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Introduction

Introduction

The region of Court-Saint-Etienne, a community at about 20 km SE of Brussels in Walloon Brabant, has
experienced a seismic sequence from 12 July 2008 to 18 January 2010. This seismic sequence is
characterised by several periods of swarm activity, of which the largest swarm activity took place in the
summer of 2008 and spring 2009, alternating with periods of seismic quiescence. In total, 239 earthquake
events have been recorded by the dense modern permanent seismic network in Belgium, among which 7
temporary stations that were installed in the vicinity of the epicentres soon after the first earthquake took
place. The largest event of the sequence had a local magnitude M, 3.2, struck on 13 July 2008 and was
felt in the whole Walloon Brabant, even to the NE of Brussels more than 30 km from the epicentre. In
general the local earthquake magnitudes of the whole swarm ranges between -0.7 < M, < 3.2.

Remarkably 60 events have been felt or heard only sometimes by the local population in spite of the often
very small magnitudes of the earthquakes (e.g. 12 responses for a M, = 0.7 event). This was detected by
the “Did You Feel 1t?” macroseismic internet inquiries (after Wald et al., 1999) on the seismology.be
website. The macroseismic maps drawn for each of these events show the spatial variability in the way
the earthquakes were felt. Thanks to the high responsiveness of the people we are quite confident that
these very low earthquakes were really felt/heard because several DYFI?-webforms were submitted even
before any information was published on the seismology website or in the media.

During the Court-Saint-Etienne seismic sequence, the local and the provincial authorities were concerned
about the seismic risk in the Walloon Brabant. In the past, a detailed local study on the seismic risk
assessment of the Walloon Brabant has, however, never been performed, mainly due to a lack of seismic
info after the installation of modern seismic equipment in 1985. This study supported by BELSPO
therefore aims to perform a full investigation of the seismic swarm and the local site effects of the
earthquake area in order to provide some answers to the authorities on the seismic source of the
earthquakes, their impact at the surface and the seismic risk.

Thanks to the important quantity of (macro)seismic data, this seismic sequence is the first event in the
Brabant Massif (an ancient Palaeozoic massif underlying Brabant and Flanders) that can be studied by
modern quantitative seismology methods. Moreover, the analysis of seismicity allows us to investigate
the possible link between seismicity and the reactivation of ancient geological structures in the Brabant
Massif. Additionally, this case also offers us an unique scientific opportunity to better understand the
origin of continental intraplate earthquakes in low seismicity regions, one of the major tasks of the
Seismology-Gravimetry section at the Royal Observatory of Belgium.



Contract MO/33/028: Final report Van Noten, Lecocq & Camelbeeck 2015

Research objectives

This project aims to answer several questions related to the seismic activity and its impact on the southern
part of the Brabant Massif in order to evaluate earthquake development in continental intraplate tectonic
settings.

A. First objective: The seismotectonic significance of the seismic sequence in the Walloon
Brabant

The first objective of this project is to perform a comprehensive analysis of the seismic sequence in the
Walloon Brabant to deduce information on the seismotectonic framework of the Brabant Massif. In order
to localise the active structure in the subsurface that was responsible for the seismic sequence, it is
necessary to relocate all the routinely determined seismic events with a greater precision. This will be
done by the method of seismic waveform cross-correlation (Task 1). In this method, the waveforms of
co-located earthquakes (i.e. very close at each other) recorded at a single station are compared to each
other, which allows improving the spatial distribution of the original hypocentres. Based on these
relocations, an analysis of seismicity will be performed in order to visualise and understand the evolution
of rupturing in time and space, i.e. the spatiotemporal analysis.

The fault geometry, fault mechanism and the associated current stress orientation will be derived from
calculating focal mechanisms for the largest individual events (Task 2). This will be determined by using
the full body wave signals and studying the first arrivals of P-waves observed at stations located in
various directions. Subsequently, a tectonic stress inversion will be done by using specialised stress
analysis programs. The results of stress inversion allows estimating the current stress field acting on this
part of the Brabant Massif.

In order to link the seismic sequence and the fault geometry to the local geology, a full synthesis of the
seismotectonic setting of the Brabant Massif will be realised (Task 3). This synthesis will include (i) an
overview of the historical seismicity in the Brabant Massif, (ii) a literature review on the tectonic grain of
the Brabant Massif based on structural analyses of field data and potential data (Bouguer gravity anomaly
and the magnetic field) and (iii) an integration of the seismological research results into the
seismotectonic framework of the Brabant Massif by a technique called matched bandpass filtering of the
magnetic field.

In Task 4, the obtained results of Tasks 1, 2 and 3 are discussed.

B. Second objective: Identification of the fault in the field

The second objective focuses on a possible surface identification of the geological fault structure that is
exemplified by the spatial distribution of the relocated hypocentres. It will be investigated if it is possible
to identify a structure at the surface or in the shallow subsurface that corresponds to the geometry of the
fault. The first important task (Task 5) is to gather all (cartographic) information on the local and regional
geology, geomorphology, hydro(geo)logy and soil characteristics in order to have a full overview of the
geology and the already performed studies in the area.

An possible identification of the fault structure at the surface can only be confirmed by performing a
geomorphological study of the earthquake area (Task 6). Fault-related structures will be searched on a
Digital Elevation Model (DEM) and on the field by analysing river traces, hill morphology and
differences in lithology. In this part of the work it is also intended to select some potential field sites to
perform a geophysical prospection by which the fault can be visualised (Task 7). Geophysical methods
such as ambient noise mesurements (HVSR) and 2D electrical resistivity tomography (ERT) will be used
to image the subsurface (max 40 m) in search of a possible offset of layers along a fault. 7
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In Task 8, the results of Tasks 4, 5 and 6 will be interpreted and discussed in order to provide a synthesis
on the geometry of the possible fault structure at the surface.

C. Third objective: Site effects and S-wave attenuation in the Brabant Massif

Depending on the site conditions and the local geological structure, ground motions produced by
earthquakes can be amplified or attenuated. The third objective therefore aims to investigate these ground
motions by studying the local site effects and attenuation of S-waves inside the Brabant Massif. Taking
into account the pronounced hilly topography of the research area, each site can be described by the
resonance frequency of the soil that varies according to the thickness of the soil above the bedrock. These
are important aspects to quantify the impact of the earthquakes and to evaluate the seismic risk in the
region of Court-Saint-Etienne.

The site resonance frequency will be evaluated by a field campaign of H/V measurements (Task 9). The
empirical H/VV method consists in recording the ambient vibrations of the ground during a limited time
and the calculation of the spectral ratio of the horizontal component over the vertical component (H/V).
The resulting curve allows to analyse the soil natural period of resonance which can be illustrated by
drawing detailed maps of the site effects. The detailed maps of the site effects can later be used in other
projects at the ROB that focus on seismic hazard (earthquake ground motion probability) and seismic risk
(social and environmental consequences of the seismic hazard) assessment in Belgium (not an objective
of this study).

The final task will focus on the analysis of the “Did you feel it?” internet inquiries (Task 10). We need to
develop a proper methodology on how the macroseismic results can be analysed. 60 events have been
reported to be felt/heard, so all these formularies need to be evaluated and mapped properly. The results
of this task will allow evaluating the local/regional seismic impact of earthquakes with respect to the local
geology and site effects.

D. Scientific output

In order to improve our methodology and to discuss the obtained results of the different tasks, several
presentations were given at national and international scientific meetings during the project (Task 11).

The results obtained in chapter A are published in the Tectonophysics journal in Van Noten et al. (2015).
This BELSPO project will further lead to two other additional papers focusing on the methodology of
analysing macroseismic inquiries and the mapping of the bedrock below a sedimentary cover by
geophysical tools.
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A. Seismotectonic significance of the 2008-2010 seismic swarm

TASK 1 — Spatiotemporal analysis of seismicity

1.1. Introduction: seismic swarms

Earthquake swarms or seismic swarms are defined as episodic sequences of a large number of seismic
events that are clustered in space and time (Mogi, 1963). In contrast to a classical foreshock-mainshock-
aftershock sequence, in which aftershock sequences may consist of numerous lower-magnitude
earthquakes, seismic swarms are not marked by one single dominant event. The time history of a swarm
is rather characterised by a gradual increase, or sometimes by a burst, of microseismic activity alternating
with periods of low seismic rate or seismic quiescence. Sometimes dominant earthquakes may reach
larger magnitudes during the course of a seismic swarm. The many small events in a seismic swarm are
often not linked to an identifiable mainshock. This is explained as a consequence of a rather
heterogeneous stress field in a weakened crust that lacks a single well-defined fault structure. If such a
fault structure was present, it might be capable releasing higher strain resulting in a higher magnitude
earthquake (Fischer et al., 2014; Mogi, 1963). To precisely localise and relocate the numerous events
within a seismic sequence, it is necessary to analyse waveform data that is recorded by a dense local
seismic network close to the epicentre of an earthquake swarm, allowing the detection of a large number
of small events.

In an intraplate continental tectonic setting, seismic swarms are commonly associated with stress
perturbations caused by magmatic intrusions, volcanic activity and with gradual fluid transport in the
seismogenic part of the crust (Hainzl, 2004; Hiemer et al., 2012; Schenk et al., 2012; Spiéék, 2000). In
volcanic areas, continental rift and subduction zones, large fluid- and gas movements such as CO, release
along prominent faults or fault intersections can generate earthquakes swarms (e.g. Ibs-von Seht et al.,
2008; Lindenfeld et al., 2012). Within the Eurasian tectonic plate, far away from any plate boundary,
intense geothermal seismic swarms occur for example in the western French Alps (e.g. Daniel et al.,
2011; Leclere et al., 2012) or in the West Bohemia/Vogtland area in the Eger rift zone (e.g. Fischer et al.,
2014; Parotidis et al., 2003; Schenk et al., 2012). In these cases, the presence of suprahydrostatic
overpressured fluids rising along a fault zone is often considered to trigger fault activity due to pore
pressure changes, even when the fault is unfavourably oriented for reactivation (Leclere et al., 2012;
Sibson, 1985) and especially if the crust is in a critical state (Parotidis et al., 2003).

Between 2008 and 2010, a seismic swarm occurred in the central part of Belgium, more specifically in the
basement rocks of the Lower Palaeozoic Anglo-Brabant Massif, here further referred to as the Brabant
Massif. Although the studied 2008-2010 Walloon Brabant seismic sequence resembles other seismic
swarms in terms of its temporal evolution, the lack of a main shock and the narrow spatial distribution,
the Brabant Massif is not associated with any of the volcanic, geothermal or tectonic settings described
above. Although the seismicity within the seismotectonic zone of the Brabant Massif is considered as to
be rather moderate, still few of the largest (historical) earthquakes in Western Europe have occurred
within this slate belt (Camelbeeck et al., 2007). Linking these historical large earthquakes to potential
individual fault structures has been difficult in the past, because of a lack of aftershocks and due to the
limited seismic network that was unable to record small seismic events. The rapid installation of a local
network in the epicentral area of the 2008-2010 seismic swarm, however, allows us to visualize and to
study for the first time an extremely well documented seismic event in the old geological structure of the
Brabant Massif. This study aims at investigating to what specific part of a geological structure the swarm
may correspond. First, the hypocentre location is improved by the cross-correlation of waveforms of co-
located events. Waveforms of the largest earthquakes are compared to analogue waveforms of a seismic
swarm that occurred between 1953 and 1957 at Court-Saint-Etienne in the same epicentral area as the
2008-2010 swarm. A 3D analysis of the relocated hypocentre distribution allows understanding the
dimension of the structure and framing the seismic sequence within the tectonic structure of the Brabant
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Massif. Using the orientation of the seismic swarm, we attempt to link the fault structure to a relevant
tectonic structure via magnetic data. These data are matched-filtered to highlight anomalies that are likely
to be due to sources at depths of interest. Such structures are of interest as they can play an important role
accommodating deformation in a current stress field. Finally, stress inversion of the focal mechanisms of
the largest-magnitude events is performed, allowing derivation of a best-fitting stress tensor and
discussion of its correspondence to the regional stress field in northwestern Europe.

1.2. Temporary network and time history of seismicity
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Figure 1: a) Localisation map of the temporary seismic network (blue triangles) and the nearby permanent stations
(black triangles) in the Walloon Brabant Province. Abbreviations of stations can be found in the text. The red circles
show the relocated seismic events of the 2008-2010 seismic swarm. Background DEM map © Nationaal
Geografisch Instituut. b) Waveforms of a M_ 1.5 earthquake recorded by the temporary and permanent seismic
network, sorted by increasing distance to the epicentre.

The Brabant Walloon seismic swarm started on 12 July 2008 with a M, 2.2 earthquake at a depth of 6.3
km. It was followed the day after by a M, 3.2 earthquake at 5.9 km depth, the largest earthquake in the
seismic sequence. As soon as seismologists of the Royal Observatory of Belgium started to realise that
the seismic activity potentially could last for a very long time, a dense temporary seismic network was
deployed in the Court-Saint-Etienne — Ottignies area in a 10 km radius around the epicentres (Figure 1).
Installing a temporary network is important as detailed seismic records allow recording very small events
that cannot be detected by distant stations, and allow relocating all seismic events properly. Immediately
after the occurrence of the first events, two stations were installed on 14 July 2008. Afterwards, another 5
seismic stations were installed. The temporary network with 7 local stations was fully operational
between 12 August 2008 and 20 July 2010 and consisted of 4 short period LE-3D/5s seismometers and
3 CMG-3ESPC broadband seismometers that were installed in the hamlets of Grand Leez (GRZ), Mellery
(OT1), Rixensart (OT2), Dion-le-Mont (OT3), Limal (OT4), Genappe (OT5) and Ottignies (OTT). After
the removal of the temporary network, a permanent station was installed on 13 July 2010 in Court-Saint-
Etienne (CSE) to monitor the area continuously. The closest active permanent stations are the Seneffe
(SNF), Ronquieres (RNQ), Uccle (UCCS, UCCB) and Steenkerque (SKQ) stations (Figure 1).
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Station Name Longitude Latitude d_epi (km) Altitude (m) Seismometer Installation End time
OTT Ottignies 4.5600 50.6590 327 77 CMG-3ESPC 7/14/2008 8/6/2010
OT1 Mellery 45729 50.5971 3.69 156 LE-3D 8/11/2008 8/6/2010
oT2 Rixensart 45251 50.7041 8.70 102 LE-3D 8/12/2008 8/6/2010
oT3 Dion-le-Mont 4.6440 50.6934 9.09 102 LE-3D 8/12/2008 8/6/2010
0T4 Limal 4.5644 50.6948 724 84 LE-3D 8/11/2008 1/19/2009
oT5 Genappe 4.4409 506284 862 130 LE-3D 8/11/2008 7/20/2010
GRZ Grand-Leez 4.7670 50.5790 1545 152 CMG-3ESPC 7/14/2008 8/6/2010
CSE Court-Saint-Etienne 4.5767 50.6061 279 157 CMG-3ESPC Permanent since 2010-07-13
uccs® Uccle 4.3605 50.7973 2347 —10 CMG-3T Permanent

uccs® Uccle 4.3605 50.7973 2347 104 CMG-3ESPC Permanent

SNF Seneffe 4.2820 50.5077 24.05 108 L4-C Permanent

RQR Ronquiéres 4.2246 50.6062 2402 40 L4-C Permanent

SKQ Steenkerque 4.0796 50.6487 34.16 63 LE-3D Permanent

¢ UCCB: seismometer installed in the basement rocks of the Brabant Massif in a 114 m deep borehole.
> UCCs: surface seismometer above UCCB.

Table 1: Location of temporary and permanent stations and their installed equipment. d_epi: Epicentral distance of
each station to the relocated epicentre of the ML 1.5 event (see Appendix A) shown in Fig. 3.
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Figure 2: Time history of seismicity of the 2008-2010 seismic swarm in function of the cumulative amount of events
and the local magnitude of earthquakes. The histogram displays the distribution of events in function of magnitude
steps of M, 0.2. Five periods of increased seismicity are detected: summer 2008, winter 2008, spring 2009, autumn
2009 and winter 2010. There is no relationship between time history of earthquake occurrence and earthquake
magnitude.

P- and S-wave arrival times were manually picked on a daily basis. Based on the time difference between
P- and S-wave arrivals, amplitude and period measurements, a local magnitude M_ was estimated for
each individual event. Earthquake magnitudes of the Walloon Brabant seismic swarm range randomly
from M -0.7 to M_ 3.2 without any clear relationship between earthquake magnitude and the time history
of seismicity. Such absence of correlation between earthquake magnitude and time history of events is
typical for seismic swarms (Mogi, 1963) although higher magnitude earthquakes are often detected at the
onset of a seismic swarm (e.g. in West-bohemia, Fischer et al., 2014).

The time history of seismicity of the 239 recorded events shows that the seismic sequence can be
subdivided in several periods of seismic activity alternating by periods of seismic quiescence (Figure 2).
A first large swarm activity (109 events) took place in the summer and autumn of 2008. After inactivity
during 51 days the swarm shortly revived between 20 and 29 December 2008 (11 events). A second large
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activity took place in the spring of 2009 (119 events) during which the seismic rate increased to
sometimes ten events per day. Subsequently, some sole events occurred in the summer of 2009. A minor
amount of activity was detected in December 2009 (5 events) and January 2010 (3 events). Finally, 1.5
years after it started, the seismic sequence ended with two seismic events on 30 January 2011. Recently,
however, a single M, 1.0 event occurred on 10 January 2014. A full catalogue of all events with their
timing, magnitude and location can be found in the AppendixA.

The individual seismic moment My, i.e. the amount of energy released by each earthquake, has been
calculated. The cumulative energy release of My is totally dominated by the M 3.2 event, noting that
more than half of the total energy was released during this event. Apart from the M, 3.2 event, M > 2
events characterise most of the remaining energy release through time. The total cumulative seismic
moment, i.e. Mo = 2.58 x 10* N.m would correspond to an individual earthquake with magnitude M, 3.9
using the local empirical relationship between My and M, of Reamer and Hinzen (2004) applicable for
Northern Rhine region. Given the time interval of 2 years, the Walloon Brabant swarm did release its
seismic energy rather slowly over a small scale.

The online “Did You Feel It?” macroseismic data acquisition system of the Royal Observatory of
Belgium (Lecocq et al., 2009) showed that 60 events, with magnitudes between M, 0.4 and M 3.2, of
239 events of the 2008-2010 seismic sequence were felt by the local population. The macroseismic spatial
distribution of the M| 3.2 event evidences that this earthquake was felt at distances larger than 75 km,
from Charleroi to the north of Brussels, and from the west of Brussels to Liége. Remarkably, sometimes
also very small events with a magnitude as low as M 0.7 were perceived by the respondents. Most of
these small events were actually more often heard than felt. Given these small magnitudes this sound
perception is indicative of a local high-frequency earthquake source.

1.3. Magnitude-frequency distribution

The recurrence of earthquakes with various magnitudes that are generated by a faults can be visualised in
a cumulative magnitude-frequency distribution (MFD) and is commonly described by the Gutenberg-
Richter relationship (Gutenberg and Richter, 1956):

LogioN =a—b.M (Equation 1)

where N is the number of earthquake, M is the magnitude of those events, and a and b are the intercept
and slope of a least squares best fit to the MFD. The Gutenberg-Richter relationship is effectively a
measure of the relative occurrence of small to large earthquakes. The range of b-values can vary widely
and depends on the nature and spatiotemporal evolution of earthquake swarms. VVolcanic swarms produce
b-values up to 2.5, indicating a large proportion of small earthquakes relatively to large ones, whereas b-
values of non-volcanic, intraplate tectonic swarms range 0.8-1.1 (Hainzl and Fischer, 2002; Ibs-von Seht
et al., 2008).

The minimum magnitude of complete recording (Mc) is an important parameter that indicates the
magnitude below which no proper b-value can be calculated due to incompleteness of the dataset. This is
usually expressed by a change of the slope of the MFD fit towards lower magnitudes. The MFD for the
2008-2010 seismic swarm shows that small-magnitude events between M, 0.0 and M, 0.8 are highly
represented (Fig. 4a). Below magnitude M, 0.4, the slope of the cumulative MFD changes considerably.
This is partly because small events were not recorded before the local network was fully operational and
also because human and industrial activity during daytime hours results in low signal-to-noise levels. This
is particularly apparent in the magnitude versus time plot (Fig. 4b). Consequently, seismic events with
magnitude below M_ 0.4 in the swarm catalogue could only be detected during evening- and nightly
hours (18nh00 — 06h00). This suggests that the catalogue is incomplete and underrepresented for events
below M, 0.4. Based on the 89 events below M 0.4 that were picked during the night (18h00 - 06h00),
one may add a same amount of 89 events below M, 0.4 to the 239 detected events in the catalogue to
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account for those events that were missed during the working hours. Such a modified catalogue of 328
events would, however, only slightly affect the b-value as only low magnitudes would be added.

