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Introduction

Introduction

The regim of CourtSaintEtienne, a community at about 20 km SE of Brussels in Walloon Brabant, has
experienced a seismic sequence frdfhJuly 2008 tol1l8 January 2010This seismic sequence is
characterised by several periods of swarm actigfywhich the largst swarm activity took place in the
summer of 2008 and spring 2009, alternating with periods of seismic quieskretatal,239 earthquake

events have been recorded by the dense modern permanent seismic network in Belgium, among which 7
temporary stationthat were installed in the vicinity of tlepicentre soon after the first earthquake took
place.The largest event of the sequetaa a locamagnitudeM, 3.2, struck on 13 July 2008 and was

felt in the whole Walloon Brabant, evém the NEof Brusselsmore than 30 knfrom theepicentreIn

general théocal earthquake magnitudes the whole swarmanges between0.7 OM,_ 03.2

Remarkably 60 eventsave been felor heard only sometimédsy the local populatio spite of theoften
very small magnitudsof the earthquake@.g. 2 responses for a M= 0.7 event) This was detected by
thei DiYduFeellt?20 macr os ei s mi c (afiemWakl retnak, t1999om thesdismologyse
website The macroseismic maps draviar each of these events show the spatial variabilitthe way
the earthquakewere felt. Thanks to the high responsivenesshef peoplewe are quite confident that
these very low earthquakes were really/lfielardbecauseseveral DYFlI2webformswere submitted even
before any information was published on geésmologywebsiteor in the media

During the CourSaintEtienne seimic sequence, the locahd the provincial authorities were concerned
about the seismic risk in the Walloon Brabdnt.the past, aletailed localstudy on the seismic risk
assessment of the Walloon Brabaag however neverbeen performedmainly due ¢ a lack of seismic

info after the installation of modern seismic equipment in 198%s studysupported by BELSPO
therefore aims tgerform a full investigation of the seismic swarm ahd local site effects of the
earthquake area in order to provideme 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 (amncientPalaeozoic massif underlying Brabant and Flanders) that can be studied by
modern quantitative seismology methods. Moreover, the analysis of seismicity alldwsnusstigate

the possible link between seismicity and the reactivation of ancient geoldgicalies in the Brabant
Massif. Additionally, this casealso offers us an unique scientific opportunity to better understand the
origin of continental intraplate earthquakes in low seismicity regione of the major tasks of the
SeismologyGravimetrysection at the Ryal Observatory oBelgium
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Research objectives

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

A. First objective: The seismotectonicsignificance of the seismisequence in the Walloon
Brabant

The first objective of this project is to perform a comprehensive analysis of the seismic sequence in the
Walloon Brabantd deduce informatioonthe seismotectonic framework of the Brabant Masgsibrder

to localise the active structure in the subsurfdw wasresponsible for the seismic sequence, it is
necessary to relocatdl the routinely determinedseismic eventsvith a greaer precision. This will be
doneby the method ofeismic waveforntrosscorrelation(Task 1). In this method the waveformsof
co-located earthquakes (i.e. very close at each other) recatdedinglestationare compared to each
other, whichallows improving the spatial distribution of thariginal hypocentre. Based on these
relocations an analysisof seismicity will be performed in order to visualise and understandvibl@tion

of rupturingin time and spage.e. thespatiotemporal analis

The faultgeometry, faultmechanismand the associatetlirrentstressorientationwill be derived from
calculating focal mechanisniier the largesindividual eventsTask 2). This will be determined bysing
the full body wave signals anstudying tte first arrivals of Rvaves observed at stations located in
various directionsSubsequently, d@ectonic stress inversion will be done bging specialised stress
analysis programsThe resultsof stress inversioallows estimating the current stress fialtting on this
part of the Brabant Massif

In order to linkthe seismic sequeneamd the fault geometryp the local geologyafull synthesis of the
seismotectonic setting of the Brabant Massif willrbalised(Task 3). This synthesis will include (i)ra
overview of thehistorical seismicityin the Brabant Massif(ii) a literature review on th&ctonic grairof
the Brabant Massif based on structural analyses of field data and potenti@lalagadrgravity anomaly
and the magnetic fieJdand (iii) an integration of the seismologicalresearch results into the
seismotectonic framework of the Brabant Massifa technique calleshatched bandpass filteringf the
magnetic field

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

B. Secondobjective: 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 relocatggocentrs. It will be investigatedfiit is possible

to identify a structure at the surface or in #hallowsubsurface that corresponds to the geometry of the
fault. The first important taskr@sk 5) is to gather al{cartographicjnformation on the local and regional
geology, geomorpholty, hydro(geo)logy and soil characteristinsorder to have a full overview of the
geology and the alreagherformed studies in the area.

