut with respect to the beginning of intensive coal
production in the early 19th century.

The seismic episode between 1965 and 1970 occurred at an
epoch during which most of the concessions in the Centre basin
were already closed (see closure dates of mine concessions in
Descamps, 2009). Then, an additional factor to support the
triggering of these seismic events are groundwater changes in
the upper crust. During operational periods, long-term,
continuous pumping to lower the water table was needed to
prevent flooding of galleries. In the long term, this could have
modified the ambient pore pressure in the upper crust, which is
generally close to hydrostatic pressure (Zoback & Healy, 1984),
which potentially led to an apparent normal stress increase. At
the end of mining operations, re-flooding of the mines had the
inverse effect and led to a pore fluid pressure increase resulting
in normal stress reduction. Combined with coal mass removal
and associated unloading, this increases the potential for fault
failure. Moreover, wetting of joints and fractures may also have
facilitated tectonically-induced movements (M. Dusar, pers.
comm., 2024). Mining operations stopped in the Centre basin at
the beginning of the seventies. This thus could explain the
triggering of the 1965-1970 seismic episode because many
reverse faults that were well oriented to the local stress regime
were close to failure. It is also well possible that the static stress
drop generated by the first event on 15 December 1965 would

accelerate the triggering of other events in the Centre basin, as
described for natural earthquakes by King et al. (1994) and
Stein (1999). However, this should be confirmed by specific
stress modelling in a future study.

Klose (2013) mentions that triggered seismicity can last for
decades after mining stops, which suggests that the recent post-
mining events inside the Hainaut coal basin could still be related
to this industrial activity. Moreover, methane drainage and gas-
storage activities continued into the 21st century in the Hainaut
basin and flooding caused a significant uplift of the surface area
above the mines in a way similar to the Campine Basin
(Declercq et al., 2023). Given the strong reduction of seismicity,
these activities seem to have less seismic impact than the coal
and burden extraction. Also, the mine-related triggered
earthquake occurrences described in this work are clearly
different in nature than current induced events caused by
geothermal exploitation in the Dinantian in the Campine Basin
(Kinscher et al., 2023). This study shows that faults in the
Dinantian are susceptible to local stress changes due to their
loading and unloading tectonic history and that the impact of
anthropogenic activities within these basins should not be
underestimated. By comparison, in the Ruhr-District in western
Germany, the impact of coal mining is also different than that of
the Hainaut basin. Earthquakes are limited to the mining depth,
Gutenberg-Richter b-values are higher (up to 2 versus 0.8 in
Hainaut), the largest magnitudes are limited to My ~ 3.3, and
there is a strong temporal correlation with the mining (Hinzen,
1982; Bischoff et al., 2010). These arguments favour a coal
mining-induced rapid energy release resulting in many, small-
magnitude, shallow seismic events (Hinzen, 1982).

We finally hypothesise that even the Mw ~ 4.0 Givry 1976
and Le Roeulx 1995 earthquakes, and the small events that
occurred down to the base of the Middle Devonian
unconformity over the Brabant Massif after the end of mining,
could also be triggered by mining. The current, smaller-
magnitude events, which occur deeper in the basement of the
Brabant Massif and can only be detected by the current dense
seismic network in Belgium, may reflect the natural background
seismicity.

8. Conclusions

In this work, we relocated the 26 strongest earthquakes that
happened in the Hainaut coal basin between 1965 and 1985. Our
relocation demonstrates the power of applying linear multiple
events relative location method and provides the possibility to
relocate seismicity during the same period in other areas of
Western Europe. The updated hypocentres and the original
epicentres of 28 other events allow a quantitative analysis of the
seismic episode between 1965 and 1970, complementing the
Camelbeeck et al. (2022) macroseismic synthesis on the seismic
activity in the Hainaut area up to 1985. Our comprehensive
analysis reveals that:

(1) the 1965-1970 seismic episode released a significant
part of the total seismic moment in the Hainaut area. The
updated focal mechanisms agree well with the acting
compressive and transpressive local source stresses, that result
from the difference in topography and crustal density (computed
from the second derivative of the geoid) with regard to the
surrounding areas.

(2) the compressive and transpressive stress regime in the
Hainaut basin is the most favourable tectonic context to trigger
earthquake activity in regions of intense mining. Moreover, the
concordance of the epicentres with the different mining
concessions and the shallowness of the hypocentres supports our
finding that seismicity was triggered by human activity in
Hainaut.
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Our conclusions should be considered in future seismic
hazard evaluations (e.g. Vanneste et al., 2024) and suggest that
current or future industrial processes modifying stresses in the
Hainaut coal basin and the underlying Dinantian limestone
should be accompanied by specific seismic monitoring.

Supplementary material

Supplementary material S1 contains a detailed explanation of
the method used to improve the location of the 1965 to 1985
earthquakes in the Hainaut area.

Supplementary material S2 explains the method to estimate
apparent velocities for Pn, Pg and Sg phases and the depth
dependence of time terms for the Hainaut earthquakes.

Supplementary material S3 is a zip file in which a jupyter
ipython notebook is included that applies the multiple event
location method developed in this study using station phase
arrival times. The output relocation data and figures (similar as
Fig. 10) are included as well.
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