For Mc = M, 0.4, a- and b-values of 2.017 and 0.662, respectively. The b-value of the whole 2008-2010
catalogue is only a little lower than the 0.87 b-value calculated for the entire ROB catalogue
representative for all earthquakes that occurred in Belgium and the surrounding areas (Leynaud et al.,
2000). This b-value is in agreement with a b-value range between 0.8 and 1.1 calculated from other
intraplate seismic swarms (Hainzl and Fischer, 2002; Ibs-von Seht et al., 2008). Additionally, it has to be
noted that global b-values for seismic swarms in literature are sometimes calculated from moment
magnitudes (M,,), whereas the b-value of the Walloon Brabant seismic sequence is calculated from local
magnitudes. Based on local conversions between M, and My, the b-value estimated from M, however,
will slightly underestimate a b-value estimated from M,y. Nevertheless, our results are interesting because
they indicate that individual structures or an individual fault visualised by earthquake swarms can produce
a robust Gutenberg-Richter relationship, something that has been questioned and discussed (e.g.
Hofmann, 1996).
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Figure 3: a) Individual and cumulative magnitude frequency distribution (MFD) for the entire 2008-2014
earthquake catalogue (239 events). The a- and b-values of the Gutenberg-Richter relationship have been calculated
in the range of M, = 0.4 < M| < 2.5 and are 2.017 and 0.662, respectively. b) Resolution of the picked events after
installation of the local seismic network. Due to the high signal-to-noise ratio during the daytime (6h-21h),
minimum magnitude of detection was M, 0.4. During the night-time, events down to M, -0.7 could be picked.
Magnitude completeness (Mc) of the seismic catalogue is therefore set at M 0.4.
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1.4. Earthquake location, waveform cross-correlation and event relocation

To localise the structure that was responsible for the seismic sequence, it was necessary to first locate all
seismic events of the swarm spatially and then relocate all the determined locations with a greater
precision. For each seismic event, the P- and S-phases have been eye-picked when feasible. The epicentre
location of each event is computed using Hypo2000, i.e. a ROB-modified version of Hypo71 (Lee and
Lahr, 1972). This modified algorithm computes 500 locations (instead of one in Hypo71) for each
earthquake event by adding or subtracting random noise to P- and S-wave measurements, with a
maximum error of 0.05 s and 0.10 s, respectively. The centroid of the 500 location "cloud" is then taken
as final solution and the location error is determined by evaluating the size of the cloud.
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Figure 4: Example of waveform comparison, event clustering and overlay of events recorded at the Ottignies
(OTT) temporary seismic station. All first P-wave arrivals of different events are placed simultaneously to correlate
and compare the difference waveforms. This allows improving the arrival time and the hypocentre location. Three
different clusters can be deduced. a) Cross-correlation of waveforms of the spring 2009 activity shows a high
similarity. b) Cross-correlation of 49 individual traces. Note that the similarity of the first 0.6s after the first P-wave
arrival is strikingly similar. c) Cross-correlation shows that 34 events of the autumn 2008 activity are comparable
to 4 other events of the swarm. d) Cross-correlation and timing of additional 7 events.
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Many P- and S-events have very similar waveforms (Lecocq, 2011). As the seismic sequence seems to
occur in a very small rock body, relocation tools are applied in order to improve the relative location
between nearby events by calculating travel time corrections between events and stations. To execute this
task the double-difference algorithm HypoDD (Waldhauser and Ellsworth, 2000) is used. In this software
method, the waveforms of co-located earthquakes, i.e. very closely located events, recorded at a single
station are compared to each other, allowing further improvement of the hypocentre locations (Schaff and
Waldhauser, 2005).

Cross-correlation differential times for HypoDD are obtained by using hypoDDpy (Krischer, 2015) and
ObsPy (Beyreuther et al., 2010). Clustering has been done using the Correlation Toolbox from the
GISMO suite, a Matlab toolbox for seismology (University of Alaska Fairbanks). In the relocation
method, the first P- and S-wave arrivals of each event, recorded either at a permanent or at a temporary
single station, are mutually compared in a time frame window to the P-wave and S-wave arrivals of all
other events recorded at the same station (Fig. 5).

Waveform similarity of co-located earthquakes indicates that the source of these events is nearly
equivalent and that the ray trajectories from source to receiver are at about the same and travelled through
an almost identical medium. Differences between travel times are then solely attributed to the
corresponding distance between hypocentres. Identification of repeated events or multiplets can be
performed either by comparing all traces visually or by calculating the cross-correlation coefficient of an
event that is cross-correlated with all other events in a similarity cross-correlation matrix, indicating the
degree of waveform similarity between events. The correlation function only measures the normalised
similarity of the waveform shape but not the amplitude of the events. For events with a higher correlation
the travel path will be identical but the strength of the source might differ.

Many of the events of different swarm activity periods show similar waveforms. For the spring 2009
activity, for example, cross-correlation shows that 49 events of all events recorded at the Ottignies station
(OTT, station deployed directly on the bedrock) show a waveform similarity of more than 75% (Figure
4a, b). Events of the autumn 2008 period also show a high similarity similar (Figure 4c,d). Cross-
correlation thus demonstrates the tight spatial grouping of the events.

The original locations of the seismic swarm (see white dots in Figure 5 for original location before cross-
correlation) show a dense patch of events that are separated from the first two M_ 2.2 and M, 3.2
earthquakes by a northward offset of 900 m. This offset is attributed to the absence of local network
during the two first events. In order to calculate the precise focal mechanisms of these two large events
(see section 3.5), these two event needed to be relocated properly. Based on the strongly comparable
waveforms and on the large cross-correlation in the similarity matrix of the Steenkerque seismic station
(SKQ), the July 12 2008 M, 2.2 and July 13 2008 M, 3.2 events cross-correlate to the waveform of the
September 13 2008 M 2.6 event and to some other minor events in the September cluster. The
waveforms of the September 2008 cluster on their turn cross-correlate to many of the events of the 2009
spring cluster. Consequently, given the large similarity of these different events, the M, 2.2 and M, 3.2
events can be relocated relatively close to the other clusters (Figure 5). Cross-correlation thus allows
applying a location correction to account for the northwards shift of the epicentre location of the first two
large earthquakes in the final earthquake catalogue (Appendix A). This northwards error is not present
anymore for all subsequent events as, due to the installation of the temporary network, the closest station
being at 1.5 km from the epicentre. All events that took place after the local network was removed, e.g.
such as the 14 January 2014 event (see Appendix A), are still cross-correlated with the 2008-2010 events
to relocate these new events.

By cross-correlation, the manually picked P- and S-wave arrival times could be refined to subsample
spacing of a few milliseconds (below 0.008s for 125Hz sampling rate, Deichmann and Garcia-Fernandez,
1992). Afterwards, these new picks are used as an input to HypoDD to improve the quality of the original
hypocentre locations.
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Ultimately, by considering the difference in travel times between the different events, the original location
of the Walloon Brabant seismic swarm was considerably improved (Figure 5). The relocated hypocentres
form a dense cluster both in horizontal and vertical direction. The orientation of the epicentres suggest
that the swarm occurred along a narrow, 1.5 km-long NW-SE oriented fault zone in the Faux area, a small
hamlet 3 kilometre south of Court-Saint-Etienne (see depth plots in Figure 5).
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Figure 5: Simplified geological map of epicentral area. The Thyle and Dyle river valleys incised in the Cambrian
basement rocks of the Brabant Massif. The basement rocks on the hill tops are only covered by the sandy Eocene
Brussels Formation. Comparison of the epicentral distribution of the seismic swarm before (white dots) and after
(dots coloured by depth) relocation by cross-correlation. The relocated epicentres delimit a narrow NW-SE oriented
fault zone dipping steeply to the NE. The contact between the Tubize (TUB) and Mousty (MST) Formation indicates
the position of the Asquempont detachment fault (dotted grey line). Basemap is the digital elevation model
(©Nationaal Geografisch Instituut) of the epicentral area. Crt-St-E: Court-Saint-Etienne; M-St-G: Mont-Saint-
Guibert; SHH= Sint-Huibrechts Hern.

Relocating all hypocentres allows performing a 3D analysis on the hypocentre distribution in function of
depth versus time of occurrence (Figure 6a). From this hypocentre distribution it is clear that the swarm
activity is restricted to a rather narrow volume situated between 5 km and 7 km depth. To estimate the
true dip of the fault structure, we use the method of Camelbeeck (1993), which describes an ellipsoid
defined by 95% of the hypocentres. Applying this method to the hypocentre cloud of relocated events
shows that the NW-SE fault zone dips steeply to the NE at an angle of ~87° (Figure 6a). The swarm is
thus clearly limited both in vertical and horizontal dimension.

Only in very short time slots a spatial distribution and depth correlation can be found. For example, 6
events of the spring 2009 cluster occurred within three hours (i.e. between 2009-03-26-22:31:19 and
2009-03-27-01:57:12). Spatially, these events were only separated from each other by a distance of 100 m
(between 5.846 km and 5.947 km depth; see event numbers 180-185 in the catalogue in the
supplementary data). Similarly, other depth correlations can be found in other very short time windows.
However, if the whole swarm is considered, hardly any correlation between depth and rupture
propagation through time can be found. This absence of correlation conflicts with fluid- or gas-driven
seismic swarms that are characterised by an upwards migration of events.

All events that took place after the local network has been removed, e.g. the event that took place onl4
January 2014, Appendix A), are still cross-correlated with the 2008-2010 events to relocate these events.
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The locally installed network can currently thus be applied as a phantom network to validate and cross-
correlate new events that would occur on the same location.
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Figure 6: Three-dimensional hypocentral distribution of the 2008-2010 seismic swarm in function of depth and the
time past after the first event. The colours display the temporal evolution of the earthquake swarm from the first
event (12-07-2008) onwards. Note the linearity of the events and the limited horizontal distribution of the swarm.
Size of the events corresponds to the magnitude variation within the swarm. a) N45W cross-section parallel to the
fault structure. b) S45E in plane section perpendicular to the fault. The horizontal axis is in local Belgium Lambert
1972 coordinates (kilometre scale); vertical and horizontal dimensions are to scale. Black arrow = North.
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TASK 2 — Calculation of focal mechanisms and tectonic stress inversion

2.1. Fault plane solutions

The focal mechanism is the geometric description of the brittle deformation produced by earthquakes.
These were calculated from the P-wave first motion polarities of the individual earthquakes that arrive at
different seismic stations using fpsol, an algorithm that computes the nodal planes by minimising the
misfit between theoretical and observed P-wave first motions projected on the focal sphere (Camelbeeck,
1993). The calculation of focal mechanisms allows determining the orientation (strike, dip) and slip
vector on each plane of the fault zone. These can then be used to derive the associated tectonic stress
responsible of the fault and thus of the earthquake activity. The Belgian network geometry and station
spacing allowed for the determination of 10 fault plane solutions with a probability of 95% for events
>M_ 1.6. For each of these fault plane solutions, the focal sphere was centred on the relocated
hypocentre, assuming that the relocations provide a better homogeneity of the dataset (Figure 7).

The comparison between the spatial distribution of relocated earthquakes and their focal mechanisms
show a clear match between one of the two nodal planes and the distribution Figure 8). Based on the
spatial distribution of the different events, the distinct, steeply dipping, NW-SE to NNW-SSE fault zone
automatically distinguishes the NW-SE nodal planes as the actual fault plane and the NE-SW-oriented
planes as the auxiliary planes (Table 2, Figure 8). Each of the 10 focal mechanisms defines a left-lateral
oblique to purely left-lateral strike-slip movement of the nearly vertical fault zone.

Court-Saint-Etienne (BE) 2 2008-07-13 - 13:45:49
M, 3.2 & 2 N lat 50.62587
2 e lon 4.565332

depth 7.740 km

e compression “ strike: 151.7  59.0 proba: 0.94978
o dilation dip: 819 722 rvalue: 0.03000
rake: 18.0 171.5

Figure 7: Focal mechanism computation of the M 3.2 event (at a depth of 5.7 km) on the focal sphere.
Degrees in the focal sphere correspond to the angle of the position of the seismic station relative to the
event. The coloured contours represent a 95% probability or higher. Explication of the station
abbreviations of the Belgian network can be found on www.seismology.be.
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Figure 8: Focal mechanisms of all events for which a reliable mechanism could be calculated. The
seismic swarm is dominated by left-lateral strike-slip motion. The orientation of the swarm indicates that
the NW-SE nodal plane can be interpreted as the true fault plane.

Event Location Magn. [Fault Plane Nodal Plane SH Stress

Id Time Lon Lat Depth M Strike Dip Rake | Strike Dip Rake Max Min [Regime
3069 20080713-13:45:49| 50.62587 4.565332 7.740 3.2 151.7 81.9 18.0 59.0 72.2 171.5 105 15 SS
3090 20080808-09:54:39( 50.63412 4.564285 6.336 1.7 119.2 74.0 0.9 289 89.1 164.0 74 164 SS
3094 20080808-17:52:02| 50.62817 4.560497 5.474 1.8 1330 73.7 -62.0 | 250.8 32.1 -148.1 | 102 12 NF
3165 20080912-05:08:55( 50.62995 4.562925 6.406 2.2 341.8 72.0 32.0 240.8 59.7 159.0 111 21 SS
3225 20081220-20:53:08| 50.62695 4.566024 5.652 2.4 3188 80.1 -30.0 [ 54.4 60.5 -168.6 97 7 SS
3232 20081229-03:27:55| 50.62709 4.558643 5.715 1.7 123.0 70.4 -12.5 | 217.2 78.3  -160.0 80 170 SS
3239 20090115-12:02:24( 50.63454 4.559644 6.458 1.9 139.5 72.0 -20.0 | 235.9 71.0 -160.9 98 8 SS
3273 20090303-03:23:32| 50.62994 4.561393 6.264 2.8 319.8 82.2 -20.0 52.6 70.2 -171.7 96 6 SS
3276 20090305-04:21:42( 50.62936 4.561387 6.088 1:7 310.7 49.7 -35.0 65.1 64.0 -134.0 98 8 NS
3552 20091226-06:50:13| 50.62489 4.568443 5.469 2.5 324.7 82.8 -6.0 55:5 84.0 -172.7 101 11 SS

Table 2: Database of the 10 reliable earthquake focal mechanisms of the 2008-2010 seismic swarm used
for stress inversion. Location gives the orientation after relocation. M, = Local earthquake magnitude.
Strike, dip and rake of the nodal plane interpreted as the fault plane and the auxiliary nodal plane are
given. SH: Horizontal Shortening. Stress regime: SS = strike-slip; NF = formal faulting; NS = combined
normal and strike-slip faulting.

2.2. Fault plane solutions

Principal stress orientations active during faulting can be derived from fault slip data along representative
faults. Stress inversion assumes the Wallace-Bott hypothesis (Bott, 1959; Wallace, 1951), which states
that slip occurs parallel to the resolved shear stress on a pre-existing or along a newly formed fault plane.
The inversion technique involves the concept of (i) deriving the best-fitting stress tensor capable of
explaining the direction of slip along the fault and (ii) deriving the magnitude of the principle stress
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directions. In this method, the data are first processed interactively using the Right Dihedral Method
(Angelier and Mechler, 1977) optimised in the Win-Tensor programme (version 4.0.4), a software tool
specifically developed for the derivation of the orientation of the principal stress axes of the regional
stress tensor (Delvaux and Sperner, 2003). The Right Dihedral Method is independent of the choice of
nodal planes and gives a range of possible orientations of o;, 6, and o3. The iterative grid search
“Rotational Optimisation” method is applied to the results of the inversion by using a misfit (F5 in the
Win-Tensor programme, see Delvaux and Sperner, 2003 for details).
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Figure 9: Lower-hemisphere equal-area stereoplots
of the true nodal planes showing stress inversion
results (Win-Tensor programme). Results are
represented by (i) the orientation (in plunge/trend
convention) of three principal stress axes and (ii) the
direction of Spynax (black arrows) and Sy, (White
arrows). The bars outside the stereograms show the
stress inversion result of each individual focal

Schmidt Lower | - mechanism (oy = black and o, = white). The lower
ﬁ Weight Mode 2
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@®0,: 109/09 N focal | Tight inset shows the corresponding focal
\0>: 225/70 mechanisms | mechanism of all weighted fault plane solutions. The
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3011555 principal component (o). The uncertainty of oy IS

expressed by the red bars outside the lower left
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stress inversion bars.

a) Inversion of 10 selected events representative for
the seismic swarm. oy has a N275° (WNW--ESE)
orientation but a high misfit of 16.4%.

b) Rejection of a normal and oblique event results in
a lower misfit (4.9%) and a more reliable stress
tensor with a oy oriented N289° (WNW--ESE). R =
stress ratio; QRfm = quality factor of stress tensor
following World Stress Map criteria (C = medium, B
= good); F5 = misfit function of results (Delvaux
=1 and Sperner, 2003); R’' = stress regime index (R’' =
2-R for a strike-slip regime).
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6 %| differences in the gravitational potential energy
4 E| after the method of Camelbeeck et al. (2013). Black
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By using the Win-Tensor programme, first both nodal planes of each calculated focal mechanisms, with
their accompanying slip lines, are inverted to a stress tensor. As the alignment of epicentres identifies the
NW-SE oriented nodal plane in the focal mechanism as the actual ruptured fault plane and the NE-SW
oriented planes as the auxiliary plane, the final inversion includes only those focal planes that are best fit
to the local stress field. The graphical output of the inversion into an equal-area stereographic projection
then allows evaluation of the overall quality of the stress inversion. During the inversion process, an
exponential weighting factor that is a function of the magnitude of the earthquakes is used. This factor
effectively emphasizes higher magnitude events. For example, stress inversion of the M 3.2 event is
weighted as much more important on the overall result as stress inversion of the M 2.2 event.

Stress inversion of the 10 different focal mechanisms shows a local WNW-ESE oriented o (61 ~ 08/095),
NNE-SSW o, (063 ~12/187) and a nearly vertical oy (o, ~76/331) which corresponds to a left-lateral and
nearly pure strike-slip stress regime (Figure 9). The orientation of individual stress axes are indicated in a
plunge/trend convention. The relative magnitude of the three principle stresses, i.e. the stress ratio R = (o
- 0,)/(61 — o3), has a value of 0.46 and defines three different and well-defined stress magnitudes
indicative of the pure strike-slip nature of the seismicity (Table 3). The relative magnitude of the three
principal stresses, i.e. the stress ratio R = (61 - 62) / (01 - 63), has a value of 0.46 and defines three
different stress magnitudes indicative of the pure strike-slip nature of the seismicity (Table 3).

It has to be noted that there is an uncertainty in the stress tensor as only 10 focal mechanisms of the
swarm are analysed. The uncertainty (express as the misfit function F5 in Fig. 11; Table 3) is improved
considerably after removal of a normal (ID 3094) and an oblique (ID 3225) event, resulting in a slightly
different stress tensor with an orientation of N289° for oy. Based on these results we can thus attribute a
left-lateral fault mechanism to the seismic swarm as the current driving force of deformation.

o, o, o3 R F5 R'
095/08 | 331/76 | 187/12 0.35 15.2 1.54

Table 3: Stress tensor parameters derived from inversion of the focal mechanisms.
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TASK 3 — Seismotectonic setting of the Brabant Massif and integration of results

3.1. Regional geological setting

The study area is located in Belgium in NW Europe, more than thousand kilometre away from the
boundaries of the Eurasian plate. The 2008-2010 Walloon Brabant seismic sequence occurred within the
borders of the Lower Palaeozoic Brabant Massif, a slate belt situated in the subsurface of the central and
northern part of Belgium. Outcrops of the Brabant Massif are sparse and are only present in some incised
river valleys along the southern rim of the Brabant Massif. The top of the Brabant Massif dips towards the
north and is mostly covered by Cretaceous chalc, Cenozoic sand and clays, and Quaternary loess
sediments. Towards the north, the thickness of the cover rapidly increases to 1000 m at the Belgium —
Dutch border (Legrand, 1968). Not much is known about the current seismicity in the Brabant Massif, but
incised river outcrops suggest uplift of the southern part and gradual deepening of its northern part. The
only exposed outcrops of the Brabant Massif are situated in the incised river valleys of the Dendre, Senne,
Sennette, Dyle, Thyle, Orneau, Gete and Méhaigne in the Brabant, Limbourg and Hainaut Provinces.

To the West, the Brabant Massif laterally extends towards the UK forming part of the larger tectonic unit
of the Anglo-Brabant Deformation Belt (Verniers et al., 2002). To the east, its prolongation has been
traced using borehole data and geophysical data below the Devonian of the Campine Basin, as far as to
the seismically active Lower Rhine Embayment (Mansy et al., 1999). At its southern border, it is
unconformably overlain by undeformed Middle Devonian deposits of the Brabant parautochton (white
area between Brabant Massif and Ardenne allochton in Figure 10). Further to the south, the Brabant
parautochton is tectonically overthrust by the Variscan Ardenne allochton along the Midi-Aachen thrust,
i.e. the Variscan front of the Rhenohercynean Zone (Figure 10), during the late stage of the Variscan
Orogeny in the Late Carboniferous. Because of its crystalline rigidity, the Brabant Massif acted as a
backstop during the Variscan deformation resulting in oroclinal bending of the Palaeozoic deposits of the
Ardenne allochton (Van Noten et al., 2012).
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Figure 10: Intraplate tectonic setting of the Brabant Massif. The Brabant Massif forms part of the Anglo-Brabant
deformation belt that extends from central and north Belgium to the southeastern part of the UK. The seismic swarm
is situated at the southern border of the Brabant Massif. The Brabant Massif is partly overthrust in the south by the
Ardenne allochton along the Midi-—Aachen thrust, i.e. the Variscan front of the Rhenohercynean zone. Deposits of
the Rhenohercynean zone are exposed in the Ardenne allochton and Rhenish Massif. Tectonic terrains after
Verniers et al. (2002) and Sintubin et al. (2009). LRE: Lower Rhine Embayment; URG: Upper Rhine Graben.
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3.2. Structural grain of the Brabant Massif

The structure of the Brabant Massif resulted from the ~30 Ma long-lasting — Acadian — Brabantian
Deformation event that took place between the late Llandovery (c. 430 Ma) and Emsian (c. 400 Ma)
(Debacker et al., 2005; Sintubin et al., 2009). As indicated on lithostratigraphic subcrop maps (Figure
11a), the Brabant Massif has an apparent symmetrical disposition with a central Cambrian core flanked at
both sides by Ordovician and Silurian metasediments (De Vos et al., 1993b; Legrand, 1968; Piesens et al.,
2005). Structural field work, gravimetric (Figure 11b) and aeromagnetic anomaly maps (Figure 11c) show
that the Brabant Massif has a NE-SW trending structural grain that curves into a ENE-WSW orientation
towards the east. Owing to the high magnetic susceptibility of the rock formations (slate, siltstone,
metasandstone, metagreywacke) of the Lower Cambrian Tubize Group, the Cambrian backbone is clearly
visible on the aeromagnetic anomaly map (Chacksfield et al., 1993). In contrast, the Bouguer gravity
anomaly (Figure 11b) shows the opposite pattern, with high density anomalies related to the Ordovician-
Silurian rim and low densities associated with the Cambrian core or other deep-seated bodies (Everaerts
and De Vos, 2012; Piesens et al., 2005). The arcuate geometry of fold-and-cleavage patterns deduced
from potential-field data throughout the slate belt is apparent and illustrates the change in orientation of
the structural grain from west to east (Sintubin, 1999; Sintubin et al., 2009). Tectonic inversion of the
Brabant Basin resulted in the formation of a steep compressional wedge in which the Cambrian core is
strongly deformed and is covered by a less deformed Ordovician-Silurian at its peripheral domains. The
decrease in deformation from the core to the peripheral domain is characterised by a decrease in
metamorphic grade towards the Silurian flanks of the Brabant Massif and by a change of a steep fold belt
in the central part to rather wide and open fold belt in the peripheral part. The SW boundary of the
Brabant Massif corresponds with a sharp east-west oriented gravity gradient on the Bouguer anomaly map
and the highest relief and strongest density on the aeromagnetic anomaly map. La Bordiere fault (Figure
11b) borders the southern limit of the Brabant Massif and coincides with a sharp gravimetric anomaly
gradient (Legrand, 1968) juxtaposing the dense rocks of the Brabant Massif from less dense Upper
Palaeozoic rocks of southern Belgium (Chacksfield et al., 1993).