An possibleidentification of the fault structurat the surfacesan only be confirmedby performing a
geomorphologial study of the earthquake arébask 6). Faultrelated structures will beearchedn a
Digital Elevation Model (DEM) and on the fieldy analysing river traces, hill morphology and
differences in lithologyln this part of the work it islsointended ® select some potential field sites
performa geophysicaprospection by which the fault can be visuali§€dsk 7). Geophysicalmethods
such asambient noise mesurements (HVSR) &melectrical resistivity tomography (ERWill be used
to imagethe sisurface (max 40 m) in search gb@ssible offset of layers alorgault. 7
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In Task 8, the results oTasks 4, 5 and will be interpreted and discussi&dorder to provide a synthesis
on the geometrgf the possiblefault structure at the surface.

C. Third objective: Site effects and Svave attenuation in the BrabantMassif

Depending on the site conditiorend the local geological structurground motionsproduced by
earthquakesan be amplified or attenuatelhe third objectivehereforeaimsto invegigate these ground
motions by studyinghe local site effects and attenuation efv&ves inside the Brabant Massifaking
into account thegronounced hilly topography of the research aszahsite can be described by the
resonance frequency of the sihiait varies according to the thickness of the soil above the bedivese
are important aspects to quantify the impact of the earthgqualckso evaluate the seismic risk in the
region of CourSaintEtienne

The site resonance frequency will be eviddaby a field campaign of H/V measuremeritagk 9). The
empirical H/V methodconsiss in recording the ambient vibrations of the ground durirignéted time
and the calculation of the spectral ratio of the horizontal component over the vertical confpidvien
The resulting curve allows to analyse il natural period of resonaneehich can be illustrated by
drawing detailed maps of the site effecibe detailed maps of thsite effecs canlater be usedn other
projectsat the ROB that focus onismic hazard(earthquake ground motion probability) and seismic risk
(social and environmentabnsequences of the seismic hazashessmerih Belgium (not an objective

of this study)

Thefinal task will focus on the analysef thefi Di d y o untefnet emduiriesT{agkd.0). We need to
develop aproper methodology on how the macroseismic resuts be analyse®0 events have been
reported to be felt/heard, so all these formularies need to be evaluated and prappdyg The results
of this taskwill allow evaluatingthe local/regional seismic impact of earthquakéh respect to théocal
geologyand site effects

D. Scientific output

In order to improve our methodology and to discuss the obtained retulte different tasksseveral
preserationswere givenat national andnternational scientific meetinghuring the projec(Task 11).

The results obtained in chapterake published in th&ectonophysicpurnal in Van Noten et a(2015.

This BELSPO projectill furtherlead to two other additional papers focusing on the methodology of
analysing macroseismic inquiries atide mapping of the bedrock below a sedimentary cover by
geophysicaldols
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A. Seismotectonic significance of the 2008 -2010 seismic swarm

TASK 17 Spatiotemporal analysis of seismicity

1.1.Introduction:; s eismic swarms

Earthquake swarms or seismic swarms are defined as episodic sequences of a large number of seismic
everts that are clustered in space and t{iMegi, 1963. In contrast to a classical foreshatiinshock
aftershock sequence, in which aftershock sequences may consist of numerousndgnitide
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 seignfuiescence. 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
hetergeneous stress field in a weakened crust that lacks a singldefialtd fault structure. If such a

fault structure was present, it might be capable releasing higher strain resulting in a higher magnitude
earthquakgFischer et al., 20t4Mogi, 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 epicentfean 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 witluajréldid transport in the
seismogenic part of the cru@tainzl, 2004 Hiemer et al., 201,2Schenk et al., 201Zpi | § K., In 2000
volcanic areas, continental rift and subduction zones, large #uoidlgas movements such as,Cékease

along prominent faultsrdfault intersections can generate earthquakes sw@mdbs-von Seht et al.,