In the SW part of the Brabant Massif, a NW-SE trending Bouguer anomaly low was interpreted as low-
density crystalline basement (Chacksfield et al., 1993; De Vos et al., 1993a; Everaerts et al., 1996; Lee et
al., 1993) (Figure 11c). The NNE-SS shortening and arcuate shape of the Brabant Massif is believed to be
caused by the compression of the Cambrian core of the slate belt against this low-density body. This
compression led to the lateral tectonic escape of the Cambrian core along dextral transpressional shear
zones. Northeast of the low-density body, these shear zones coincide with several NW-SE trending
aeromagnetic gradient lineaments (Sintubin, 1999; Sintubin and Everaerts, 2002). These NW-SE trending
structures are also seen as gradient anomalies on the Bouguer anomaly map (Figure 11b) and are
interpreted as Palaeozoic NW-SE strike-slip fault zones (Everaerts and De Vos, 2012; Sintubin and
Everaerts, 2002). Detailed stratigraphic and structural work, however, revealed that these shear zones are
blind structures that not reach the present-day erosion surface of the Brabant basement. The only
structural indicators of these shear zones at the surface are short and local fold transitions of steeply- and
gently plunging folds (Debacker, 2012; Debacker et al., 2004a; Debacker et al., 2003; Debacker et al.,
2004b).

18



A. Seismotectonic significance of the 2008-2010 seismic swarm

[a) Stratigraphy

y . 51._5°N"'b') é@uer
bl "jﬂbmaly :

51°NT

Asquempont+4
detachment
fault

50.5°N:

% plutonic body

2 interstratified —
[~ volcanics Middle and

50 km Upper Devonian Silurian Ordovician rim

- cover rim 5°E

1
5°E  Magnitude scale
- ; ° M<2
51 50 . o 2<M<3 315N
= ) g g )

O 3sM<4

51°N

France

- A

- 0 o
. La Bord
c¢) Aeromagnetics 3°g Variscan front
1 1
Figure 11:

a) Geological subcrop map and general stratigraphic structure of the Lower Palaeozoic Brabant Massif after De
Vos et al. (1993b) and Debacker (2012). Location of the 2008-—2010 Walloon Brabant seismic swarm at Court-
Saint-Etienne is indicated. The dashed line shows the trace of the Asquempont detachment fault around the Brabant
Massif.

b) Bouguer gravity anomaly with a low density Cambrian core and a high density Ordovician and Silurian rim. The
2008-2010 seismic swarm is situated at the NW-SE oriented, gently, NE-dipping gravity gradient marking the
transition of the core and the rim of the Brabant Massif. Aeromagnetic lineaments (black lines) of Fig. 2c) are
indicated. gl: gravity low. Data from De Vos et al. (1993a).

¢) The aeromagnetic map shows prominent NW-SE-oriented crustal lineaments in the Cambrian core of the Brabant
Massif highlighting an arcuate shape of the slate belt. Historical seismicity (white circles) and structural grain of
the Brabant Massif illustrated (black lines) on the aeromagnetic reduced-to-the-pole anomaly in the central and
northern part of Belgium. The 2008-2010 Walloon Brabant seismic swarm is situated in the SE part of the slate belt.
The white boxes show the locations of Figure 1 and Figure 14. Aeromagnetic anomaly data from Belgian
Geological Survey (1994). LRE: Lower Rhine Embayment.
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3.3. Historical seismicity in the Brabant Massif

In the past, researchers of the Royal Observatory of Belgium (ROB) have performed a regional study on
the delimitation of seismotectonic zones in Belgium in order to evaluate the seismic impact and evaluate
the maximum earthquake magnitude that can occur within a certain zone. These seismotectonic zones are
areas with a certain geological, geophysical and seismological homogeneity within which a uniform
occurrence of earthquakes can be supposed. It can be viewed as the crustal blocks within the present day
stress field. A first attempt to seismotectonic zoning around Belgium has been performed by Leynaud et
at. (2000) and was recently improved by Verbeeck et al. (2009).

The seismic swarm is situated in the seismotectonic zone of the Anglo-Brabant Massif. This zone
encloses a tectonic block that consists of the Caledonian Brabant Massif which extends to the west below
the North Sea until the Anglia Basin in England and is bordered in the east by the Campine Basin. In the
south, the Bordiére Fault separates the Brabant Massif from the Upper Palaeozoic Massifs, such as the
Variscan Ardenne allochton, the Namur Basin and the Mons Basin. The northern border of the Anglo-
Brabant seismotectonic zone more or less corresponds to outline of the BM in the Dutch province Noord-
Brabant. Seismicity within the seismotectonic zone of the Brabant Massif is considered low to moderate
(Camelbeeck et al., 2007; Leynaud et al., 2000). The largest onshore historical event on the Belgian
territory was the 11 June 1938 earthquake (M, = 5.0) that occurred in the Brabant Massif at Zulzeke-
Nukerke, near Oudenaarde (Figure 11b). Reported damage (Somville, 1939) was primarily in an E-W
oriented area surrounding that earthquake. The damage distribution was attributed to the site effects
associated with soft-sediments overlying the Brabant Massif (Camelbeeck et al., 2014; Nguyen et al.,
2004). Another significant event was the 20 June 1995 earthquake near Le Roeulx (M_ = 4.5, Mg = 4.3) at
a depth of 24 km. Other historical earthquakes that occurred before the installation of the current Belgian
permanent network and which caused considerable damage in the Brabant Massif are the 23 February
1828 (4.5 < M < 5.0; M~ 4.6) near Jauche and the 21 May 1382 (M; 6.0) and 23 April 1449 (M; 5.5)
events in the North Sea (Figure 11b).

3.4. The 1953 — 1957 seismic sequence near Court-Saint-Etienne

Importantly, between 1953 and 1957 a seismic sequence took place a few kilometres south of Court-
Saint-Etienne. Only the largest events of this sequence were recorded by the Uccle seismic station, which
was in 1953 the only operational seismic station in Belgium. At that time one vertical (1300 kg) and two
horizontal (1000 kg) Wiechert seismographs were installed in the Uccle seismological lab and recorded
all vertical and E-W and N-S horizontal ground motions by printing earthquake waveform data on
smoked paper (Charlier and Van Gils, 1953).

ID M. Date Time P-wave arrival Time between P- and  Zero-to-peak S-wave P-wave polarity Longitude Latitude Depth
Nr ROB-ID Year Month Day (h:min:s) (h:min:s) S-wave amplitude (nm) (°N) (°E) (km)
3 3069 3.2 2008 7 13 13:45:49.96 13:45:5440 238s 14,781 Dilatation 50.6259 45653  7.740
56 3167 26 2008 9 13 01:14:17.28 01:14:20.71 282s 4897 Dilatation 50.6251 45674 5874
87 3225 24 2008 12 20 20:53:08.52  20:53:11.90 248s 2140 Compression 50.6269 45660  5.652
118 3273 28 2009 3 3 03:23:32.64 03:23:36.98 2545 6056 Compression 50.6299 45614 6264
229 3552 25 2009 12 26 06:50:13.47 06:50:17.88 271s 3700 Compression 50.6249 45684 5469
Wie-V? 4 1953 1 6 23:58:44 - 24-265" 55,000° Dilatation 50.617 4.600 -
Wie-V# 36 1953 8 28 0:05:21

Wie-V# 34 1953 8 28  0:06:16

Wie-V# <3 1956 4 51 22:47:07

@ Wie-V: vertical Wiechert seismogram.

b Graphically estimated.
Table 4: Phase arrival time measurements at the Uccle seismic station (UCCS) of the largest events of
the 2008-2010 Walloon Brabant seismic swarm and phase arrival time of the M, 4.0 1953 seismic event
estimated from the scanned 1953 waveform. The timing of three other events of the 1953--1957 seismic
sequence is given.
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A. Seismotectonic significance of the 2008-2010 seismic swarm

The 1953-1957 seismic sequence started on 5 January 1953 with a M 4.0 earthquake and was followed
by two M, 3.6 and 3.4 M, events on 28 August 1953 (data from the ROB catalogue, www.seismology.be).
Three years later, on 21 April 1956, a M| < 3.0 occurred. However, historical records from testimonies of
people living in the epicentral area at Court-Saint-Etienne report that during the first earthquake event on
5 January 1953, four different events were felt, although only one event was recorded at Uccle. It is thus
possible that the 1953-1957 sequence might also have been a seismic swarm of which the spatiotemporal
evolution is unfortunately unknown due to absence of testimonies and of recordings of small-magnitude
events.
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Figure 12: Macroseismic map of the M, 4.0 earthquake of 6 January 1953 near Court-Saint-Etienne

A comparison between the Z-component waveforms of the 5 January 1953 event recorded using the
historical Wiechert seismograph and those of the largest events of the 2008-2010 swarms recorded by the
Giiralp broadband seismometer (CMG-ESPCD) located next to the Wiechert seismograph at Uccle shows
notable similarity (Figure 13). The Glralp recordings were digitally processed and filtered to provide
displacements. The time period range between the P- and S-wave arrivals of the five largest earthquakes
of the 2008-2010 sequences is between 2.38 s and 2.82 s (Table 5). The time period for the 5 January
1953 event is between 2.3 and 2.8 s, indicating that travel distance from the source of the different
earthquake events to the seismometer at Uccle was almost similar for the 1953 event and the largest of the
2008-2010 events. It is worth noting the S-wave asymmetry for both sequences: it shows first a minor
negative amplitude (~ -33.5 um and -8.1 um for M, 4.0 1953 and M, 3.2 2008, respectively) and then a
large positive amplitude (~ 55 um and 14.7 pum for M, 4.0 1953 and M, 3.2 2008, respectively; Table 5;
Figure 13). Also the peaks following the first S-wave arrivals all have a similar waveform pattern. This
indicates an identical travel path of earthquake waves from the source to Uccle. The maximum S-wave
amplitude of the 1953 M, 4.0 earthquake is at least four times as large as the maximum S-wave amplitude
of the 2008 M_ 3.2 earthquake. Considering these similar amplitude changes, the source and focal
mechanisms of the 2008-2010 and 1953 earthquakes are likely similar.
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ID M, Date Time P-w.ave Time between Zerosto-peak ""”af’e Longitude Latitude  Depth
arrival P- and S-wave S-wave Polarity

Nr  ROB-ID Year Month Day  (h:min:s) (h:min:s) Amplitude (nm) (°N) (°E) (km)
3 3069 3.2 2008 7 13 13:45:49.96( 13:45:54.40 2.38s 14781 Dilatation 50.625867 4.565332 7.740
56 3167 | 2.6 2008 9 13 01:14:17.28| 01:14:20.71 2.82s 4897 Dilatation  |50.625073 4.567440  5.874
87 3225 | 2.4 2008 12 20 20:53:08.52( 20:53:11.90 2.48s 2140 Compression [50.626949 4.566024  5.652
118 3273 | 2.8 2009 3 3 03:23:32.64| 03:23:36.98 2.54s 6056 Compression |50.629940 4.561393  6.264
229 3552 | 25 2009 12 26 06:50:13.47 06:50:17.88 2.71s 3700 Compression [50.624890 4.568443  5.469
Wie-V* ~4.0 1953 1 6 23:58:44 - 2.4-2.65** 55000** Dilatation 50.617 4.600

Table 5: Phase arrival time measurements at the Uccle seismic station (UCCS) of the largest events of
the 2008-2010 Walloon Brabant seismic swarm and phase arrival time of the M, 4.0 1953 seismic event
estimated from the scanned 1953 waveform. *Wie-V: vertical Wiechert seismogram; **Graphically
estimated.
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Figure 13: Comparison of waveforms of the two 2008-2010 and 1953-1957 seismic swarms. Note the
waveform similarity between the Z-component of the five largest events of the 2008-2010 seismic swarm
(left) and the Z-component of the 5 January 1953 M, 4.0 earthquake (right). 2008-2010 waveforms are
displacement restitution and highpass (0.3Hz, 2 corners) filtered. Scan of the smoked paper of the 1953
earthquake is printed by the vertical Weichert seismograph at the Royal Observatory of Belgium at Uccle.
Note the permanent displacement of the vertical Wiechert seismograph because of the 1953 earthquake.
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Due to a lack of recorded data and the absence of a dense seismometer network in the 1950’s, the
different events of the 1953-1957 earthquake sequence cannot be relocated properly. The sequence
epicentre is estimated to lie in the vicinity of the Hévillers hamlet, 4 km SE of the epicentral area of the
2008-2010 swarm. However, given the large error in earthquake location and on the similarity in the
waveforms, the 1953-1957 epicentral area might be as well be easily located in the epicentral area of the
2008-2010 swarm, suggesting that both seismic sequences may indeed have a similar source.

3.5. Seismotectonic significance of the seismic swarm by magnetic matched bandpass filtering
3.5.1. Aeromagnetic interpretation of the Brabant Massif

The tectonic grain of the buried Brabant Massif has been previously interpreted using Bouguer gravity
and aeromagnetic anomaly maps and their derivatives (Debacker, 2012; Everaerts et al., 1996; Sintubin,
1997; Sintubin and Everaerts, 2002). The airborne magnetic data over the Cambrian core of the Brabant
Massif were collected in 1994 with a flight line spacing of 0.5 km at a nominal height of 120 m above the
ground (Belgian Geological Survey, 1994). Tie lines were 10 km apart. This flight line spacing should
provide the resolution necessary for a detailed study of the seismic swarm. The raw flight lines are
available in the online supplementary data (Appendix B) for an evaluation of the analysis presented in this
work. Other parts of the Brabant Massif and Belgium were covered with flight line spacing of 1.0 km.
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Figure 14: Total magnetic field reduced-to-the-pole representing the integrated effect of deep-seated and
shallow sources. Aeromagnetic positive anomalies correspond to the (shallow) presence of the high-
magnetic Tubize Formation. East of the seismic swarm, a low magnetic through coincides with a thick
sequence of the low-magnetic pelitic Mousty Formation. The through is bordered by a steep magnetic
lineament in the north. The pre-cleavage, pre-folding Asquempont Detachment System (cf. Debacker et
al. 2004a, see Fig. 1a) is determined by the edges of magnetic highs. The 2008-2010 seismic swarm is
situated between an ENE-WSW and a NW-SE-trending magnetic ridge. Raw total field aeromagnetic data
from BGS (1994). Crt-St-E: Court-Saint-Etienne.

In particular, we consider the reduced-to-pole (RTP) magnetic field. Reduction to the pole is a
transformation that works to align magnetic anomalies with the sources that generate them by showing
how the magnetic field might appear if the ambient field and remanent magnetisation sources were
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vertical. We note that the RTP field is similar to that of the total-field anomaly, not surprisingly given the
relatively steep inclination of the magnetic field (66°) in our study area Within the core of the Brabant
Massif, the amplitude of the magnetic anomaly is primarily lithology-dependant. The slaty metasediments
within the Tubize Formation (Figure 14) of the lower Cambrian Tubize Group (Herbosch and Verniers,
2013) are considered highly magnetised and appear as magnetic ridges. Other studies in the Tubize
Formation have confirmed the bedding-parallel nature of magnetic highs and bedding (e.g. de Magnée
and Raynaud, 1944; De Vos et al., 1992; Debacker et al., 2004a; Vander Auwera and André, 1985).

In order to find any relevant tectonic structure that could correspond to the 2008-2010 seismic swarm, the
epicentral distribution of events is plotted on the total magnetic RTP map (Figure 14). The two NW-SE
magnetic ridges north of the epicentral area, i.e. at Ottignies and north of Limal, correspond to subsurface
shallowing of the highly magnetised part of the Lower Cambrian Tubize Formation. The lower-magnetic
body between the ridges might represent the more poorly magnetised sedimentary layers within the
Tubize Formation and poorly magnetised overlying formations (Debacker, 2012). Various lineaments are
associated with changes of large-scale fold limbs and to high-strain deformation zones at depth that
modify this Formation (Debacker, 2012; Everaerts et al., 1996; Sintubin and Everaerts, 2002). The most
prominent of aeromagnetic lineaments is situated along the SW boundary of the Brabant Massif, where
step-like NW-SE-trending lineaments are interpreted as dextral transpressional shear zones (Figure 11 and
Figure 14).

Locally at Court-Saint-Etienne, a positive anomaly corresponds to shallowing and surface expression of
the Tubize Formation (see grey isolated lens of the Tubize Formation below the city of Court-Saint-
Etienne in Figure 14). In this area, the low-magnetic Upper Cambrian slaty metasediments of the Mousty
Formation are mapped near the surface in the Dyle and Thyle valleys (see Figure 14) (Delcambre and
Pingot, 2002; Herbosch and Verniers, 2013). The presence of 5-km long ENE-WSW magnetic ridges
below Court-Saint-Etienne suggests that the Tubize Formation is still present at shallow depth below the
mapped Mousty Formation at the surface (Debacker et al., 2004a). A shallow 45°S-plunging cored
borehole (161 m; Herbosch, Pingot and Delcambre, unpublished data; see yellow diamond in Figure 14)
only demonstrated the presence of Mousty slates but, more importantly, showed that bedding is steeply
dipping (70°-85°) to the NE near the isolated lens of the Tubize Formation.

Northwest of Court-Saint-Etienne, a NW-SE oriented, triangular-shaped aeromagnetic low coincides with
the Mousty Formation on the geological subcrop map (Figure 14). This aeromagnetic low reflects a thick
sequence of Mousty slates that is positioned in a synclinal structure, strongly reducing the aeromagnetic
signal of the underlying Tubize Formation (Debacker et al., 2004a; Sintubin, 1997; Van Tassel, 1986).
The northern part of this triangular aeromagnetic low is bounded by a steep, N60W-trending
aeromagnetic gradient separating the Mousty Formation from the Tubize Formation. Throughout the
eastern part of the Brabant Massif, the contact between the Upper Cambrian Mousty and the Lower
Cambrian Tubize Formation is characterised by a pre-folding, pre-cleavage low-angle extensional
detachment reflecting a ~25 Ma hiatus, referred to as the Asquempont detachment (Debacker et al., 2003;
Debacker et al., 2004b). This detachment is folded and can be traced following the curvature of the core
of the massif. In the area around the seismic swarm, the Asquempont detachment, and thus the separation
of Mousty and Tubize, follows the steep aeromagnetic gradients north and south of the Mousty
aeromagnetic low (Figure 14). This lineament suggests that the bedding at depth is steeply dipping in this
area presumably situated within a high-strain shear zone (Debacker, 2012; Debacker et al., 2004a;
Sintubin, 1997). These shear zones have never been observed at the surface, but the rapid transition
between gently plunging and steeply plunging higher-order folds which coincide with a pronounced
magnetic anomaly gradient is interpreted to be the surface expression of these inferred shear zones.

The observed magnetic field anomaly is composed of signals that reflect the integrated effects of
geological features of different sizes at different depths. The precise depth of a given magnetic anomaly
cannot be uniquely determined. However, it is possible through filtering approaches to estimate magnetic
anomalies that are likely to be associated with a given depth. Everaerts et al. (1996) and Sintubin and
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Everaerts (2002) briefly compared the differences between the ‘residual’ high-frequency and the
‘regional’ low-frequency aeromagnetic signal for the whole Brabant Massif by arbitrarily choosing a limit
of a wavelength of 5 km to filter for shallow and deep structures. In both cases, the strong superposition
of lineaments exists, inferring the predominantly vertical architecture of the slate belt. However, their
arbitrarily chosen filter cannot definitively account for the anomalies associated specifically with depths
of the seismic swarm.

3.5.2. Methodology of matched bandpass filtering

Aeromagnetic and Bouguer gravity data have been proven to be very useful in providing information that
links seismicity and deep-seated tectonic structures (e.g. Blakely et al., 2002; Shah et al., 2015). In order
to separate short-wavelength anomalies that originate from shallow depths from long-wavelength
anomalies that typically originate at greater depths (Phillips, 1997, 2001), matched bandpass filtering may
be used. The methodology of the matched filtering approach works as follows: first the amplitude power
spectra of the observed anomalies are calculated in the Fourier domain. Characteristically, the log power
spectrum may have natural breaks between ranges of frequencies that correspond to different depth ranges
representing geological layers (Phillips, 2001). Matched bandpass filters using sections of the power
spectra separated at these natural breaks (Figure 15a) can then be applied to decompose the observed
magnetic anomaly (Figure 15b). The resulting magnetic anomalies then highlight the sources at
corresponding “equivalent” depths that are indicated by the natural breaks. For the area of investigation,
the frequency-amplitude function was fitted with straight-line segments across the aeromagnetic RTP map
until natural breaks that represent a source depth range corresponding to the depth of interest, i.e. in this
study the hypocentre depths of the seismic swarm, were found.

We note that whilst this method can effectively separate magnetic layers, it cannot uniquely filter
anomalies due to sources at specific depths. Whereas deep sources cannot generate short wavelengths,
wide shallow sources with uniform magnetic properties can sometimes generate longer wavelengths that
not necessarily represent deeper sources. However, shallow, gently-dipping structures are unlikely to
occur in the study area; after all, outcrop studies and boreholes clearly indicate a steep lithological contact
between the Mousty and Tubize Formations near Court-Saint-Etienne and the abundant presence of
steeply dipping fold hinges (Figure 5). Moreover, throughout the Cambrian core of the Brabant Massif,
Legrand (1968) described many shallow boreholes and indicated that bedding in the Lower Cambrian
formations is predominantly vertical.

Two sets of bandpass filters were considered, one which corresponds to layers centred at depths of
approximately 45 m, 90 m, 0.47 km, 1.1 km, and 4.5 km (Filter 1,

Table 6), and a second corresponding to depths of 47 m, 0.2 km, 0.55 km, 2.1 km, and 7.2 km (Filter 2,
Table 6). For both sets, the deepest “layers”represent a halfspace and result from lowpass filtering.
Magnetic anomaly maps corresponding to depths shallower than 1 km generally represent survey noise,
aliasing artefacts (noting north-south survey flight line spacing of 0.5 km), and ringing from deeper
sources. These maps were not used for interpretation and thus are not presented in Figure 16. For the
interpretation of depths deeper than 1 km, the flight height of 120 m needs to be included in the filtered
depth resulting in depths corresponding to approximately 1.1 km, 2.0 km, 4.4 km and 7.1 km (

Table 6). The effect of filtering is highlighted in cross-section A-A’ and B-B’ through the different
generated maps (Figure 15 and Figure 16).

Filter 1 Filter 2
Layer Depth (m) Amplitude Layer Depth (m) Amplitude
P4 45.15 1.40E-02 P4 45.58 1.63E-02
P3 190.02 2.015 P3 202.63 2.867
P2 468.31 74.67 P2 553.34 153.7
P1 1180.73 886.8 P1 2144.92 4967
PO 4550.52 23.09 PO 7267.36 37.68

Table 6: Bandpass filter parameters and matched-filter depths.

25



Contract MO/33/028: Final report Van Noten, Lecocq & Camelbeeck 2015

P1-P4 represent layers. PO represents a half-space.
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Figure 15: Matched filtering decomposition of total-field aeromagnetic data from selected segments.
Equivalent depths are determined by fitting straight lines to the power spectrum adjusted by the least-
squares technique (Phillips, 1997, 2001). a) Power spectrum of the chosen line segments (black line) and
of the matching five-layer equivalent model in b). b) Magnetic field is decomposed into five components
(PO to P4). P1-P4 result represent short- to medium-wavelength layers. PO represents half-space long-
wavelengths and results after lowpass filtering. Filter 1 filters to 4.4 km. Filter 2 filters to 7.1 km.

3.5.3. Interpretation of aeromagnetic bandpass filtered maps
3.5.3.1. Observations made on the 1.1 km and 2.0 km maps

Many of the aeromagnetic lineaments deduced from the RTP map (Figure 14) persist to equivalent depths
of 1.1 km (Figure 16a) and 2.0 km (Figure 16b). There is a clear persistence of the Mousty magnetic
anomaly, the NW-SE trending ridges, the Asquempont detachment fault and the southern dextral shear
zones from the surface to a depth of 2.0 km. This persistence clearly suggests a pronounced vertical
attitude of these features. Furthermore, the similarity between the ENE-WSW and NW-SE orientation of
the surface folds mapped by Debacker et al. (2004a) and the ENE-WSW and NW-SE orientation of the
magnetic ridges at equivalent depths of 1.1 km and 2.0 km clearly shows that the structural style and the
variation of first-order folds persist to this depth.

The anomalies filtered for equivalent depths of 1.1 km and 2.0 km show magnetic sources associated with
the geological structure above the seismic swarm. On these maps, the seismic swarm is situated below an
area with a negative magnetic anomaly and is in line with the structural style marked by the mapped NW-
SE trending folds. The negative anomaly east of the swarm corresponds to the presence of the low-
magnetic quartzites of the Blanmont Formation (see Figure 5 for the distribution of the Blanmont
Formation).

3.5.3.2. Observations made on the 4.4 km and 7.1 km maps

The anomaly maps filtered for equivalent depths of 4.4 km and 7.1 km, roughly represent the geology of
the roof and the base of the 2008-2010 seismicity, respectively. Detailed observations at the size of the
seismic swarm (1.5 km length) cannot be made due to the large filtered wavelengths (see wavelength
versus size of the swarm in Figure 16). Nonetheless, some interesting observations can be made. The
Mousty anomaly and Asquempont detachment remain persistent up to 4.4 km but appear to be lost at a
depth of 7.1 km. With the exception of the dominant NW-SE oriented magnetic lineaments, other
aeromagnetic lineaments deduced from the RTP anomaly map do not seem to persist to a depth of 7.2 km
or might not be resolvable given their size and the strong attenuation with depth in the magnetic data.
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Figure 16: Results of total magnetic intensity (RTP) matched filtering. MA: Mousty anomaly

a—b) Bandpass filtering for equivalent depths of 1.1 and 2.0 km. Note the pronounced similarity between the WNW-—
ESE and ENE--WSW oriented folds, respectively NW and SE of the seismic swarm, and the orientation of the
magnetic anomaly in the subsurface. The swarm is situated between an E--W oriented magnetic ridge and the
northwestern end of a NW--SE oriented ridge. The trace of the detachment fault remains persistent at depth.

c¢-d) Bandpass filtering for equivalent depths of 4.4 and 7.1 km. The trace of the detachment fault persists to 4.4 km
and 7.1 km. The swarm is situated east of a positive magnetic anomaly that is present as a single anomaly at 7.1 km
but as two anomalies at 4.4 km. Note the dashed line as the separation of the positive magnetic anomaly at 4.4 km
(Fig. 16 B-—B"'). The 2008-—2010 hypocentres are situated approximately aligned with this separation.

e) Total magnetic field RTP, lowpass filtered using an upward continuation distance of 1 km, highlighting deeper
sources.

f) Subtraction of the 1 km upward anomaly in ) from the total magnetic field RTP emphasises shallower sources.

27



Contract MO/33/028: Final report Van Noten, Lecocq & Camelbeeck 2015

The southeastern end of seismic swarm is coincident with a NNW-SSE oriented western edge of a
positive magnetic anomaly. On the 7.1 km map, this magnetic anomaly has only one apparent source
because of its large wavelength. However, from the 4.4 km and the 1 km-upward maps it is clear that the
anomaly observed at 7.1 km can be separated into two individual sources with a NW-SE and WSW-ENE
oriented attitude for the northern and southern anomalies, respectively. This orientation has been detected
by evaluating several N-S cross-sections through these magnetic highs. These anomalies also coincide
with the orientation of anomalies observed at the 2.0 km map. The anomaly gradient that separates these
two anomalies has a NW-SE orientation (indicated as a dashed black line in Figure 15b-¢) and is situated
slightly north of the southeastern tip of the seismic swarm. On the 2.0 km map, this anomaly coincides
with the northern edge of the NW-SE oriented anomaly that is situated southeast of the swarm.

3.5.3.3. Shallow magnetic sources

Magnetic anomaly maps corresponding to depths shallower than 1 km generally represent survey noise,
aliasing artefacts (noting north-south survey flight line spacing of 0.5 km to 1 km), and ringing from
deeper sources. These maps were not used for interpretation and are not illustrated in Figure 16. To
enhance anomalies due to shallow sources, an upward continuation strategy was chosen. The upward
continued field shows what the magnetic anomaly would look like if the sensor had flown 1 km higher
during survey effectively filtering shorter wavelengths. The resulting anomaly reflects deeper sources as
can be seen by the congruency between the 4.4 km map (Figure 16c) and the 1 km-upward continued map
(Figure 16e). An anomaly associated with shallow sources can then be generated by subtracting the RTP
upward continued anomaly from the total magnetic intensity aeromagnetic field. The resulting map is
much better suited towards interpretation of shallow geological structures. Local magnetic variations are
apparent after applying the upwards strategy and strongly correspond to higher-order fold styles mapped
at the surface (Figure 16f) than do the matched-filtered maps in Figure 16a and b.
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Figure 17: Magnetic anomaly variation along profiles A-4’ and B-B' for all filtered depths in Figure 16. The RTP
field is separated into different components. The seismic swarm is located at the southwest edge of a positive

magnetic anomaly. The separation of the positive magnetic anomaly at 4.4 km in profile B-—B' corresponds to the
dashed line in Figure 16.
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TASK 4 — Discussion of results obtained in Tasks 1, 2 and 3

In literature seismic swarm occurrences are commonly related to fluid- or gas migration in the crust. This
association relies both on the direct observation of hot springs and fluid- or gas outflow at the surface
accompanying the swarm and on the observation of well-defined depth-related migration of seismicity
(Daniel et al., 2011; Fischer et al., 2014; Lindenfeld et al., 2012; Schenk et al., 2012). According to the
study of seismic swarms, triggering of seismicity by fluid overpressure at depth is often explained to be a
likely cause (Fischer et al., 2014). In this section, however, we discuss that the 2008--2010 seismic
swarm in the Brabant Massif is likely not affected by any fluid migration, nor that any overpressure
needed to be present to have caused the two year activity along the causative fault. Reactivation of the
causative fault by local stress conditions is a more likely hypothesis.

4.1. Stress release within a limited-sized fault zone

Unlike seismic swarms related to fluid migration in the crust (e.g. Lindenfeld et al., 2012; Schenk et al.,
2012), the 3D hypocentre distribution of the Walloon Brabant swarm does not show depth-related
migration with time, supporting an alternative cause. The seismic activity was restricted to a fault length
of 1.5 km in a narrow ~200 m wide rock volume, and repetitively covered the entire zone. The spring
2009 events, for example, all took place in the same area as the initiation of the swarm in August -
September 2008. Consequently, within the hypocentral distribution, no relationship between the time
history of events and a direction in rupture propagation is present. As

(1 the seismic swarm is restricted to a rather small volume,
(i) seismic energy is released over large time span of 2 years in the same volume,
(iii)  no significant rupture propagation direction is deduced,

earthquake stress release is likely related to a heterogeneous stress field in a weakened crust. This
indicates that the earthquakes in the seismic swarm do not correspond to the opening of a new structure
but to the minor reactivation of a weakened and pre-existing, well-developed blind single fault structure
that slowly released its energy in response to the current stress field. The incapability to build up high
stress accumulations is reflected in the low b-value of the 2008-—2010 catalogue. Given their small
magnitudes and the consistent focal mechanisms, the earthquakes thus reflect millimetre to centimetre
displacements along the fault plane.

Due to the small size of the swarm relative to its depth, a specific fault structure cannot be easily
visualised by matched filtering of the magnetic anomaly. However, as matched filtering is consistent with
superficial structures deduced from field mapping and confirms that the steep bedding attitude of Lower
Cambrian deposits encountered in boreholes and at the surface persist to large depths (cf. Sintubin and
Everaerts, 2002), the significance of the causative structure responsible for the near-vertical 2008--2010
Walloon Brabant seismic can be deduced by interpreting the different filtered maps. Given this
verticality, the tectonic structure observed from the 2.0 km map (Figure 16b) can be used to explain the
seismic swarm. At both ends, the fault structure associated with the 2008-—2010 earthquake seismicity in
Walloon Brabant seems to be confined by magnetic sources that have a different orientation than the
orientation of the seismic swarm (Figure 16). The northwestern tip of the swarm does not extend into the
ENE--WSW magnetic anomaly high (Figure 16b), whereas its southeastern tip terminates near a NW-—
SE oriented positive anomaly that is visible in the 2.0 km (Figure 16b), 4.1 km (Figure 16c) and 7.1 km
maps (Figure 16e). The fact that the locally N--S-trending Asquempont detachment fault is consistently
present near the southeastern end of the swarm at the discussed depths strongly suggests that the
southeastern part of the causative fault structure is confined by a density and rheological contrast that
exists between the slates of the Mousty Formation and the metasandstones of the Tubize Formation.
Consequently, assuming that the structures are indeed nearly vertical, the steeply-dipping Asquempont
detachment fault, illuminated by a magnetic gradient at 2.0 km, 4.4 km and 7.1 km depth, demonstrates a
geological contrast in rock formations that can be considered to have limited the seismic swarm activity
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(Figure 18). These findings indicate a NW--SE trending causative fault structure that is only situated in
the Mousty slates and which is limited in length as it probably does not exist in the footwall of the
detachment fault in the Tubize Formation. Matched filtering thus strongly suggests that the limited
spatial extent of the seismic swarm is due to limited length of the corresponding fault.

We also speculate that the 1953-1957 seismicity, which included events with slightly larger magnitudes,
resulted from the activity along the same fault although at that time it was capable of releasing more
seismic energy than the 2008-2010 seismicity. If all the cumulative energy of the 2008-2010 swarm
would have been released at the same time, it would have generated a M, 3.9 event, i.e. comparable to the
total moment release of the M 4.0 event in 1953. However, considering all the events of the 1953--1957
swarm (Table 4), the total moment release of the 1953-1957 swarm is larger than the total 2008--2010
swarm. It remains an open question whether or not the 51-year time gap between the 1953--1957 and
2008-2010 seismic swarms can be interpreted as a seismic cycle.
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Figure 18: Schematic 3D representation summarising the geology in the hypocentre area of the 2008--2010 seismic
swarm in the Brabant Massif. Seismicity took place between 5 and 7 km within the slaty Mousty Formation along a
limited-sized, NW-—SE oriented fault that is bordered at its southeastern end by the early-orogenic, steeply-dipping
and folded Asquempont detachment fault. In the hypocentre area, this detachment fault separates the highly
magnetised Tubize Formation from the younger, poorly magnetised slaty Mousty Formation. Local fold variations
in the Mousty Formation are projected from surface geological maps (Debacker et al., 2004a). Figure not to scale.

4.2. Seismotectonic interpretation

Earthquake analysis of events that occurred at the many normal faults bordering the Lower Rhine
Embayment (LRE; Fig. 2c, Fig. 11c), i.e. the closest active regional structure that forms the northwestern
relay of the Rhine Graben, indicates a current extensional regional stress regime (Camelbeeck and van
Eck, 1994; Camelbeeck et al., 2007; Hinzen, 2003; Hinzen and Reamer, 2007; Reamer and Hinzen, 2004;
Vanneste et al., 2013). The NW-SE-directed maximum horizontal stress (oy; Figure 9c) defined from the
inversion of focal mechanisms of these earthquakes agrees well with the seismotectonic model of NW
Europe (Ahorner, 1975, 1983)and the World Stress Map (Zoback, 1992) showing that the regional stress
of the LRE is controlled by plate driving forces acting on plate boundaries.

The stress field inferred from inversion of focal mechanisms of the Walloon Brabant seismic swarm,
however, resulted in a local stress field with a WNW-ESE maximum horizontal stress (oy = N289°;
Figure 9b) which differs and deviates from the regional trend (o = N312°; Hinzen, 2003). To evaluate
our obtained stress inversion and to derive a local stress field orientation for the studied part of the
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Brabant Massif, we need to compare the focal mechanisms of the 2008-2010 seismic swarm with the
focal mechanisms of other seismic events. Unfortunately, apart from the seismic swarm, the studied
region has limited historical seismic activity. Only one focal mechanism, the 1995 M, 4.5 Le Roeulx
earthquake (35 km WSW of the seismic swarm, Figure 11c), can be compared with that of the seismic
swarm. This earthquake occurred at a depth of 24 km, considerably deeper than the 2008-2010 swarm,
and is interpreted to have occurred along the southern border of the Brabant Massif. Its mechanism is
reverse along a steeply dipping NNE-SSW trending fault (Camelbeeck, 1993; Camelbeeck et al., 2007).
Aftershocks are unfortunately lacking and a reliable stress field cannot be calculated from this one event.

Another significant earthquake in the Brabant Massif is the damaging M, 5.0 1938 earthquake (75 km
WNW of the swarm, Figure 11c) and its two M > 4.0 aftershocks. No reliable fault-plane solution is
available due to a lack of seismic data for the time (Camelbeeck et al., 2007). Predominantly E-W
oriented isoseismals from this event have been deduced from historical documents (Somville, 1939),
which led Ahorner (1975) to conclude that this event resulted from strike-slip faulting along a WNW-
ENE-trending shear zone. Nguyen et al. (2004), however, suggested that the E-W oriented isoseismals are
related to regional site effects in the 1938 epicentre area rather than to the mechanism of faulting.

The only independent method that can be used to evaluate the derived local stress field is calculation of
the spatial variation of the differences in gravitational potential energy from the method of Camelbeeck et
al. (2013). This method shows that local depth-integrated stress sources can be inferred from the second
spatial derivative of the geoid height, which is used as a proxy for the gravitational potential energy. The
inversion of the geoid height applied to Belgium is indicated in Figure 9c. As only local differences in the
gravitational potential energy are applied, the resulting stress tensor is also local. Interestingly, the applied
geoid method shows a local stress field with a WNW-ESE oy direction in the 2008-2010 epicentral area.
This similarity of the geoid independent stress tensor (N280°; Figure 9c) and the stress field inferred from
inversion of the ten calculated focal mechanisms (N289°; Figure 9b) suggest that our strike-slip stress
tensor is reliable, even when considering the uncertainty of 30° of the local stress tensor given by the
Win-Tensor programme.

When considering the uncertainty in the estimation of the local stress field (error of 30°, Figure 9c¢) with
the regional stress tensor, there is only a small overlap between both stress tensors but the mechanisms are
different (strike-slip versus extensional; Figure 9c). Stress inversion carried out in this study thus shows
for the first time that a local left-lateral strike-slip regime is currently present within the studied southern
part of the Brabant Massif and that the local stress configuration was presumably the main driver of the
2008-2010 seismicity.

4.3. General implications for intraplate earthquake activity

The geometry of the 2008-2010 seismic activity indicates an active fragmented fault structure within the
Caledonian Brabant Massif. Also other kilometre-long, NW-SE aeromagnetic lineaments are present in
the southern part of the Brabant Massif (Figure 11c). Due to their NW-SE orientation these lineaments
might have a similar reactivation potential in the current stress field as the causative structure of the 2008-
2010 seismicity. The limited size of the causative fault studied in this work however suggests that such
long lineaments may be more fragmented than previously thought and that they thus may have a lower
potential to generate large earthquakes in an intraplate setting as their full length cannot be considered.

To investigate this statement, magnetic lineaments that highlight fault structures in old geological massifs
need to be studied in more detail by the aeromagnetic methods presented in this work. This will reveal
their continuation at depth and their reactivation potential, even though no seismicity has taken place
along them in the past.
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Conclusions

In this chapter A, a comprehensive seismological and seismotectonic analysis of the 2008-2010
earthquake swarm that took place near the city of Court-Saint-Etienne (Belgium) within the basement
rocks of the Anglo-Brabant Massif, and multidisciplinary analysis of the available seismological,
geological and potential geophysical data emphasise the importance of inherited fault structures and their
reactivation potential in an intraplate seismotectonic setting. In particular:

1.

32

Application of seldomly-used cross-correlation tools resulted in significant refinement of the first
P-wave arrival times. Relocation in HypoDD showed that the original locations of the 2008-2010
seismic events can be improved to a fault structure that is limited to a horizontal length of 1.5 km
and width of ~ 200 m, and is restricted in the vertical direction between 5 and 7 km depth. The
analysis of time history of events shows that the swarm occurred in several bursts of activity, with
dominant phases in the summer and autumn of 2008 and in the spring of 2009. Neither depth
migration, nor any horizontal rupture propagation can be demonstrated by the time occurrence of
events. This indicates a rather slow and diffuse energy release during the two year swarm activity.
The low b-value of the seismic catalogue indicates a dominance of small events over large events
in a magnitude range between M, 0.4 and M, 3.2.

Comparison between the NW-SE oriented epicentral distribution and the fault plane solution of the
largest events shows that the NW-SE nodal plane can be interpreted as the true fault plane. The
focal mechanisms of ten events define left-lateral oblique to purely left-lateral strike-slip
movements on a subvertical fault structure.

The waveform of the 1953 M, 4.0 seismic event that took place near the 2008-2010 epicentral area
shows a pronounced similarity in the asymmetry of the first S-wave arrival compared to the largest
events of the 2008-2010 seismic swarm. Based on this comparison we speculate that the 1953—
1957 events may have occurred along the same fault structure.

To find a relevant tectonic structure that may correspond to the seismic swarm, we applied a
systematic filtering approach in which the magnetic field was bandpass matched-filtered to
generate magnetic anomaly maps that highlight sources at equivalent depths. Filtering results and
their comparison to the local geological structure strongly suggest that the causative fault is situated
in a slaty rock body and is bordered at its both ends by magnetic anomalies with significant
different orientations representing a different and stronger rock type. This analysis suggests that the
fault along which seismicity took place is an isolated structure with an orientation that is consistent
with the structural grain of this part of the Brabant Massif and that the limited spatial extent of the
seismic swarm is due to limited length of the corresponding fault.