2008 Lindenfeld et &, 2012. Within the Eurasian tectonic plate, far away from any plate boundary,
intense geothermal seismic swarms occur for example in the western Frencfe.§lji3aniel et al.,

2011, Leclére et al., 2002r in the West Bohemia/Vogtland area in the Eger rift Zeng Fischer et al.,

2014 Parotidis et al., 20Q3Schenk et al., 2032 In these cases, the presence of suprahydrostatic
overpressured fluids riginalong a fault zone is often considered to trigger fault activity due to pore
pressure changes, even when the fault is unfavourably oriented for reacti\atibére et al., 2012
Sibson, 198band especially if the crust is in a critical st@®arotidis 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 Argtabant Massif, here further referred to as Bnabant

Massif. Although the studied 20®10 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 afighe 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 Europectimved

within this slate bel{Camelbeeck et al., 20R7Linking 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 28IB0 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 MassifThis study aims at investigating to what specific part of a geological wteuitte swarm

may correspond. First, the hypocentre location is improved by the@osdation of waveforms of eo

located events. Waveforms of the largest earthquakes are compared to analogue waveforms of a seismic
swarm that occurred between 1953 a®é7lat CourSaintEtienne in the same epicentral area as the
20082010 swarm. A 3D analysis of the relocated hypocentre distribution allows understanding the
dimension of the structure and framing the seismic sequence within the tectonic structurBrabéms
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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 mditteeet! to highlight anomalies that are likely

to be due to sources at depthsndérest. 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 largestmagnitude events is performed, allowing derivation of a-fitisig 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 netwtletriangles) and the nearby permanent stations
(blacktriangles) in the Walloon Brabant Province. Abbreviations of stations can be found in the text. The red circles
show the relocated seismic events of the 288 seismic swarm. Background DEM map Nationaal
Geografisch Instituutb) Waveforms of a M1.5 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 2a2Vearthquak at a depth of 6.3

km. It was followed the day after by a N8.2 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 potentig could last for a very long time, a dense temporary seismic network was
deployed in the Cou$aintEtiennei Ottignies area in a 10 km radius around the epicenfigsire1).

Installing a temporary network isiportant 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 amyl2008. 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 perRid/hdEseismometers and

3 CMG-3ESPC broadband seismeters that were installed in the hamlets of Grand Leez (GRZ), Mellery
(OT1), Rixensart (OT2), Dicie-Mont (OT3), Limal (OT4), Genappe (OT5) and Ottignies (OTT). After

the removal of the temporary network, a permanent station was installed on 131Iuiy ZburtSaint

Etienne (CSE) to monitor the area continuously. The closest active permanent stations are the Seneffe
(SNF), Ronquiéres (RNQ), Uccle (UCCS, UCCB) and Steenkerque (SKQ) stétigase().
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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 4.5729 50.5971 3.69 156 LE-3D 8/11/2008 8/6/2010
012 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 20@810 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 peods 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 Swave arrival times were manually picken a daily basis. Based on the time difference between

P- and Swave arrivals, amplitude and period measurements, a local magnitusead/estimated for

each individual eventEarthquake magnitudes of the Walloon Brabant seismic swarm range randomly
from M -0.7 to M_ 3.2 without any clear relationship between earthquake magnitudbeltiche history

of seismicity Such absence of correlation between earthquake magnitude and time history of events is
typical for seismic swarm@viogi, 1963 although higher magnitude earthquakes are often detected at the
onset of a seismic swarfe.g. in Wesbohemia, 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 quiestgaoe2).

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)aamdiry 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 M1.0 event occurred on 10 January 2014. A full catalogue of all events with their
timing, maynitude and location can be found in the AppeAdix

The individual seismic moment jMi.e. the amount of energy released by each earthquake, has been
calculated. The cumulative energy release gfigvtotally dominated by th&1, 3.2 event, noting that

more than half of the total energy was released during this event. Apart fravh tBe event, M > 2

events characterise most of the remaining energy release through time. The total cumulative seismic
moment, i.e. M= 2.58 x 16" N.m would correspond to andividual earthquake with magnitude,N3.9

using the local empirical relationship betweep &hd M of Reamer and Hinze(2004 applicable for
Northern Rhine regianGiven the time interval of 2 years, the Walloon Brabant swarm did esieas
seismic energy rather slowly over a small scale.