Stress inversion of the focal mechanisms indicates a local strike-slip stress regime with a WNW-
ESE oriented maximum horizontal stress orientation. This local WNW-ESE stress orientation
agrees with the local stress orientation independently inferred from the second spatial derivative of
the geoid height and differs slightly from estimates of the regional stress field. Based on this
comparison, local stresses are likely the cause of the seismicity.



B. Identification of the fault in the field ?

B. Identification of the fault in the field - Relationship between
seismicity and (sub)surface geology?

TASK 5 — Data collection

In order to deduce if the fault zone structure responsible for the 2008-2010 seismic sequence is potentially
visible near the surface, all available cartographic documents about topography (satellite data, aerial
photos), geomorphology geology, hydrogeology and soil characteristics were collected. This task has
been completed at the onset of the project. All available data can be consulted on request at
www.seismology.be.

5.1. Topography

The Royal Observatory uses a detailed 20 m data spacing Digital Elevation Model (DEM) from the
Nationaal Geografisch Instituut (NGI). For this project a c. 200 km? (14 x 14 km) area around the
different epicentres was used. The Lambert coordinates of the selected area are: x: 139140 to 153120 and
y: 156320 to 170340. The WGS84 coordinates are: x: 4.456188 to 4.655158 and y: 50.563547 to
50.689134. The Region Wallonne additionally provides a DEM of the valley floors of the Dyle and Thyle
valleys. Also the ASTER satellite provides free DEM models but as its resolution (60 m spacing) is lower
than the NGI DEM, it is not further used in this study. The aerial photos of the area are available from the
Region Wallonne. Combined with the DEM they can be of great use to conduct the geomorphological
investigation in Task 5.

5.2. Geomorphological data

No geomorphological studies have previously been performed in this part of the Walloon Brabant
Province. A geomorphological study of the topography is briefly conducted in Task 6.

5.3. Geology

There is a large record of the geology of the Brabant Massif and the local geology around the Dyle and
Thyle valleys. A literature study on the tectonic grain has already been performed in section A to describe
the seismotectonic framework (see Task 3). All relevant published maps have been geolocated in a GIS
(Maplinfo) to study and compare the carthographic data properly. Especially the new Walloon geological
maps (see simplified geological map in Figure 5) and their explicatory notes are very useful as they
provide cartographic information on

(i) the Lower Palaeozoic geology of the incised Brabant Massif in the Dyle and Thyle valleys,
(i) the Quaternary alluvial deposits in these valleys,
(ii) the Quaternary and Cenozoic cover of the surrounding hill tops.

Studied maps are: 39/3-4, 40/1-2, 39/7-8 and 40/3-4 (Blockmans et al., accepted; Delcambre and Pingot,
2002; Herbosch and Blockmans, 2012; Herbosch and Lemonne, 2000). Also detailed structural analyses
and mapping projects (Debacker, 2012; Debacker et al., 2004a) are taken into account in the geological
interpretation of the area.

A large effort has also been put in the data collection of existing borehole descriptions in the study area.
By consulting the explicatory notes of the geological maps, the website of the Databank Ondergrond
Vlaanderen (DOV) and the Gisel online databank of the Geological Survey of Belgium (GSB) numerous
borehole and outcrop descriptions are collected and are further used to analyse and specify the local
geological structure of the study area. The borehole information is used for the site effect analysis in Task
9. All these data are interpreted to construct a palaeotopographical map of the top of the Brabant Massif
(see Task 9).
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5.4. Hydro(geo)logical data

HCOV (Hydrogeologische Codering voor de Ondergrond Vlaanderen) is an official numerical code in
which all Paleozoic, Cenozoic and Quaternary hydrogeological units are ordered in an hierarchical way.
The code has been developed to standardise all info on the present aquifers in the Flanders Region
(Meyus et al., 2000). In general, the HCOV strongly correlates with the national stratigraphical units in
Belgium. After all, the hydrogeological properties of a layer (or a unit in HCOV) are determined by the
geological composition of the layer, which on its turn is captured in the stratigraphical classification. In
the HCOV a full mapping of the subsurface of Flanders is included in which the base and thickness of
each unit can be consulted as a grid layer. Fortunately for our research, these grid layers have been
constructed until the southern Dyle River watershed and can thus be used.

Thanks to the databank of the GSB, we are in the possession of those HCOV grids that cover the
Dyle/Thyle study area, i.e. the Quaternary alluvial (0140) and Pleistocene (0160) deposits, the Cenozoic
Lede (0612) and Brussels (0620) Formations, the Cretaceous (1100) and the Cambro-Silurian Paleozoic
basement (1340). These codes are used for constructing a sediment thickness map above the Brabant
Massif, which is necessary to link the results of the macroseismic inquiries with the local geology
(Task 9).

Additionally, in order to investigate the possibility that groundwater flow has been increased due to fault
activity, we also checked all available hydrological data on groundwater extraction in the Court-Saint-
Etienne region in an area around the fault. This data is provided on the Dixsous website (Property of the
Walloon Ministry). Also the rainfall data of the nearest capture point at Chastre has been studied in order
to check the possibility if the seismic swarm can be related to the infiltration of rainwater. However, no
correlation exist between the timing of seismicity and rainfall data (Figure 19).
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Figure 19: Comparison between daily rainfall at the Chastre station and time history of seismicity. No
obvious correlation between seismicity, cumulative number of events or rainfall can be deduced.
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5.5. Geophysical data

Potential geophysical data such as the Bouguer gravity anomaly (Figure 20b) and the aeromagnetic map
of Belgium (Figure 20c) were already in the possession of the ROB and have been discussed elaborately
in Chapter A.

Geo-electric prospection data is quite limited. Tavernier et al. (1967) performed a full geo-electrical
survey in the Lessinnes area in Hainaut. Resistivity values of the Quaternary deposits published in this
work can be used for comparison with our work.

In the past the ROB has also invested in the development of a methodology in performing H/V ambient-
noise seismic measurements (Rosset and Petermans, 2007). Several campaigns in central Belgium
(Nguyen et al., 2004; Petermans et al., 2007), in the Brussels area (Rosset et al., 2005) and in Luxemburg
(Rosset, 2006) have been performed and they will serve as guideline to successfully plan and perform our
H/V campaign (Tasks 6 & 8).

5.6. Low-risk nuclear data

Radon (Rn) is an inert gas that is produced by the radioactive decay of uranium and other elements in
rocks. Radon in the atmosphere can occur due to the natural radioactive decay in rocks or can be related
to rock deformation, e.g. during earthquakes, that forces the radon out of the earth. Newly formed
microcracks related to earthquakes can serve as potential pathways for radon present in the groundwater.

We contacted the FANC (Federale Agentschap voor Nucleaire Controle) in order to have the
carthographic information on radon emissions in Brabant Walloon (Figure 20). From these maps it is
clear that soils and rocks are the predominant source for indoor radon in Belgium. The spatial distribution
of the different sediments and rocks often correlates very well with the indoor concentrations of the
geogenically distributed radon, especially in Brabant Walloon and in the southern Ardennes (Cinelli et al.,
2009; Tondeur et al., 2001; Tondeur et al., 1994; Tondeur et al., 1996; Zhu et al., 2001; Zhu et al., 1998).
The radon emission map shows a strong correlation between higher radon concentrations and the presence
of Cambro-Ordovician rocks in the incised river valleys in Brabant. The highest potential of risk of
encounting high concentrations of radon, i.e. > 10% chance to pass > 400 Bg/m®, is measured in the Dyle
and Thyle valleys, more specifically in those areas of the Court-Saint-Etienne community at which the
Cambrian Mousty Formation is present at the surface. River alluvium is expected to have low radon
concentration, even when they are developed above older bedrocks characterised by higher Rn values.
However, the thin alluvium in the Dyle/Thyle valleys (< 10 m) does not decrease the radon risks much.

We checked the 2008 to 2010 radon emissions measured at the Ernage, Beauvrechain and Braine I’ Alleud
radon stations and which can be consulted on the Telerad website of the Federal Government of Belgium.
On those specific days during which the earthquakes with highest magnitude occurred, i.e. at 13/7/2008
(M 3.2) and 03/03/2009 (M, 2.8), no significant increases of radon emission have been detected. This
absence of changes in radon concentration does not necessarily needs to have a scientific meaning as the
radon stations are probably too far away from the actual epicentres to detect any changes. Further
analyses on the radon emission data are beyond the scope of this research project and will not be
addressed further but we would like to address its importance towards seismology.
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Figure 20: Radon emission map of the Dyle and Thyle valleys (©FANC2009). Higher radon emission (> 10%
chance to pass > 400 Bg/m®) corresponds to the Mousty Formation and the presence of shallow Palaeozoic rocks.
Low radiation emission (< 1% chance to pass > 400 Bg/m®) occurs at the hill tops around the valleys.
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TASK 6 — Geomorphological study on field and on the DEM to evaluate the
relationship between geomorphology and the underlying geological structure

A detailed mapping of a possible fault trace based on geomorphological evidence is very difficult owing
to the fact that outcrops are scarce and impede observing possible fault scarps. Especially the observation
that the top of the Brabant Massif is strongly fractured (the fractured upper 5 m of the Brabant Massif
serves as an aquifer in the HCOV code) complicates the goal of Task 6. Observing a clear fault scarp can,
probably, be excluded because of the fact that the fault acted as a left-lateral strike-slip fault (see Task 2),
a geometry which does not necessarily results in any vertical displacement. Based on the 3D hypocentre
analysis (Task 1), the 2008-2010 sequence did not affect the surface; after all, the hypocentres are densely
located between 5 km and 7 km and only a few doubtable events have occurred in the subsurface.

Despite these constraints, we performed a geomorphological analysis of all lineaments visible on the
DEM. After all, it might be possible that the fault could have been active in the seismological history of
the Quaternary of which palaeoseismological evidence might be found. The orientation of rivers and
valleys has often been used as a morphological presence of faults. From the 3D hypocentral distribution
(Figure 6) we calculated the position where the fault could have affected the surface, providing that the
fault dip remains constant (c. 87°N) towards the surface. This calculation lead to hypothesis that the fault
could hit the surface north of the hamlet of Faux. On the DEM map, several small stream valleys align
NW-SE in this region (Figure 21). Especially the NE-SW curvature of the Dyle valley at La Motte (2.5
km SSW of Court-Saint-Etienne) is an interesting valley orientation that could correspond to the fault
trace at Faux. However, after a careful investigation in the field, we noticed that many lineaments can be
related to the local Cenozoic cover geology. The presence and the competence of the calcified sandstones
in the Eocene Brussels Formation plays an important role in the geomorphology of the area as they are
resistant to erosion and will stand out in the topography. This is for instance the case at La Motte.
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Figure 21: Geomorphological lineaments (dashed lines) in the epicentre area. Lineaments often correspond to the
orientation of small streams and river valleys. Few lineaments have been investigated by Electrical Resistivity
Tomography profiling (ERT) and are discussed in Task 7.

37



Contract MO/33/028: Final report Van Noten, Lecocq & Camelbeeck 2015

TASK 7 — Geophysical survey by Electrical Resistivity Tomography

Based on the selected site in the Faux area at which a fault trace could have affected the surface
(identified in Task 5) several electrical resistivity tomography (ERT) profiles are conducted. Ambient
noise measurements by H/V are performed in Task 8.

7.1. Methodology

In two-dimensional ERT, a spread of 64 electrodes is laid out along a straight line with all electrodes
equally spaced in distance. Resistivity measurements are then carried out using a specific electrode layout
or array (e.g. Wenner-Schlumberger or dipole-dipole array) that is best suited for the objectives of the
study. For each array, different array separation factors are chosen depending on the desired vertical
resolution and penetration. The Wenner-Schlumberger (WSC) array is more sensitive for detecting
vertical changes in resistivity whereas dipole-dipole (DDP) is better for visualising horizontal changes in
resistivity. Compared to the DDP, the WSC has a slightly larger depth of penetration and a better
signal/noise ratio (Loke, 2004). For each array, all possible measurements are carried out sequentially
down the line of electrodes. In this way a large number of independent apparent resistivity measurements
are performed that afterwards need to be inverted to obtain a two-dimensional model of the true resistivity
of the subsurface.

Depending on the spacing of the electrodes different depths can be investigated. An electrode spacing of
5 m corresponds to a maximum investigation depth of 40 m, whereas a smaller spacing results in a more
shallow depth but a higher resistivity resolution. The ERT profiles were conducted using an LS
Terrameter (ABEM) and using four cables of 16 electrodes each, branched to the resistivity meter. Using
a roll-along technique, the length of the profile (but not the depth) can be extended by multiples of 16 m.
Visualising the true resistivity profiles can be performed by inverting the apparent data, visualised in a
pseudosection, in the RES2DINV program (©Geoelectrical). This program iteratively calculates a
resistivity model section, trying to minimalise the difference between the observed apparent resistivity
and those calculated in the model. Based on different models of inversion, i.e. normal, robust-blocky or
combined, different end results are visualised in the resistivity profile. A python script developed by Dr.
K. Vanneste (ROB) has been used and allows a flexible manipulation of the RES2DINV program.

7.2. Conducted ERT profiles

In the autumns of 2012 and 2013 seven ERT profiles were conducted in the Faux hamlet (Figure 22 and
Figure 23). Six profiles are oriented at high angle to the suspected NW-SE oriented fault and are taken
parallel to the NE-SW oriented Thyle valley. Only profile 4 was conducted in an NW-SE orientation,
perpendicular to the valley orientation (Figure 22). These profiles are very useful to gain insight in the
topography of the basement, i.e. the top of the Brabant Massif, in order to derive sediment/soil
thicknesses (see also Tasks 8 and 9) and to derive a possible fault trace, taking into account the serious
limitation that the fault may not have affected the (sub)surface.

From the resulting profiles in the Thyle valley (Profiles ERT1 and ERT2), an uppermost low-resistivity
layer (blue coloured, < 97.7 Qm) can be distinguished that corresponds to the alluvial clays in the valley.
In the southeastern part of profile 1, this layer is more or less 10 m thick which corresponds to the 8.8 m
soil thickness that has been described in Borehole 130W0267, situated close to the Faux station. At lower
depths, the resistivity increases to a higher value (< 134.2 Qm), indicative of the top of the Brabant Massif
basement rocks. The very low resistivity at lower depths in profile ERTL is probably an artificial effect
due to the fact that electrical resistivity tomography cannot be performed below a higher resistivity layer.

An interesting feature is visible in the middle part of profile 1 and at about 2/3" of profile 2. There, a low
resistivity vertical structure is present between a higher resistivity horizontal layer. Up to now, this
structure is not yet understood and it is unclear whether or not it might reflect a fault. However, one
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argument against a fault structure is the local structural orientation of folds and cleavage of the basement
rocks in this area. In the outcrops visible in the railroad section, Debacker et al. (2004a) and Van Tassel
(1986) both mapped NE-SW oriented bedding and fold axis, an orientation that fits to the linked structure
between ERT profiles 1 and 3. Hence, this structure likely represent bedding variation.
SsSw NNE
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Figure 22: Electrical Resistivity Tomography profiles (WSC array) conducted in the Faux area and visualised in
Google Earth. Profiles ERT1, ERT2, ERT3 and ERT5 are oriented parallel to the Thyle valley, profile ERT4 is
perpendicular to the valley structure. The low resistivity layer (blue) at the top of each top likely corresponds to the
presence of alluvial clays in the Thyle valley. These alluvial deposits disappear along the valley flank (profile
ERT4).

The northern part of profile 3 is taken in a dense forest where the roots probably mix up the resistivity
measurements and display an unrealistic high resistivity.

In profile 4, perpendicular to the valley floor, the alluvial clays disappear towards higher ground. The
high resistivity (> 253.0 Qm) in profile 4 reflects the shallow presence of the basement rocks of the
Brabant Massif along the valley flank.

Whereas the ERT profiles in the valley show only thin alluvial clays on top of the basement rocks, two
other ERT profiles, conducted on the hill top south of Faux, show a clear increase of thickness of
sediments overlying the Brabant Massif (Figure 23). In profile 7 a rather flat topography of the Brabant
Massif is visible. 15 m of Brussels sands are present above the basement. Similar as to ERT 7, also in
ERT 6 the sharp contrast in resistivity visualises the contact of the bedrock with the overlying Brussel
Sands. Thickness ranges from 10 m in the NE to a few metres in the SW (Figure 23). No faults can be
deduced from both profiles.

Although we could not find clear evidence for a fault trace, the ERT profiles are still very useful for
objective 3 to estimate the local site effects related to the seismic swarm. From the ERT profiles a better
insight can be gained into the topography of the basement, i.e. the Brabant Massif, and the lateral

39



Contract MO/33/028: Final report Van Noten, Lecocq & Camelbeeck 2015

sediment thickness variation. The results of the ERT profiles are, moreover, useful to understand the
ambient noise measurements (Objective 3).

SSw NNE

Thyle Valley

Hill top

Googlc earth

Figure 23: ERT 1 to 5 are located in the Thyle valley, ERT 6 and 7 are conducted on the hill top east of Faux (close
to the roundabout at Arbre de la Justice). The low resistivity layer (blue) at the top of each top corresponds to
Quaternary loess sediments. Light-blue to yellow colours represent the Brussels sands. Red = basement rocks.
Depth of the basement estimated at 15m.

TASK 8 — Interpretation of data in Tasks 4, 5 & 6: the relationship between faults
and the shallow geological structure

Although we spend a considerable amount of time in the detection of a possible fault structure at the
subsurface, a clear relationship between seismicity, fault structure, geomorphology and the shallow
geological structure cannot be established. After all, geomorphological and geophysical analysis did not
lead to any obvious or detectable continuous fault structure. The 2008-2010 seismicity did not have any
shallow events that allowed to refine the search area. Also, the rather low magnitudes, the limited length
of the fault and the absence of reported damage during the different earthquakes (see further) are not in
favour to have created a surface rupture, now or during the 1953-1957 sequence. Moreover, due to the
fractured nature of the top of the Brabant Massif, the NW-SE orientation of local fold structures and the
mostly E-W oriented cleavage within the basement rocks, it is also unlikely to pinpoint a specific
structure that could correspond to the surface expression of the fault. Even if a continuous structure can be
found, we will be never sure whether this structure corresponds to a local feature related to variation in
the local geology or to a fault structure. During this project, it was therefore chosen to spend more time in
other objectives than into the identification of a potential structure in the subsurface.
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C. Site effects and S-wave attenuation in the Brabant Massif

TASK 9 — Resonance frequency maps determined by H/V ambient noise recording

Investigations on the geological site conditions provide evidence that the local geological structure of a
site can modify the characteristics of the ground motions produced by earthquakes in such way that
ground motions can be amplified or attenuated. The third objective therefore aims to study the local site
effects and attenuation of S-waves inside the Brabant Massif.

Taking into account the pronounced hilly topography of the research area, sites can be described by the
resonance frequency of the soil that varies according to the thickness of the soil above the bedrock. These
are important aspects to quantify the impact of the earthquakes in the region of Court-Saint-Etienne and to

evaluate the seismic hazard in the future.

9.1. Methodology

Estimating the sediment thickness and the
geometry of the bedrock is a key component
of many hydrogeological and seismic studies
and can be of major importance to
understand how earthquake waves are
transferred or attenuated through the upper
crust (Petermans et al., 2007; Rosset, 2006;
Rosset and Petermans, 2007). The
horizontal- to vertical (H/\V) ambient noise
seismic method is a novel, non-invasive
technique that has been used to estimate the
depth of the bedrock below sedimentary
layers. The H/V method (Nakamura, 1989)
uses a single, broad-band three-component
seismometer to record ambient vibrations
produced by local surface sources such as
traffic and other human activities or from
far-distance sources such as oceanic waves
and wind structures. The seismic noise
recorded are signals of low-amplitude
motions of the ground. Periods from noise
associated to wind and human activities are
predominantly below 0.1 Hz, whereas noise
generated by near-shore oceanic waves and
current is at higher periods (SESAME,
2005).

For the measurement of the ambient noise
we used the equipment available at the ROB:
one 24-bit Cityshark Il acquisition system
(LEAS) connected to a 3-component LE-
3D/5s Lennartz seismometer (Figure 24).
The seismometer allows recording ambient
noise measurements between 0.2 Hz and 50
Hz and adjustment of the sampling rate. Data
are stored on a Compact Flashcard which
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Figure 24: (above) Cityshark Il (black box) connected to a
seismometer that is protected from the wind by the grey box.
(below) Ambient noise analysis, windows selection and fo-
calculation in GEOPSY. Semi-automatic STA/LTA triggering
rejects windows with too much noise (e.g. cars passing) for the
H/V calculation.
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can be downloaded and further analysed. Duration of the ambient noise recordings are between 10 and 20
minutes. The gain level can be adapted to the local conditions and mostly varies between 128 (noisy
traffic) and 2048 (calm rural environment). Position of the measurement is recorded by a handheld
Garmin GPS.

The spectral analysis is performed by using the open source GEOPSY software (Wathelet, 2005). In the
H/V module, the program calculates the Fourier spectra of the horizontal, with H as the mean of E-W and
N-S components, over the vertical (V) component of ambient noises (Figure 25). The obtained spectral
ratio generally exhibits a maximum amplitude peak and its corresponding frequency that generally
corresponds to the fundamental resonance frequency f, of the site. Other minor peaks can correspond to
other contact that show a significant acoustic impedance contrast such as the groundwater level. Data
analysis occurs by selecting overlapping (usually 5%) windows of 30 seconds that move over the seismic
signal (Figure 24). Windows in which too much noise is generated, e.g. cars passing, electrical equipment
running, are rejected by a semiautomatic anti-triggering tool as these windows will disturb the general
H/V curve. The resulting curve is smoothed by a Konno and Omachi (1998) smoothing effect of 40%.
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Figure 25: Procedure for H/V ambient noise analysis (Rosset and Petermans, 2007). Fourier analysis of the
horizontal and vertical components of ambient noise allows determining the resonance frequency f, of a certain site.