The onlined Di d Yo u nkaeasdismit datadacquisition system of the Royal Observatory of
Belgium (Lecocq et al., 2009showed that 60 events, with magnitudes betwee®.#and M 3.2, of

239 events of the 20e8)10 seismic sequence were felt by the local populalio@.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 fromwhestof Brussels to Liege. Remarkably, sometimes

also very small events with a magnitude as low asOM wereperceivedby 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 higrequency earthquake source.

1.3. Magnitude-frequency distribution

The reairrence of earthquakes with various magnitudes that are generated by a faults can be visualised in
a cumulative magnituggequency distribution (MFD) and is commonly described by the Gutenberg
Richter relationshigGutenberg and Richter, 1956

LogoN=ai b.M (Equationl)

where N is the number of earthquake, M is the magnitude of those eventsaaal are the intercept

and slope of a least squares best fit to the MFD. The GuteRbanter relationship is effectely a

measure of the relative occurrence of small to large earthquakes. The rdmgaueds can vary widely

and depends on the nature and spatiotemporal evolution of earthquake swarms. Volcanic swarms produce
b-values up to 2.5, indicating a large pragm of small earthquakes relatively to large ones, whdreas

values of norvolcanic, intraplate tectonic swarms range-D.B(Hainzl and Fischer, 2002bs-von Seht

et al., 2008

The minimum magnitude of complete recordifgc] is an important parameter that indicates the
magnitude below which no propbivalue can be calculated due to incompleteness of the datases This
usually expressed by a change of the slope of the MFD fit towards lower magnithdedFD for the
20082010 seismic swarm shows that samfignitude events between M.0 and M 0.8 are highly
represented (Fig. 4a). Below magnitude M4, the slope fothe 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 lowtsignéale levelsThis

is particularly apparent in the magnitude versus time plot (Fig.Gdmsequentlyseismic events with
magnitude below M 0.4 in the swarm catalogue could only be detected during eveairthnightly
hours (18h00 06h00). This suggests that the cataloguamcomplete and underrepresented for events
below M_0.4. Based on the 89 events below 0M that were picked during the night (18h006h00),

one may add a same amount of 89 events belpvd.Mto the 239 detected events in the catalogue to
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account or those events that were missed during the working hours. Such a modified catalogue of 328
events would, however, only slightly affect t@alue as only low magnitudes would be added.

ForMc = M 0.4,a- andb-values of 2.017 and 0.662, respectiveliieB-value of the whole 2008010
catalogue is only a little lower than the 0.®#value calculated for the entire ROB catalogue
representative for all earthquakes that occurred in Belgium and the surroundingLekessid et al.,
2000. This b-value is in agreement with lavalue range between 0.8 and 1.1 calculated from other
intraplate seismic swarngglainzl and Fischer, 20020s-von Seht et al., 2008Additionally, it has to be
noted that globab-values for seismic swarms in literature are sometimesuleakd from moment
magnitudes (M), whereas thé-value of the Walloon Brabant seismic sequence is calculated from local
magnitudes. Based on local conversions betweemard My, the b-value estimated from M however,

will slightly underestimate b-value estimated from M. Nevertheless, our results are interesting because
they indicate that individual structures or an individual fault visualised by earthquake swarms can produce
a robust GutenberBichter relationship, something that has been questiomed discussed(e.g.
Hofmam, 1996.
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Figure 3: a) Individual and cumulative magnitude frequency distribution (MFD) for the entire -2008
earthquake catalogue (239 events). Thard bvalues of the Gutenberdrichter relationship have been calculated
in the range of M= 0.4 < M_ < 2.5 and are 2.017 and 0.662, respectivélyResolution of the picked events after
installation of the local seismic network. Due to the high sigoaloise ratio during the daytime (6tlh),
minimum magnitude of deteatiovas M 0.4. During the nightime, events down to MO0.7 could be picked.
Magnitude completeness (Mc) of the seismic catalogue is therefore sebat.M
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1.4.Earthquake location, waveform crosscorrelation and event relocation

To localise the structa 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, thaRd Sphases have been epieked when feasible. The epicentre
location of each event is computed usingpbR000, i.e. a ROBnodified version of Kpo71 (Lee and