The ratio of the averaged horizontal-to-vertical frequency spectrum, that is used to determine f,, can then
be interpreted using regression equations to estimate depth to the bedrock and eventually also sediment
thickness. The relationship between the thickness of the soil and the resonance frequency is given by
following linear relationship (Bard, 1985):

fo = Vy/4h (Equation 2)

with h = soil thickness and V = shear wave velocity of the soft soil layer. Importantly, if the resonance
frequency of the soil equals the resonance frequency of buildings due to site effects or site amplification,
damage could arise during earthquakes. So by using the H/\VV method we can estimate the influence of the
soft deposits on ground shaking and we can construct detailed maps of the local site effects in which the
spatial variation of the ground response is estimated through field measurements.

In specific sites where the bedrock depth is known, equation 2 provides an estimation of the average V; of
all layers above the bedrock. This equation is useful for simple, one-layer-over-halfspace configurations,
e.g. alluvium above bedrock, as the average Vs can be used to estimate h for sites at which bedrock depth
is unknown. However, in more complex configurations, the average V, of multiple soft-sediment layers
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overlying bedrock is not always truly representative of the real V.. However, case studies of the H/V
method show that for a sufficiently large impedance contrast between bedrock and soft sediments, the
fundamental peaks in the H/V spectra can be empirically correlated to the overall thickness of sediments
by a power-law equation (Benjumea et al., 2011; Hinzen et al., 2004; Ibs-von Seht and Wollenberg,
1999).

An empirical relationship applicable for the Court-Saint-Etienne area can be calculated by conducting
HVSR analysis of ambient noise measurements above boreholes with known bedrock depth. Borehole
information is retrieved from the GISEL application of the Geological Survey of Belgium and the DOV-
website. Additional H/V measurements above geophysical profiles such as created by Electrical
Resistivity Tomography (ERT) furthermore allow training and improving the powerlaw relationship for
sites with a shallow bedrock depth.

9.2. Results
9.2.1. Establishing the resonance frequency — sediment thickness powerlaw relationship

To estimate the response to ground shaking, numerous H/V-measurements are conducted. The HVSR
measurements primarily concentrate on the region in which a large part of the population has felt/heard
the seismic sequence as is derived from the macroseismic internet inquiries (see Task 10). H/V
measurements were conducted above all boreholes that reach the bedrock in a region between Genappe in
the south and Limal in the north (Figure 26).
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Figure 26: 60 H/V measurements conducted above all boreholes that reach bedrock depth. Fundamental frequency
decreases towards the north as the bedrock depth increases. However, high f, values are also measured in the
incised Dyle and Thyle valleys due to shallow bedrock below the alluvium.

The H/V results in Figure 26 clearly show a general decrease of f, towards the NW, both on the hill tops
as in the valleys, conform the dip of the top of the bedrock. The flanks of the eroded Dyle and Thyle
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valleys, however, exhibit higher f, values because of a considerable decrease of sediment thickness due to
river erosion. On the valley floor, fy is slightly lower than on the flanks as a Quaternary clayey alluvium
has been deposited in Dyle and Thyle valleys (~15 m thick at Court-Saint-Etienne).

From this survey an empirical powerlaw relationship of
h = 129.29(+19) . f,"+73*09)  (Equation 3)

was established that explains the relationship between resoncance frequency f, and sediment thickness h
(Figure 27). The error estimation in the equation results from the error estimation of the fo-peak calculated
in GEOPSY (see grey bars in Figure 24). Corresponding the error, a maximum and minimum powerlaw
equation can be calculated (see grey curves in Figure 27A). We however note that this empirical
relationship can only be used for a depth interval between 5 m and 85 m and for an area in which the
geological structure is similar as the investigated area. Comparing the sediment thickness calculated by
the powerlaw with the true sediment thickness retrieved from the borehole reports shows that the
powerlaw equation slightly underestimates true sediment thickness between 20 m and 40m (Figure 27B).
Nevertheless, with this powerlaw relationship, we can now perform additional ambient noise
measurements at sites with an unknown bedrock depth to calculate resonance frequency and to derive
sediment thickness.

Based on equation 2, the powerlaw also allows estimating the variation of Vs with depth. Figure 27C
shows that the variation in Vs of the Quaternary alluvial clays in the valleys and the Quaternary loess
deposits on the hill tops ranges between 100 m/s and 200 m/s and that this variation depends on the
thickness of sediments. Similarly, Vs of the Brussel Sands covering the basement varies between 350 m/s
and 450 m/s. It can be concluded that this Vs variation is more representative for a given area than an
average Vs established from equation 2 as compaction is now included in the velocity profile.
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Figure 27: (a) Empirical relationship between fundamental frequency and sediment thickness established from H/V
measurements above boreholes. Red curve: powerlaw of mean fy, grey curves: powerlaw curves of minimum and
maximum error on f,. (b) Comparison between true h with h from empirical relationship. The powerlaw slightly
underestimates the true thickness between 20 m and 40 m. (c) Powerlaw relationship between thickness and V as
indicated by the relationship V = fyx 4h.
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9.2.2. Additional H/V measurements & applying the powerlaw equation

From the calculated H/V ratio and the resulting resonance frequency, the powerlaw will give a proper
estimation of the sediment thickness of that site. To train the powerlaw, H/V measurements were
performed above the ERT profiles that have been conducted in Task 7 (see Figure 28). Two examples are
give in Figure 28: one ERT profile measured at the hill top site E of Faux (ERT 7) and one in the Thyle
valley at Faux (ERT 1). In both cases, the bedrock depth established from ERT imaging more or less
(with a variation of 2m) predicts the same depth as when the powerlaw is used on the measured fy-peak.
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Figure 28: Comparison of bedrock depth estimated from ERT measurements and calculated from the established
powerlaw relationship. With an error of a few metres, both techniques result in the same depth estimation.
A) ERT 7 — hill top site. B) ERT 1 — Faux valley.

To understand and visualise the geological structure of the Court-Saint-Etienne area, we first performed
several H/V cross-sections oriented parallel and perpendicular to the Thyle valley in the epicentral area of
the seismic swarm. In particular, the valley sites at Faux and La Roche, and the hill tops E and W of the
Thyle valley are investigated in detail. H/VV measurements along these profiles are regularly spaced
between 50 m and 150 m. Each H/V measurement is analysed in GEOPSY to derive the f, of this site. The
results of this microzonation are shown in Figure 29 and few representative individual H/V analyses are
shown in Figure 30. GEOPSY also provides a module to create a profile in which the individual H/V
spectral ratio is shown as function of the distance along the profiles. The value of the amplitude spectra
between individual H/V points results from linear interpolation.

As example Profile L and Profile J are shown. Profile L was taken along the hill site west of the Thyle
valley and continues through the Thyle valley. Because of the high acoustic impedance between soft
sediment and bedrock, the bedrock geometry can be visualised by the amplitude variation of the H/V peak
(purple = high amplitude, green/oranje = low amplitude) as amplitude variations are sensitive to buried
topographic variations. Both Profiles L and M show similar features: on the hill sites, f, varies between
2.6 and 3.5 Hz, corresponding to a sediment thickness of 25 m and 15 m, respectively. Along the valley
flank, fo rapidly increases to values > 10 Hz, representing a thin cover of 2 m caused by the erosion of the
valley flanks.
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NNE SSW

Figure 29: H/V measurements performed at Faux. Numbers correspond to f,. Cross-sections illustrate numerical
interpolation between individual H/V points and indicate how the H/V results can be used to map bedrock depth
variation through a valley. Hill top site ~20 m sediments. Valley site ~14 m. Increase of f, along valley flanks.
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Figure 30 (right): Individual spectra of single
ambient noise measurements in the Faux — La
Roche area. See Figure 29 for location of the =
measurements. p

H/V Profile F

H/V Profile R

Detailed profiling leads to the following
observations/conclusions.

Profile F: varying f, values due to irregular
bedrock morphology in the Thyle valley.
Note the absence of a peak in F14 as this
measurement is performed at a rock site (see
also Figure 28b).

Profiles M & L: f; increases from the W hill
top towards the valley and is the highest at
the valley slope (M05-MOQ7). In the centrum
of the valley (see M10, f0: 3.49 Hz = 14 m),
fo is higher and reflects the accumulation of
the Quaternary alluvium. f, gradually
decreases towards the E hill top. Sediment
thickness in the valley floor increases from
south to north.

Profile R: S - N profile from hill top (R01) ’
to valley floor (R26) along the valley slope: , W “‘ F34
fo increases due to thickness decrease of  : i ' high peak |

20 m (RO1) to 7 m (R26) along the valley y, valley slope|
flank. ;

o

Profile J: Profile on the hill top showing a A St
constant f, and sediment thickness of 19 m. L

The cross-sections and individual H/V H/V Profile M
spectra show that f, is not always that i

. \ . clear peak
obvious along valley flanks as not enough | on valley floor
energy might be excited to detect a reliable -~ . h=14m

fo. In addition it has to be noted that the H/\V »
peak has a tendency to become broader when

the slope of the buried bedrock increases: ; o T
compare the broad peaks in profile R versus TEEE R ORERTR T
the relative small peak in Profile J.

Detailed H/V profiling eventually results in g TTI —
understanding the shape of the weathered I W onhilltop
bedrock geometry and will be used as an
additional input for sediment thickness
modelling executed in Task 10.
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TASK 10 — Macroseismic investigation of internet earthquake inquiries

10.1. The transferability of the Brabant Massif

The shallow presence of the Brabant Massif in the Walloon Brabant, but also in southern Limburg and
Liége provinces, plays a prominent role in how earthquake vibrations are experienced by the people in
central Belgium. On 8 September 2011 19:02:50 a M, 4.3 earthquake occurred at Goch (NL) on one of
the basinbounding faults of the Venlo Graben and caused minor damage in The Netherlands. In contrast
to the NE part of Belgium, where the event was barely felt, many macroseismic reports were submitted in
central Belgium at larger epicentral distances (Figure 31). The peculiar shape of the intensity distribution
cannot be explained by a traditional geometrical amplitude attenuation, relating energy decay to the
increasing epicentral distance.

In central Belgium, the Brabant Massif is present at the surface in incised river valleys and it gradually
deepens towards the north where it is covered by soft sediments. The macroseismic distribution of the
2011 Goch earthquake exemplifies that the area over which this event was felt might be related to the
thickness of the sediment column above the Brabant Massif and that sediments might have a significant
influence on earthquake strong ground motions. To the north of Brabant (Limburg & Antwerp provinces)
vibrations are probably attenuated due to the thick Cenozoic sediment cover. In central Belgium, the E-W
elongated shape of the felt shaking or damage is not due to a better transfer of seismic waves in the E-W
direction, but rather to an E-W elongated zone with sediment thicknesses that amplify seismic waves in
the frequency range to which humans and buildings are susceptible. The reported damage from the 1932
Oudenaarde earthquake (Ms 5.0) shows a similar E-W damage distribution (Nguyen et al., 2004)
illustrating the importance of the shallow presence of the Brabant Massif. Also on a local scale and for
low-magnitude earthquakes such as for the Walloon Brabant seismic swarm, the shallow presence of the
Brabant Massif might play a prominent role on the perception of the felt events of the seismic swarm.
Macroseismic maps illustrating the earthquake perception are herein valuable tools to analyse the spatial
impact of felt events.

google (n = 5860) 7 Web inquiries: reactions
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Date (10 min's interval)
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Figure 31: Macroseismic intensity map and responsiveness of the people to the Goch M, 4.3 earthquake (08-09-
2011). The thick pile of sediments covering the Brabant Massif in the north of Flanders probably attenuates
vibrations that are felt in central Belgium.

10.2. Macroseismic internet inquiries related to the Walloon Brabant seismic swarm

The Royal Observatory of Belgium cooperates with the Cologne University on a trans-border web-based
macroseismic data acquisition on the seismology website. Community Internet Intensity (CIl) and
Macroseismic Intensity (MI) evaluation estimated from ‘Did You Feel It” (DYFI) inquiries (Wald et al.,
1999) are useful tools to quickly analyse the area over which an earthquake was perceived. The reported
macroseismic intensities are conform to the official European intensity scale (EMS-98 scale) which
denotes how strongly an earthquake was felt in a specific place. In addition to being extremely useful for
rapid post-earthquake information, ‘Did You Feel It” data are also robust and of surprisingly high utility.
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They offer the potential to not only describe ground-motion effects qualitatively, but also to be used in
quantitative scientific studies. DYFI data make up in quantity what they lack in quality and can thus
provide a estimation of earthquake ground motion (Atkinson and Wald, 2007).

The macroseismic internet inquiries of the Walloon Brabant sequence were a great success. Owing to the
high responsiveness of people, 60 events of the total 239 events of the seismic swarm have been reported
to be felt or heard. Consequently, the seismology section has now a large databank of testimonies on how
strong and where people have felt the earthquakes in the Walloon Brabant. Their contribution is very
import for us as we can study the local seismic impact by investigating each earthquake in detail. In a
community internet intensity (CIl) map all the reported macroseismic intensities (MI) of one community
zip code are averaged and an average intensity value is assigned to the zip code area. Only if three or
more responses are located in the same zip code, then the zip code will be coloured in the CII map. The
CIl maps of all the 60 felt events of the Walloon Brabant seismic are shown in Figure 33, Figure 34 and
Figure 35. These CII maps illustrate the distance over which the earthquake has been felt. If a sufficient
amount of total responses are submitted and if the earthquake has a sufficiently large magnitude, a
macroseismic intensity decay with epicentral distance will be apparent. However, a variety of factors,
such as the type of earthquake, rupture direction, local geography, soil conditions, and type and age of
buildings, result in an often complicated pattern of varying intensities from place to place.

Thanks to the high and quick responsiveness of the people (Figure 32), we are quite confident that the
very low earthquakes of the Walloon Brabant sequence that were reported were really felt and were not a
only a reaction of the public to the news spread by the media and on the internet. After all, the histogram
on Figure 32 for example shows that several tens of DYFI?-webforms had already been submitted even
before any information was published on the seismology website or on the media. It is thus valuable to
use the macroseismic information. Especially the fact that some earthquakes, sometimes with very low
magnitudes down to M, 0.4, are heard rather than felt is of special interest. When the perception of such
earthquake occurs in the human audible range, then this perception is indicative of the high frequency of
the local earthquake source. This contrasts to far-away earthquakes of which the high-frequency content
of the earthquake signal will be attenuated by the time/at the place where the perception took place.

Unfortunately, due to the large amount of testimonies and earthquake events, performing a detailed
macroseismic study is a very time-consuming task. Also, as we hardly have any experience with how to
handle all the macroseismic data, a considerable amount of time of the project was spend on developing a
proper methodology to investigate the macroseismic intensity distribution properly.

Web inquiries: reactions
:

20

513

6 12 18 Jul 13 2009 6 12 18
M, 1.8 event Date (10 min's interval)

Figure 32: Community internet intensity map of a M, 1.8 event (12-07-2009) and the responsiveness of the people
after the earthquake took place. Ten minutes after the event took place (05:29:34) already more than 20 inquiries
were submitted to the seismology website. The second response peak between 8h-9h might be related to the effect of
the media, or to the information that was placed on the seismology website.

49



Van Noten, Lecocq & Camelbeeck 2015

Contract MO/33/028: Final report

$ 8 w5 P TR

9¢-¢1-600¢

0¢-¢1-800¢

wm

.....

9¢-£0-600¢

€1-60-800¢

m

60-80-800¢

e | f._l,

.........

£0-€0-600¢

AT

¢1-60-800¢

wm

.....

1¢-¢0-6002

60-80-800¢

rar

£€1-/0-800¢

SRy s or DT

omm——
¢T1-£0-800¢C

Aypsuaju| onusiesoloRpy

0C¢3'W
SJUSAD ||e Jo
sdew Ajlsuajul
AJlunwwo)

Figure 33: Community internet intensity maps of all felt events (n = 11) > M, 2.0.
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Figure 34: Community internet intensity maps of all felt events (h=11) < M_ 1.0. Note the felt M 0.4 event.
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Figure 35: Community internet intensity maps of all felt events (n = 36) between M, 1.0 and M 2.0.
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10.3. Developing a proper research methodology

In addition to being extremely useful for rapid post-earthquake information, ‘Did You Feel It” data are
also robust and of surprisingly high utility. They appear to offer the potential to not only describe ground-
motion effects qualitatively, but to be used in quantitative scientific studies. The key to the usefulness of
the data is simply this: they make up in quantity what they lack in quality and can thus provide a reliable
relationship between DYFI data and earthquake ground motion (Atkinson and Wald, 2007).

The averaged MI’s of all 60 felt events range
between non-damaging intensities of | and IV
(EMS-98 scale). A few times intensity V has been
reported, but without damage. For larger
magnitudes M_ > 2.0, a gradual decrease of the
average MI away from the epicentre can be
observed. However, within a single community
the reported MI’s locally often vary ranging
between | and VI (Figure 36). The average
macroseismic intensity decay is thus only useful
for larger magnitude earthquakes affecting a large
region, but when considering the impact of low-
magnitude earthquakes affecting a small area, the
averaged MI of a zip code often oversimplificates
the local intensity how the people experienced the
earthquake. Especially in the hilly area around ;40

Macroseismic intensity (EMS-98) _

Court-Saint-Etienne, the geomorphology and local — Mcadevent-2ipeid
geology might have an influence on the local 165 170
perception of the people. Figure 36: Detail of the community internet intensity

map of a M_ 2.2 event. The red stars indicate the
epicentral position of the seismic swarm. Despite an
average Il or Il intensity for each zip code, higher
intensities are reported within each zip code.

In order to provide an answer to the question why
the reported MI’s of the small earthquakes have
such a large spread in a single community, we
thus need to investigate if the perception of the
people (sounds or vibrations) was influenced by local site effects.

A site effect study has already been performed in Task 9 and detailed H/V measurements helped to
understand the local geology in the Thyle and Dyle valleys. The methodology of tackling this
macroseismic research question is as follows:

(i) Currently on the seismology.be website only CIl maps are displayed. These maps are based on the
provided zip code in the inquiry. The true location of observation is not considered in these maps. To
overcome this problem, all the individual observations need to be plotted in a GIS to digitise and analyse
the macroseismic data. Although people are obliged to give their resident ZIP code in the inquiry, they do
not need to submit their detailed address. Consequently, only for a reduced number of people detailed
information on the local intensity is available. Usually about 80% of the people provide their street name
and number. In order to geolocate the exact position of their observation a new algorithm needs to be
developed from which individual addresses can be geocoded into their geographical coordinates.
Geocoding the location of the individual respondents will lead to a spatial refinement of intensity
variation and allows to analyse the felt events in more detail.

(i) To deduce if macroseismic intensity is influenced by local geology and thickness of sediments
covering the Brabant Massif, a sediment thickness map of the Cenozoic and Quaternary cover has to be
constructed in a 200 km?® area around the different epicentres. Such sediment thickness map can be
constructed by subtracting the height of the top of the Brabant Massif, i.e. the palaeotopomap of the top
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of the Brabant Massif constructed from borehole and outcrop data, from the topographic height, available
from a Digital Elevation Model. A detailed methodology is explained in Figure 37.

(iii) To improve the sediment thickness map, additional H/V geophysical measurements are performed
from which new info on the sediment thickness can be added to the model. Especially on the hill tops
borehole information is often lacking and geophysical data from the H/V and ERT prospection (see
previous tasks) will an added value and decrease the uncertainty.

iv) To study the individual macroseismic intensities and deduce if intensity variation can be linked to
local geomorphology or local site effects, the reported MI’s need to be compared to the local sediment
thickness and the distance to the epi-/hypocentre for each earthquake of the seismic sequence. This will
allow deducing if there is a link between the perception of the people and their location above the Brabant
Massif (expressed by the sediment thickness). It will be of interest to investigate if the Ml is highest on
the hill tops, on the slopes or in the valleys.

Data points from boreholes and outcrops on the DEM map

’ Natural Neighbour Modeling
: by Vertical Mapper in Mapinfo

Forward modelling &
modification by adding
additional datapoints from
ERT, H/V results

Linking macroseismic intensity to
sediment thickness

< NEE © v} fod
S e = Creating the sediment thickness map:

Subtracting palaeotopomap from
DEM

e———e Cross-sections

Figure 37: Methodology of the creation of a sediment thickness map of the 200 km? area around Court-Saint-
Etienne. Based on the gathered borehole and outcrop data, a numerical model of the top of the Brabant Massif is
created. A draft version of the sediment thickness results from subtracting the height of the top of the Brabant Massif
from the present topographic height. Results of geophysical surveying in Tasks 6 and 9 allow to improve the
sediment thickness map by adding additional datapoints from which bedrock depth is known. Finally, we will try to
link macroseismic intensity to the local sediment thickness. The cross-sections through the Dyle and Thyle valleys
are illustrated in Figure 47.
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10.4. Research results

10.4.1. Geocoding addresses for individual macroseismic intensity maps

People that submit an online inquiry often abbreviate street names (e.g. str, st = street, av. = avenue, blv =
boulevard,...) and also will not correct any written mistakes on their address. To account for these
inconveniences, a new python code was developed to correct mistakes on addresses and to geocode
individual addresses into their geographical coordinates. Although Google Earth Pro provides a
geocoding service, an address correction and a quality control on the geocoded address is currently absent
in the Google Earth module. In our python geocode application, however, we send the address to a
Google API which automatically corrects any written mistakes in the submitted address and also gives a
guality control on the geocoded address. Quality control includes a description how well the address was
geocoded and is listed with the following terms with decreasing precision: rooftop, range interpolated,
geometric center and approximate. Whereas the first three qualities are sufficient to study macroseismic
effects, the approximate quality control only gives the center location of a community and its accuracy is
thus insufficient for detailed macroseismic analysis.