Lahr, 1973. This malified algorithm computes 500 locations (instead of one ypdAl) for each
earthquake event by adding or subtracting random noise- tand Swave measurements, with a
maximum error of 0.05 s and 0.10 s, respectively. The centroid of the 500 locatiod"'isldthen 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) tempeary seismic station. All first fvave 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 deduces). Crosscorrelation of waveforms of the spring 2009 activity shows a high
similarity. b) Crosscorrelation of 49 individual traces. Note that the similarity of the first 0.6s after the finst\r

arrival is strikingly similar.c) Crosscorrelation showshat 34 events of the autumn 2008 activity are comparable

to 4 other events of the sward).Crosscorrelation and timing of additional 7 events.
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Many R and Sevents have very similar waveforrfisecocq, 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 ewiéstations. To execute this
task the doublglifference algorithm MpoDD (Waldhauser and Ellsworth, 2008 used. In this software
method, the waveforms obdocated earthquakes, i.e. very closely located events, recorded at a single
station are compared to each other, allowing further improvement of the hypocentre |q&ai@isand
Waldhauser2003.

Crosscorrelation differential times for HypoDD are obtained by using hypoD®ischer, 201% and
ObsPy (Beyreuther et al., 20)0 Clustering has been done using the Correlation Toolbox from the
GISMO suite, a Matlab toolbox for seismology (University of Alaska Fairbariksjhe relocation
method, the first Pand Swave arrivals of each event, recorded either at a permanent or at a temporary
single station, are mutually compared in a time frame window to thave and Svave arrivals of all

other events recorded aetbame station (Fig. 5).

Waveform similarity of cdocated 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 thely stiebuted to the
corresponding distance between hypocentres. ldentification of repeated events or multiplets can be
performed either by comparing all traces visually or by calculating the-coosslation coefficient of an

event that is crossorrelaed with all other events in a similarity cressrrelation 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 event&veats 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, crossorrelation shws that 49 events of all events recorded at the Ottignies station
(OTT, station deployed directly on the bedrock) show a waveform similarity of more thanFrdgi%te(

4a, b). Events of the autumn 2008 period alsowsla high similarity similar Kigure 4c,d). Cross
correlation thus demonstrates the tight spatial grouping of the events.

The original locations of the seismic swarm (see white ddsgiare5 for original location before cross
correlation) show a dense patch of events that are separated from the first t&2@ &hd M 3.2
earthquakes by a northward offset of 900 m. This offset is attributed to the absence of local network
during the twdfirst 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 cragsrelation in the similaritynatrix of the Steenkerque seismic station
(SKQ), the July 12 2008 M2.2 and July 13 2008 MB.2 events crossorrelate to the waveform of the
September 13 2008 M.6 event and to some other minor events in the September cluster. The
waveforms of the Sepimber 2008 cluster on their turn crassrelate to many of the events of the 2009
spring cluster. Consequently, given the large similarity of these different events, th2 &hd M 3.2

events can be relocated relatively close to the other clusteyseré 5). Crosscorrelation 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 northeveodss 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 Janua&914 event (see Appendix A), are still cressrelated with the 2008010 events

to relocate these new events.

By crosscorrelation, the manually picked- Bnd Swave arrival times could be refined to subsample
spacing of a few millisecondbelow 0.008s for 125Hz sampling rate, Deichmann and GRmsiaandez,
1992). Afterwards, these new picks are used as an inpuypo®D to improve the quality of theriginal
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 imprdsigdre5). The relocatedhypocentres
form a dense cluster both in horizontal and vertical direction. The orientation of the epicentres suggest
that the swarm occurred along a narrow, 1.5l&ng NW-SE oriented fault zone in the Faux area, a small
hamlet 3kilometre south of Cow$aintEtienne (see depth plotskigureb).
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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. Theelraant 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 crassrelation. The relocated epingres delimit a narrow NWSE oriented

fault zone dipping steeply to the NEhe contact between the Tubize (TUB) and Mousty (MST) Formation indicates
the position of the Asquempont detachment fault (dojteg line). Basemap is the digital elevation model
(©Nationaal Geografisch Instituut) of the epicentral area.-8tE: CourtSaintEtienne; MStG: MontSaint