In 2014, the developed geocode module

was first tested and applied. On 3
January 2014, 301 macroseismic internet .
inquiries were submitted by people that ™" Fz e

BA® HOB

reacted to the perception of an air blast s
caused by the accidental explosion of a
WOII bomb at Euskirchen (Germany)
(Hinzen, 2014). From the 301 inquiries,  **
235 observations could be geocoded to ! ~ ;
the street level or better for those | wais sty @ palo

I

I

@ ol Air Blast PGV

2 no Air Blast Signal

8
o

addresses for which the respondents P
provided their house number. Almost all s

observations were made in a | ir
northeasterly direction with respect to ' o
the origin of the air blast. Distribution
of individual macroseismic

KOE 1500

W

1000 Pers. / kmr

5570 HIL g 500
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ob_servatlorjs proved to be much b_ette;r Figure 38: People’s responses to the 2014 Euskirchen (Germany)
SL_“tefj to_ interpret the mac_roselsmlc WOII Bomb explosion. Distribution of felt events result from our
distribution than the zip code geyeloped geocode module. Circles show the variation in
distribution. Seismological analysis and  community Intensity. After Hinzen (2014).

macroseismic intensity variation allowed

Hinzen (2014) to conclude that strong directivity of this felt event was related to source directivity of the
air blast, population density, effects of the wind field and topography.

After this successful cooperation with K. Hinzen (Seismological Institute Bensber, University of
Cologne), the geocoding module has been applied to the felt events of the Brabant Walloon seismic
sequence and also to larger earthquakes such as the 2011 M, 4.3 Goch (Figure 31), 2011 M_ 4.4 Nassau
(Koblenz) and the 2002 M 4.9 Alsdorf earthquakes. Given its usability, the geocoding module will soon
be implemented in the daily routine of the seismology section.
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10.4.2. Macroseismic intensity analysis of the seismic 2008-07-13 1345 UTC

swarm - ML 3.2 COURT-SAINT-ETIENNE

Previous investigations of other felt events in Belgium has
shown that macroseismic data and observed damage
reports are useful data and a real source of information on
earthquake ground motion (Camelbeeck et al., 2014;
Garcia Moreno and Camelbeeck, 2013).
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The geocoded maps of the Walloon Brabant seismic swarm
and improvement of the location of individual observations 5
by geocoding will therefore serve as a great dataset for
future research at the seismology section for seismic ' o v v
hazard of the Walloon Brabant region. As an example, the

comparison of a Cll and an individual macroseismic map municipality of Court-Saint-Etienne. Values
of the My 3.2 earthquake is shown (Figure 40). In this . rounded down to the nearest unit. The
particular example 1358 of the 1501 responses could be  gistribution corresponds to an average
geocoded to the street level or better. Near the epicentre of  intensity of 3.8. (see also Figure 42).

the M, 3.2 event, the maximal municipality average ClIlI is

3.8 (Lecocq et al., 2009) (Figure 39).

Figure 39: Distribution of the intensities at the

M, 3.2 (1358/1501 geocoded)
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Figure 40: Macroseismic analysis of the M, 3.2 earthquake. A(Left): Community internet intensity map illustrating
the distribution of the average intensity of each zip-code. A zip code is coloured if three or more responses are
submitted for that zip code. B(Right): Macroseismic map of individual macroseismic intensities after geocoding.
Red star = epicentre location. Zip code areas for far-distance observations are not coloured as observations < 3.

From the individual macroseismic response maps of the two largest M 3.2 and M 2.8 earthquakes and
the rose diagrams illustrating the number of responses in function of azimuth and epicentral distance
(Figure 41), it is clear that these events are farther (larger epicentral distance) felt in an E-W direction
than in a N-S direction. This is more apparent on the macroseismic map than on the community internet
intensity map. For the M, 3.2 earthquake, the felt observation with largest epicentral distance was
reported at Bressoux (Lieége), 71 km E from the epicentre, whereas farthest report north was only at 42 km
(Zemst). Figure 41 moreover shows that the felt distribution of the M 3.2 event is not concentric but
slightly elliptical. This observation confirms what was hypothesised above, namely that events are farther
felt in an E-W direction in the Henegouwen, Walloon Brabant and Liege provinces and that this is related
to the thickness of the sediment column above the Brabant Massif. This confirms the similar findings of
Nguyen et al. (2004) and Molron (2015).

56



C. Site effects and S-wave attenuation in the Brabant Massif

M. 3.2 ID3069 Crt-St-E M, 2.8 ID3273 Crt-St-E

6 6
- google (n = 1358) - google (n = 1452)
5 5

0.5°N 3§ 50.5°N 3§
2 42
0°N 0°N.
1 1
495 - e P - 49.5°
25°€ 3E 35 e 45'E 3 5.5'E 6E 6.5°E 25 3E 35°E o YT = e r= e
5 0 3 9 0
A . — B. LIy
ne L) 1032 we we "o e we
: o _X ' \ AEETW W
\ = | \ d
e W =1 ; : o] 2 A
| S | > —

ugonam
mooen
onnn
ooen

Figure 41: Rose diagrams illustrating the number of responses to the M, 3.2 and M 2.8 earthquakes in function of
the epicentral distance and azimuth to the epicentre location. Colours represent distance bins (in m). Note the
yellow contour in the both rose diagrams which indicates that for both earthquakes the farthest responses came
from the E. Rose diagrams in A. and B. have different maxima. The rose diagram in A. is clearly biased by the high
population density north of the epicentre location (Ottignies — Brussels).

Rose diagrams illustrating the number of responses, the azimuth to epicentre location and epicentral
distance are a useful tool to estimate the variance in the amount of responses. However, it has to be noted
that DYFI data is clearly biased by the high population density. Especially the towns of Ottignies and
Louvain-la-Neuve north of the epicentres, and Brussels, northeast of the seismic swarm bias the
macroseismic maps of larger events. Calculating a barycentre, i.e. the centre point of observations, for
these events would be useless as the barycentre would be strongly affected by population density.

As the exact location of individual observations is known after geocoding, macroseismic intensity decay
will be more apparent using the individual observations than if the average intensity of the zip codes
would be used, especially when small-magnitude earthquakes are considered. To evaluate if macroseismic
data are reliable and if an average intensity decay can be deduced, only individual DYFI data of M_ > 2.0
events are analysed and only when the amount of responses to these earthquakes is high enough. Subtle
changes of intensity decay are better visible when epicentral distance is displayed in a logarithmic scale.
Figure 42 plots the individual CIlI values, coloured by reliability of the response, versus hypocentral
distance. Average ClI values are calculated in distance bins that are 5 km in width, with a moving
window of 1 km (coloured lines in Figure 42). In blue, the Atkinson & Wald (2007) regression
relationship is plotted. This relationship analyses the dependence of the macroseismic intensity on the
earthquake magnitude and distance from the fault (expressed in hypocentral distance). Shaking in Europe
can be compared to these regression curves constructed for eastern US.

Comparison between our calculated average intensity decrease and the Atkinson & Wald regression line
allows deducing if a sufficient amount of macroseismic reports of a felt seismic event are submitted in
each distance bin.
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Macroseismic analysis of ID 3167 M, 2.6 (n = 1000)
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Figure 42: Community

internet intensity (CII)
decay of individual
responses ordered by

hypocentral distance to
the felt event.

The blue line represents
the predicted intensity
decay by the Atkinson &
Wald  (2007) (A&W)
regression line whereas
the coloured curve shows
the averaged intensity
decay after intensity
binning for each 5 km
and with a moving
window each 1 km.

Typically higher average
macroseismic intensities
are observed at closer
hypocentral  distances.
High MI’s such as
intensity VI and VII are
not considered to be
reliable.

Average intensities at the
epicentre vary between
non-damaging intensities
3.8 and 2.6 from M 3.2
to M 2.2 events respect-
tively.



C. Site effects and S-wave attenuation in the Brabant Massif

The intensity values show a well-behaved progression of decreasing intensity with increasing distance.
Despite the fact that the average curve is sometimes messy at larger distances due to the fact of too low
amount of responses, the intensity decay holds trend with the predicted values of Atkinson & Wald
(2007). For M, 3.2 and M, 2.2 average intensities at the epicentres are between intensity 3.8 and 2.6
respectively.

10.4.3. Thickness map of cover sediments

To study local site effects, a sediment thickness map of the epicentral area has been constructed following
the methodology explained in Figure 37. First, a palaeotopomap of the Brabant Massif has been
modelled by using all available boreholes that reached bedrock depth and outcrops from which the
absolute height of the Brabant Massif could be deduced. Modelling was performed by using Vertical
Mapper in the Mapinfo GIS program. Vertical Mapper contains a Natural Neighbour (NN) Interpolation
Method which allows the creation of grid files based on the availability of datapoints. The NN
interpolation makes use of an area-weighting technique to determine a new value for every grid node. A
natural neighbour region is first generated for each data point. Then, a new natural neighbour region is
generated at every node in the new grid which effectively overlies various portions of the surrounding
natural neighbour regions defining each point. The new grid value is calculated as the average of the
surrounding point values proportionally weighted according to the intersecting area of each point. By
continuous forward modelling, the input file is repeatedly adapted in order to improve the end result.

The available datapoints, visualised as black dots on the DEM in , result from described outcrops and
boreholes. In the incised valleys humerous outcrops of the Lower Palaeozoic rocks of the Brabant Massif
are present at the surface. The topographic height of these outcrops is used as input for the model. If the
model predicts a BM height that is above the present topography, then the model was adapted and the
actual topography was used as height of the BM. On the hill tops, however, the only information on the
height of the BM is derived from borehole descriptions.

Sediment Figure 43:
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Figure 44:

Paleotopomap of the studied
area. The top of the Brabant
Massif dips towards the NE with
an altitude of +160 m at
Gembloux to 0 m at La Hulpe.

River erosion has incised the
Brabant Massif only south of
Limal.

Figure 45:

Sediment thickness map
resulting from subtracting the
modelled paleotopomap from the
topography according to the
methodology explained in Figure
3.



C. Site effects and S-wave attenuation in the Brabant Massif

Consequently, the uncertainty of the first model is higher at the hill tops due to lack of information. To
overcome this problem we used the results of geophysical data (ERT & H/V) gathered in Tasks 6 & 8 to
improve the sediment thickness map. As highlighted in Task 6, several electrical resistivity tomography
(ERT) profiles are conducted in the Faux area (Thyle valley). In all the profiles, we were able to identify
the contact between alluvial sediments and the bedrock of the BM. The absolute height of these contacts
(e.g. Figure 28) have been added to the datapoints to improve the model of the palaeotop of the BM and
consequently to improve the sediment thickness map.

The modelled paleotopography of the Brabant (Figure 44) results shows that the top of the BM gradually
dips to the NE, from +160 m in the south at Gembloux to 0 m in the north at La Hulpe. Interestingly, this
map also suggests that the most northern point where the Dyle river has incised the Brabant Massif is
situated somewhere between Limal and Ottignies.
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Figure 46: NW-SE and SSW-NNE cross-sections through the Dyle-Thyle valleys with indication of major
lithological units: Quaternary loess, Brussel sands & Brabant Massif. Depth of the basement rocks has been
determined by a cross-section through the model of the top of the Brabant Massif (Figure 37). Topography is taken
from the DEM. Quaternary and Cenozoic deposits have been interpreted from representative boreholes (e.g.
130W267) in the valleys. Note the vertical exaggeration of 10.
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Finally, based on all gathered data, a sediment thickness map of the Cenozoic and Quaternary cover
above the basement rocks of the Brabant Massif has been created (Figure 45). As explained in the
methodology, this map results from subtracting the height of the modelled paleotopography (Figure 44) of
the Brabant Massif from the DEM (Figure 43:). The increasing sediment thickness to the NE clearly
results from the dip of the Brabant Massif to the NE.

There are several anomalies illustrating the irregularity of the top of the BM. Especially the Lower
Palaeozoic formations and lithology play an important role how the top of the BM is expressed. The
Cambrian slaty Mousty Formation, that is exposed in the region of the epicentres of the seismic swarm,
has a low resistance to erosion. It is clear from the palaeotopomap that everywhere the Mousty slates are
present, the palaeotopography is lower. The DEM also shows that the incised Dyle and Thyle valley are
wider in this area, than compared to their incision in Ordovician sandstone units to the south, or in the
Cambrian quartzitic sandstone units (Tubize and Blanmont Formations) in the east (see also Figure 5).

Despite these minor anomalies, sediment thickness on the hill tops generally increases to the northeast. In
the epicentre area, sediment thickness varies from 30 m on the hill tops. On the slopes and in the incised
Dyle and Thyle river valleys, however, sediment thickness is minor and does not exceed 10 m (see Figure
47).

To conclude, the variation of sediment thickness is primarily controlled by dip of Brabant Massif and the
incision of the rivers into the sandy Brussels Formation and the thin Pleistocene loess and loam deposit.

10.4.4. Link between macroseismic intensity and sediment thickness?

As a final task, the macroseismic intensity of some larger-magnitude earthquakes was compared to
sediment thickness. As we have the availability to geocode every individual macroseismic response, it is
possible to extract the depth to the basement, i.e. the sediment thickness, below each of these responses.

Unfortunately, both parameters (macroseismic intensity and thickness) do not behave as a 1:1
relationship. Figure 47 shows an example of an the 13 September 2008 M, 2.6 earthquake. The absence
of correlation suggests that many other parameters such as earthquake directivity, path ways and site
effects may control the macroseismic intensity reported by people and thus that intensity is not only
controlled by depth to bedrock.

Macroseismic analysis of ID 3167 M, 2.6
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General conclusions

The results of BELSPO project MO/33/028 led to some important insights regarding source detection of
intraplate seismicity and seismic swarms. Between 12 July 2008 and 10 January 2010 a seismic swarm
occurred close to the town of Court-Saint-Etienne (Walloon Brabant, Belgium). Seismological earthquake
data were gathered by the permanent stations in Belgium and by a locally-installed temporary seismic
network. Detailed relocation of events by waveform cross-correlation allowed to improve the location of
the 237 events in the seismic swarm considerably. The distribution of relocated events demonstrates the
presence of a fault that has been active for 1.5 years at a depth between 5 and 7 kilometre. The 13 July
M, 3.2 earthquake contributed to the largest displacement, i.e. several centimetres along a fault surface
with a maximum dimension of 0.01 km? whereas events smaller than M, 2 only caused millimetre
displacement along a fault surface with a dimension of a few m? to some ten m?.

Intraplate seismic swarms are frequently linked to volcanic or geothermal activity in the Earth’s crust.
The Walloon Brabant seismic swarm is defined as a continental intraplate seismic swarm. The absence of
any correlation between the depth of the different earthquake events in the swarm and the time history of
events suggests that this swarm was not an expression of a large-scale fluid movement through the crust
such as is frequently the case in volcanic and geothermal settings. As the events have occurred randomly
along a 1.5 km long fault (zone) situated between 5 and 7 km depth, no clear rupture propagation through
time has been observed. It is hypothesised that the 2008-2010 Walloon Brabant seismic swarm was
triggered by the (local) stress-state conditions in the crust which caused small-scale, millimetre- to
centimetre-scale displacements along the fault.

To investigate the relationship between the fault and the local geology at epicenter depths, we relied on a
systematic filtering approach in which the magnetic field was bandpass matched-filtered to generate
magnetic anomaly maps that highlight sources at earthquake depths. The results of this methodology
showed that the causative fault along which seismicity took place is limited in size as it is placed in a low-
magnetic body (equivalent to the Mousty Formation, a shaly rock unit) surrounded at both sides by high-
magnetic bodies. This source detection implicates that the fault is an isolated structure and that the limited
spatial extend of the individual events in the swarm is related to the limited length of the fault. The
limited dimension of the fault thus explains why no large magnitude earthquakes have occurred along this
structure in Walloon Brabant. This finding does not exclude the fact that elsewhere in the Brabant Massif
large magnitude earthquakes could not occur. After all, the magnetic maps shows that long NW-SE
oriented lineaments do occur in the Brabant Massif and that they may favourably oriented for
reactivation. The multidisciplinary methodology developed in this project offers some interesting insights
for future research in detecting potential active faults along old geological structures.

Although a considerable amount of time has been spend on identifying a potential fault in the field, a
surface expression of the causative fault has not been found. The facts that cleavage and bedding
orientation is mostly parallel to the swarm’s orientation, that the top of the Brabant Massif is strongly
fractured (it serves as an aquifer) and that the swarm occurred in the Mousty Formation explain why it
was very difficult to separate primary and secondary tectonic features and to find a surface fault (if any).
However, the numerous ERT profiles are useful for detecting the depth of the basement.

Evaluating the powerlaw relationship between the fundamental frequency and sediment thickness has a
great potential for future collaborations between Belgian or international institutes. If both parameters are
calibrated by conducting ambient noise measurements above boreholes or by applying any other
geophysical technique (such as ERT) that allows detecting bedrock depth, the thickness of sediments at
any unknown place, e.g. in a valley, in a cave, or in a large-scale region, can be calculated by HVSR
analysis. Furthermore, it was shown by HVSR analysis that the variability of the eroded top of the
Brabant Massif is strongly affected by the capability of rock formations to resist erosion.
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The “Did You Feel 1t?” inquiries during the seismic swarm showed that 60 of the 237 events have been
felt by the local population. In order to analyse the macroseismic results, a new methodology was
developed to geocode the location of individual responses based only on the address that was provided by
the respondents. This developed geocoding service will be used at the Royal Observatory of Belgium for
future macroseismic research and will be combined by additional existing national Geocoding tools (e.g.
Geocoding NGI).

The macroseismic maps of the larger-magnitude earthquakes all show a decentred barycentre due to the
larger population density north of the seismic swarm. An intensity evaluation of the community intensity,
i.e. the average intensity value of a community, demonstrates that the depth to bedrock is an important
factor that controls where people have felt an earthquake. The largest M, 3.2 earthquakes has caused
slightly E-W oriented elliptical isoseismals because of the fact that sediment thickness in Belgium above
the Brabant Massif increases towards the North. This confirms the observation of the E-W elongated
isoseismals related to the 11 June 1938 M|_5.6 Zulzeke-Nukerke earthquake..

It was also hypothesised that the variation in macroseismic intensity could be related to the local variation
of the sediment thickness above the Brabant Massif. However, after sediment thickness modelling this
statement could not be confirmed. Macroseismic intensity and depth to bedrock do not behave as simply
as a 1:1 relationship. Nevertheless, all the geophysical work (electrical resistivity tomography and H/V
spectral ratio analysis (HVSR)) which was performed to generate a sediment thickness map will help in
future to evaluate site effects related to ground motions of larger earthquakes in Belgium.
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Appendix

Appendix A: Catalogue of events of the 2008-2010 seismic swarm

The table shows the epicentre location of the different events after location improvement by cross-
correlation. Location is available in longitude/latitude and in local Belgium Lambert 1972 coordinates
(in m-scale). M_: local magnitude.

ID Date Time Longitude Latitude Belgian Lambert 1972  Depth M,
Nr R%B_ Year Month Day h:min:s (°N) (°E) No(rrt1:1)|ng Ea(i:;g (km)
1 3068 | 2008 7 12 17:47:18 | 50.6296 4.5633 146570 163764 5.90 2.2
2 3082 | 2008 7 12 20:45:12 | 50.6316 4.5645 146788 163852 8.73 0.4
3 3069 | 2008 7 13  13:45:49 | 50.6259 4.5653 146153 163910 7.74 3.2
4 3084 | 2008 7 13 18:14:45 50.6395 4.5682 147671 164105 1.40 0.0
5 3071 | 2008 7 14 02:07:38 | 50.6272 4.5614 146305 163630 5.89 13
6 3083 | 2008 7 14 03:42:53 | 50.6357 4.5644 147243 163843 7.93 0.5
7 3085 | 2008 7 14 05:19:17 | 50.6321 4.5554 146847 163207 7.10 0.6
8 3073 | 2008 7 14 18:57:32 | 50.6298 4.5623 146595 163692 6.48 0.8
9 3074 | 2008 7 14 23:23:34 | 50.6301 4.5624 146622 163702 6.50 0.9
10 3075 | 2008 7 15 03:58:07 | 50.6302 4.5614 146633 163627 6.50 0.5
11 3089 | 2008 7 15 20:51:10 | 50.6299 4.5623 146605 163697 6.38 0.2
12 3086 | 2008 7 16 04:01:08 | 50.6290 4.5631 146506 163748 6.31 0.6
13 3087 | 2008 7 16 04:07:29 | 50.6330 4.5629 146945 163737 6.47 0.0
14 3088 | 2008 7 16 18:57:08 | 50.6286 4.5596 146460 163505 6.12 0.0
15 3092 | 2008 7 17 10:20:33 | 50.6289 4.5631 146488 163751 6.47 0.4
16 3114 | 2008 7 19 01:16:39 | 50.6293 4.5638 146529 163802 6.52 0.7
17 3115 | 2008 7 19 01:16:52 | 50.6283 4.5611 146427 163613 5.75 0.0
18 3116 | 2008 7 19 04:31:04 | 50.6283 4.5648 146423 163872 6.07 0.4
19 3117 | 2008 7 21 21:10:22 50.6281 4.5644 146397 163842 6.02 0.5
20 3118 | 2008 7 22 23:25:09 | 50.6270 4.5633 146280 163766 6.04 0.3
21 3120 | 2008 7 25 16:21:22 | 50.6264 4.5667 146210 164007 6.05 0.2
22 3119 | 2008 7 25 20:10:49 | 50.6308 4.5641 146707 163818 6.25 0.2
23 3121 | 2008 7 31 18:06:33 | 50.6381 4.5662 147518 163967 6.64 0.4
24 3091 | 2008 8 8 09:40:19 | 50.6284 4.5641 146436 163819 6.00 1.6
25 3090 | 2008 8 8 09:54:40 | 50.6341 4.5643 147070 163833 6.34 1.7
26 3094 | 2008 8 8 17:52:02 | 50.6282 4.5605 146408 163567 5.47 1.8
27 3095 | 2008 8 9 03:33:42 | 50.6369 4.5678 147384 164081 6.95 1.5
28 3096 | 2008 8 9 14:18:56 | 50.6335 4.5662 146997 163968 6.46 2.2
29 3101 | 2008 8 9 14:39:56 | 50.6289 4.5620 146488 163675 6.17 1.0
30 3105 | 2008 8 9 17:20:37 | 50.6298 4.5621 146592 163677 6.06 0.3
31 3098 | 2008 8 9 18:31:41 | 50.6321 4.5672 146846 164041 6.41 2.2
32 3100 | 2008 8 9 18:34:14 | 50.6280 4.5761 146396 164669 6.68 0.4
33 3108 | 2008 8 9 18:34:36 | 50.6300 4.5715 146616 164343 6.67 13
34 3099 | 2008 8 9 18:35:15 | 50.6257 4.5591 146137 163468 5.20 0.7
35 3109 | 2008 8 9 18:35:42 | 50.6319 4.5680 146823 164099 6.46 1.6
36 3110 | 2008 8 9 18:37:41 | 50.6264 4.5677 146218 164074 6.16 0.0
37 3111 | 2008 8 10 00:27:58 | 50.6267 4.5648 146246 163873 5.88 0.2
38 3112 | 2008 8 10 04:04:00 | 50.6279 4.5621 146377 163680 5.86 0.1
39 3177 | 2008 8 12 13:38:26 | 50.6271 4.5658 146287 163940 5.75 0.6
40 3178 | 2008 8 12 13:39:49 | 50.6293 4.5642 146536 163827 6.01 0.9
41 3179 | 2008 8 15 10:07:41 | 50.6307 4.5653 146691 163907 5.85 0.5
42 3137 | 2008 8 22 13:26:57 | 50.6297 4.5625 146576 163707 6.00 1.1
43 3138 | 2008 8 22 15:38:47 | 50.6300 4.5622 146613 163684 6.05 0.7
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44 3139 | 2008
45 3140 | 2008
46 3180 | 2008
47 3181 | 2008
48 3161 | 2008
49 3182 | 2008
50 3183 | 2008
51 3184 | 2008

22 15:38:48 | 50.6299 4.5625 146606 163707 6.06 1.0
22 15:38:58 | 50.6302 4.5621 146631 163681 6.09 1.7
23 00:16:52 | 50.6273 4.5656 146310 163926 6.36 0.4
23 00:46:13 | 50.6305 4.5618 146672 163659 6.03 0.3
30 22:30:11 | 50.6296 4.5630 146563 163743 5.97 0.5
1 01:46:14 | 50.6283 4.5678 146419 164084 5.88 -0.2
1 01:59:42 | 50.6273 4.5646 146307 163857 6.53 -0.4
1 02:00:47 | 50.6276 4.5670 146349 164030 5.64 0.2
3

5

52 3188 | 2008 19:16:10 | 50.6323 4.5633 146868 163762 6.28 0.7
53 3213 | 2008 20:25:53 | 50.6278 4.5651 146364 163890 6.26 0.4
54 3164 | 2008 10 08:26:41 | 50.6273 4.5652 146313 163899 6.23 13
55 3165 | 2008 12 05:08:55 | 50.6300 4.5629 146607 163738 6.41 2.2
56 3167 | 2008 13 01:14:17 | 50.6251 4.5674 146065 164059 5.87 2.6
57 3185 | 2008 01:42:31 | 50.6322 4.5595 146861 163494 6.40 0.7
58 3186 | 2008 13 02:00:26 | 50.6283 4.5723 146430 164400 6.14 0.7
59 3187 | 2008 13 15:57:25 | 50.6302 4.5611 146633 163607 6.20 11
60 3200 | 2008 15 02:09:13 | 50.6285 4.5649 146443 163875 6.04 11
61 3169 | 2008 18 20:57:24 | 50.6317 4.5593 146801 163484 6.23 0.9
62 3214 | 2008 18 21:42:16 | 50.6327 4.5614 146915 163631 6.14 14
63 3215 | 2008 27 14:31:06 | 50.6308 4.5605 146698 163565 6.47 0.9
64 3216 | 2008 27 14:31:35 | 50.6270 4.5666 146281 163997 6.35 1.2

65 3171 | 2008
66 3217 | 2008

27 16:41:32 | 50.6309 4.5598 146716 163517 5.67 1.6
27 16:59:30 | 50.6266 4.5668 146231 164016 6.31 0.7
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67 3218 | 2008 27 18:19:30 | 50.6269 4.5661 146270 163965 6.35 0.5
68 3219 | 2008 27 22:11:44 | 50.6272 4.5661 146299 163963 6.36 0.7
69 3220 | 2008 30 11:01:30 | 50.6265 4.5671 146225 164037 6.32 13
70 3221 | 2008 30 22:32:10 | 50.6262 4.5600 146187 163534 5.57 0.4
71 3222 | 2008 30 22:34:09 | 50.6260 4.5695 146172 164207 6.11 0.7
72 3223 | 2008 10 3 02:13:17 | 50.6261 4.5694 146183 164195 6.07 0.7
73 3176 | 2008 10 6 06:07:49 | 50.6280 4.5643 146388 163839 6.33 11
74 3175 | 2008 10 6 06:14:15 | 50.6295 4.5651 146558 163891 5.43 1.8
75 3224 | 2008 10 6 08:36:06 | 50.6267 4.5667 146245 164008 6.21 13
76 3241 | 2008 10 18 22:53:33 | 50.6271 4.5656 146294 163926 6.61 0.4
77 3242 | 2008 10 20 12:14:01 | 50.6274 4.5667 146323 164007 6.57 1.0
78 3243 | 2008 10 21 02:43:14 | 50.6274 4.5651 146319 163890 6.63 0.7
79 3203 | 2008 10 21 02:46:21 | 50.6297 4.5596 146578 163503 5.08 0.4
80 3245 | 2008 10 21 23:50:23 | 50.6267 4.5665 146242 163989 6.28 0.5
81 3246 | 2008 10 25 22:24:30 | 50.6303 4.5689 146643 164161 5.66 1.0
82 3247 | 2008 10 25 22:33:23 | 50.6290 4.5642 146497 163828 6.64 0.5
83 3248 | 2008 10 30 01:34:07 | 50.6255 4.5686 146112 164140 6.33 0.4
84 3249 | 2008 10 30 06:08:33 | 50.6258 4.5681 146147 164108 6.31 0.7
85 3204 | 2008 10 30 19:12:29 | 50.6297 4.5631 146576 163749 6.54 15
86 3259 | 2008 12 20 20:50:51 | 50.6278 4.5680 146367 164100 5.38 1.2
87 3225 | 2008 12 20 20:53:08 | 50.6269 4.5660 146274 163958 5.65 24
88 3260 | 2008 12 20 21:57:44 | 50.5946 4.5617 142676 163663 6.25 0.3
89 3261 | 2008 12 21 02:30:19 | 50.5973 4.5685 142973 164139 5.94 0.3
90 3262 | 2008 12 28 00:16:53 | 50.6330 4.5557 146945 163228 5.56 0.7
91 3232 | 2008 12 29 03:27:56 | 50.6271 4.5586 146288 163436 5.72 1.7
92 3263 | 2008 12 29 03:40:01 | 50.6243 4.5465 145980 162574 5.22 -0.1
93 3264 | 2008 12 29 04:01:32 | 50.5962 4.5602 142855 163553 6.28 0.0
94 3265 | 2008 12 29 04:25:14 | 50.6224 4.5488 145767 162738 6.85 0.0
95 3266 | 2008 12 29 04:50:10 | 50.6066 4.5182 144004 160578 9.95 0.6
96 3233 | 2008 12 29 14:01:14 | 50.6283 4.5644 146421 163841 5.00 1.2
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12:02:25
19:33:02
04:04:23
10:23:04
13:21:21
21:52:22
22:29:20
22:29:22
01:41:47
22:35:41
02:48:06
04:49:11
19:31:43
22:59:04
02:08:47
02:15:25
04:54:14
07:26:37
15:21:04
22:49:09
08:47:19
03:23:32
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03:26:12
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03:57:08
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50.6345
50.6274
50.6279
50.6271
50.6273
50.6258
50.6314
50.6283
50.6270
50.6266
50.6271
50.6277
50.6284
50.6302
50.6278
50.6286
50.6280
50.6283
50.6289
50.6296
50.6283
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50.6296
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50.6280
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4.5596
4.5659
4.5653
4.5661
4.5661
4.5682
4.5688
4.5652
4.5670
4.5667
4.5670
4.5654
4.5641
4.5611
4.5657
4.5636
4.5639
4.5647
4.5632
4.5676
4.5648
4.5614
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163782
164045
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163774
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163712
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163605
164023

6.46
5.77
6.00
5.78
6.06
6.14
5.64
5.76
5.83
5.83
6.16
5.97
5.73
6.79
6.23
5.77
6.30
5.74
5.68
6.07
5.76
6.26
6.07
5.87
6.36
5.57
4.95
5.68
5.71
6.82
2.09
5.68
6.19
6.23
5.54
6.09
6.44
5.78
5.74
5.93
5.63
5.80
5.75
5.82
5.69
5.81
6.37
6.38
5.59
5.62
5.80
5.77
5.93
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150 3440 | 2009 3 16 01:42:30 | 50.6284 4.5658 146437 163939 5.87 -0.6
151 3441 | 2009 3 16 09:22:06 | 50.6302 4.5626 146637 163712 5.77 0.4
152 3292 | 2009 3 16 22:40:43 | 50.6295 4.5627 146555 163722 6.47 0.9
153 3442 | 2009 3 16 22:41:28 | 50.6296 4.5625 146571 163707 6.24 -0.1
154 3443 | 2009 3 16 22:42:21 | 50.6288 4.5635 146476 163777 5.74 0.5
155 3444 | 2009 3 19 03:54:29 | 50.6315 4.5622 146778 163687 6.18 0.7
156 3445 | 2009 3 19 03:55:19 | 50.6293 4.5626 146532 163712 5.69 0.2
157 3446 | 2009 3 20 00:44:52 | 50.6290 4.5640 146497 163818 5.96 0.5
158 3293 | 2009 3 20 01:39:00 | 50.6274 4.5653 146327 163906 5.56 0.7
159 3447 | 2009 3 20 10:03:29 | 50.6284 4.5644 146439 163841 5.60 0.7
160 3448 | 2009 3 20 17:46:54 | 50.6256 4.5689 146119 164161 6.10 0.7
161 3449 | 2009 3 20 18:04:31 | 50.6256 4.5690 146122 164170 6.15 0.4
162 3296 | 2009 3 20 22:22:15 | 50.6276 4.5655 146343 163921 5.80 0.6
163 3295 | 2009 3 20 22:29:56 | 50.6306 4.5611 146674 163609 6.03 0.6
164 3450 | 2009 3 21 05:45:58 | 50.6259 4.5687 146158 164149 6.12 0.9
165 3451 | 2009 3 21 05:46:16 | 50.6259 4.5685 146155 164135 6.07 0.3
166 3294 | 2009 3 21  15:06:06 | 50.6302 4.5619 146629 163663 5.66 13
167 3452 | 2009 3 21 15:07:15 | 50.6305 4.5612 146665 163613 5.68 0.2
168 3453 | 2009 3 21 16:42:00 | 50.6295 4.5622 146559 163687 5.57 0.9
169 3454 | 2009 3 22 00:42:38 | 50.6295 4.5619 146553 163667 5.66 0.0
170 3456 | 2009 3 23 01:09:22 | 50.6311 4.5572 146739 163331 5.76 0.2
171 3455 | 2009 3 23 20:14:38 | 50.6263 4.5684 146203 164129 6.08 0.5
172 3457 | 2009 3 24 02:51:24 | 50.6299 4.5619 146596 163669 5.68 -0.4
173 3299 | 2009 3 26 14:30:28 | 50.6296 4.5616 146567 163642 5.68 13
174 3458 | 2009 3 26 14:30:41 | 50.6300 4.5615 146614 163636 5.73 0.9
175 3459 | 2009 3 26 14:30:52 | 50.6296 4.5619 146572 163666 5.71 0.8
176 3301 | 2009 3 26 19:42:55 | 50.6300 4.5610 146615 163598 5.66 2.3
177 3460 | 2009 3 26 21:32:37 | 50.6305 4.5606 146673 163572 5.72 0.3
178 3461 | 2009 3 26 22:18:49 | 50.6281 4.5569 146403 163310 6.38 0.2
179 3462 | 2009 3 26 22:28:32 | 50.6330 4.5617 146947 163653 6.38 0.6
180 3463 | 2009 3 26 22:31:19 | 50.6328 4.5596 146920 163500 5.85 0.1
181 3464 | 2009 3 26 23:07:21 | 50.6269 4.5613 146271 163627 5.82 0.1
182 3465 | 2009 3 26 23:37:12 | 50.6287 4.5587 146467 163441 5.87 -0.1
183 3466 | 2009 3 27 01:23:43 | 50.6295 4.5653 146554 163907 5.89 -0.1
184 3468 | 2009 3 27 01:29:07 | 50.6277 4.5652 146362 163899 5.95 0.1
185 3469 | 2009 3 27 01:57:12 | 50.6290 4.5587 146505 163442 5.91 -0.1
186 3470 | 2009 3 27 02:15:45 | 50.6308 4.5617 146705 163653 5.70 -0.3
187 3471 | 2009 3 27 03:44:14 | 50.6296 4.5619 146568 163664 5.71 -0.1
188 3472 | 2009 3 27 17:51:36 | 50.6331 4.5576 146953 163361 6.29 1.0
189 3473 | 2009 3 27 23:49:37 | 50.6303 4.5609 146644 163594 5.61 0.4
190 3474 | 2009 3 28 22:35:13 | 50.6300 4.5614 146614 163629 5.82 -0.1
191 3475 | 2009 3 29 00:02:59 | 50.6307 4.5595 146695 163499 5.73 1.0
192 3476 | 2009 3 29 21:58:21 | 50.6295 4.5594 146556 163486 5.74 0.0
193 3477 | 2009 3 30 02:20:02 | 50.6289 4.5639 146486 163810 5.71 0.4
194 3478 | 2009 3 31 01:34:08 | 50.6273 4.5652 146313 163899 6.03 0.8
195 3479 | 2009 3 31 01:46:57 | 50.6309 4.5601 146709 163536 5.91 0.4
196 3480 | 2009 3 31 02:15:16 | 50.6305 4.5605 146672 163567 5.91 0.1
197 3481 | 2009 3 31 03:17:16 | 50.6312 4.5620 146750 163673 6.07 0.0
198 3303 | 2009 4 1 18:58:44 | 50.6277 4.5649 146353 163876 5.60 0.7
199 3482 | 2009 4 2 21:03:31 | 50.6295 4.5622 146553 163689 5.71 0.4
200 3483 | 2009 4 3 00:10:26 | 50.6291 4.5707 146518 164292 5.80 -0.3
201 3484 | 2009 4 3 21:33:30 | 50.6337 4.5573 147025 163337 6.34 0.7
202 3485 | 2009 4 5 12:02:04 | 50.6272 4.5655 146306 163923 5.62 0.7
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Appendix

Appendix C: TSG2015 poster presentation

Deducing the seismotectonic significance of the 2008-2010 seismic swarm
in the Brabant Massif by aeromagnetic bandpass filtering

* % %k K

ZUSGS

*X« koen.vannote

Koen VAN NOTEN’, Thomas LECOCQ’, Anjana K. SHAH’ & Thierry CAMELBEECK"

Royal Observatory of Belgium, Seismology-Gravimetry, Brussels, Belgium

*U.S. Geological Survey, Denver Federal Center, Denver, Colorado, U.S.A. smology.e

smology.be

/ 2. THE 2008-2010 WALLOON BRABANT SEISMIC SEQUENCE \

In contrast to a classical foreshock-mainshock-aftershock sequence, seismic
swarms are not characterised by one dominant event but usually show a large
number of low-magnitude events clustered in time. The absence of an identifiable
mainshock is a consequence of a weakened crust and indicates that a well-defined,
single fault structure that would be capable to sustain and release higher strains is
absent.

Some moderate-magnitude earthquakes have
" occurred in the seismotectonic zone of the
Lower-Palaeozoic Anglo-Brabant Massif, a zone
" which extends from central Belgium to the North
Seaand SEU.K.

* Between 2008 and 2010 a seismic swarm took
place 20 km SE of Brussels. Thanks to the

Time History of Seismicity Froquency FIGURE 3: Time history of seismicity in
installation of a temporary seismic network,

o3z LT 35 function of the local magnitude and

&

FIGURE 1: Seismotectonic zoning in Belgium. 30 magnitude frequency distribution.
Historical and instrumental data from the SMall magnitude events were recorded which - 28

earthquake catalogue of the Royal Observatory  allow, for the first time, to visualise and to study ’“; FIGURE 4 (below): Many events have
of Belgium (ROB). " 2 similar waveforms indicating that they

an extremely well documented seismic event in 98 are closely spaced. Waveform cross-

8

Cumulative amount of events
8

= " the Brabant Massif. We discuss o) I ;; 2 correlation allows improvement of the
p— R < 5. originallocation (see Fig. 6)
the reactivation potential of an ko 676 evert
s 3 § correlation of 49 even
ancient geological structure in wa:’,;ﬁ;g# ez m&-“"‘“"’@"’“ ST B § H of the spring 2009 cluster
. . | A
anintraplate setting. e ||| A
0s s T ) s E) s 21

Cross-socton NASW. Cross-section SASW.

The Brabant Massif
- Symmetric disposition with a
Cambrian core and an Ordo-
vician/Silurian rim.
- Arcuate geometry due to com-
pression of Cambrian core
against alow density body.
- Pronounced NW-SE and WNE-

imoaments afor Sirtubin: 999, Todloropy i

awomagrele map bom Butpon Gooapl e 1994
FIGURE 2: a) Lithostratigraphical subcrop map. b) Gravity Bouguer map "
showing the contrast between Cambrian and Ordovician-Silurian rocks, ESE Magnetic lineaments rep-
) Aeromagnetic map of the Brabant Massif. NW-SE lineaments resentative of dextral shear
correspond to (blind) faults and to alternating Palaeozoic stratigraphy. X

of the 2008. wwarm ZONEs resulting from esc?

isposter. tectonics.
3. MAGNETIC ANOMALIES IN THE EPICENTRAL AREA \

FIGURE 6: NW-SE oriented eplcenlval distribution in function of

time history of events. Relocated hypocentres delimit ~ depth. Fault plane solutions indicate left-lateral strike-slip faulting
wvenicamw-szoriemedhuluom. j

driven bya WNW-ESE 0, Basemap=Geological map.
/ 4. MAGNETIC MATCHED BANDPASS FILTERING \

FIGURE 5: 3D hypocenter distribution in function of

FIGURE 7: Aeromagnetic lineaments are steep magnetic gradients that
separate low or negative magnetic anomalies from high-magnetic
magnetic ridges. The southern border reflects the contact between the
Wnn tic C i ks and low magnetic Silurian rocks.

d Several NW-SE magnetic ridges
and magnetic lineaments
represent the dominance of the
high-magnetic bearing Tubize
Formation inthe subsurface.

The seismic swarm is situated

between two magnetic ridges
that have WSW-ESE and NW-SE
orientations, respectively north
and south of the swarm.

In order to deduce if these
ridges correspond to shallow or
deep sources, a strategic depth

filtering needs to be appliedj

Matched bandpass filtering of magnetic data is used to separate short-wavelength
anomalies, that originate from shallow depths, from long-wavelength anomalies
thatgenerally originate at greater depths. The following methodologyis followed:

1) Calculation of amplitude power spectra
alongline segments.

2) Each power spectrum has natural breaks
thatcorrespond to different depths.

3) Low- and bandpass filtering.

4) Inverse Fourier transformation to
generate anomalies that highlight
sources at the filtered depths.

FIGURE 8: Power
spectrum and local
filters. Magnetic field is
decomposed in five
components (P0-P4):
PO: halfspace
lowpass filtered
long wavelengths
deep sources.
P1,P2,P3, Pa:layers
bandpass filtered

short wavelenghts
shallow sources
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/ 5. CONCLUSIONS FROM MATCHED FILTERING: FAULT ZONE IS LIMITED IN SIZE

anomaly separation
inthe 4.5 km map

-160 -13 0 25 49 92 116 280
——TEEEETT T T —
nT

Seismic swarm is located

R at the edge of a magnetic gradient
FIGURE 9 (left): Matched filtering of 400

components PO (4.5,7.2km) and P1 (1.1,
2.1km). As artifacts often disturb the shallow
filters (P2-P4), an upwards strategy has been
applied. Upon 1km calculates the anomaly as
the survey was done 1km higher and reflects
deep sources. Subtraction of the upon 1km
map from the total field then emphasizes
shallow sources.

A "otal fieid -
upon 1km

FIGURE 10 (right): Effect of filtering shown 100
along cross-section A-A"

75 10 125 15
distance (km)

175

Anomaly maps for deep sources show that the SE end of the structure
responsible for the swarm is blocked by a positive magnetic anomaly
| that has a different orientation than the swarm. Shallow filters show
that the NW end of the swarm is limited by a WNW-ESE anomaly.
Matched filtering suggests that the structure is limited in size which
potentially could resultin a reduced seismic hazard for this region.
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