Guibert SHH= SintHuibrechts Hern

Relocating all hypocentres allows performing a 3D analysis on the hypocentre distribution in function of
depthversus time of occurrenc&igure6a). 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 Tegt$timate the

true dip of the fault stture, we use the method of Camelbeét®93, which describes an ellipsoid
defined by 95% of the hypocentres. Applying this method to the hypocentre cloud of relocated events
shows that th&W-SE fault zone dips steeply to the NE at an angle of ~&fjufe 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 witlire¢ hours (i.e. between 2009-26-22:31:19 and
200903-27-01:57:12). Spatially, these events were only separated from each other by a distance of 100 m
(between 5.846 km and 5.947 km depth; sent numbers 18d85 in the catalogue in the
supplementarylata). 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 tomfitb fluid or gasdriven

seismic swarms that are characterised by an upwards migration of events.

All events that took place after thacal network has been removesg.the event that took place a4
January 2014Appendix A), are still crossorrdated with the 2002010 events to relocate these events.
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The locally installed network can currently thus be applied plsaatom networko validate and cross
correlate new events that would occur on the same location.
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Figure 6: Threedimensional hypocentral distribution of the 202810 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 (1207-2008) onwards. Notehe linearity of the events and the limited horizontal distribution of the swarm.
Size of the events corresponds to the magnitude variation within the sa)ak#5W crosssection parallel to the

fault structure.b) S45E in plane section perpendicular te ttault. 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 271 Calculation of focal mechanismsnd tectonic stress inversion

2.1. Fault plane saltions

The focal mechanism is the geometric description of the brittle deformation produced by earthquakes.
These were calculated from themave first motion polarities of the individual earthquakes that arrive at
different seismic stations usirfgsol, an algorithm that computes the nodal planes by mgiigithe

misfit between theoretical and observed/@ve first motions projected on the focal sphg&amelbeeck,

1993. The calculation of focal mechanisms allows determining the orientation (strike, dip) and slip
vecta 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 plaolutions 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 BayaseT)(

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 distrifigtioa8). Based on the

spatial distribtion of the different events, the distinct, steeply dipping,-8®/to NNWSSE fault zone
automatically distinguishes the NBE nodal planes as the actual fault plane and th&Wriented

planes as the auxiliary planegaple 2, Figure8). Each of the 10 focal mechanisms defines ald¢dral

oblique to purely leftateral strikeslip 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 812 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 foundvamnv.seismology.he
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Figure 8: Focal mechanisms of all events for which a reliable mechanism could be calculated. The
seismic swarm is doinated by leftateral strikeslip motion. The orientation of the swarm indicates that
the NWSE 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 t182200 seismic swarm used

for stress inversion. Location gives the orientation after relocation=NMocal earthquake magnitude.
Strike, dip and rake of the nodal plane interpreted as the fault plane and the auxiliary nodal plane are
given. SH: HorizontaBhortening. Stress regime: SS = strilip; NF = formal faulting; NS = combined
normal and strikeslip 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 WalRot hypothesigBott, 1959 Wallace, 195}, which states

that slip occurs parallel to the resolved shear stress onexistang or along a newly formed fault plane.

The inversion techniquenvolves the concept of (i) deriving the béising 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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A. Seismotectonic significance of the 2@TA.0 seismic swarm

directions. In this method, the data are first processed interactigelg the Right Dihedral Method

(Angelier and Mechler, 19Foptimised in the Wislensorprogranme (version 4.0.4), a software tool

specifically developed for the derivation of the orientation of the principal stress axes of the regional
stress énsor(Delvaux and Sperner, 2003The Right Dihedral Method is independent of the choice of

nod a | planes and gives a r ange dkoTie itratisesgribdeachor i en
ifRotati onal Optimi sationo method is apfbinthe to tF
Win-Tensor programm see Delvaux and Sperner, 2003 for détails
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stress ratio; QRfm = quality factor of stress tensor

following World Stress Map criteria (C = medium, B

= good); F5 = meéfit function of results (Delvaux

and Spernerst R2@®@9d98)r e ROMp =i nde
2-R for a strikeslip regime).

c) Map showing local stress tensor variation in

8 % central and north Belgium estimated from
6 %| differences in the gravitational potential engrg

4 E| after the method of Camelbeeck et al. (2013). Black
2

arrows indicate local stress orientations. LRE:
W, o,/ Lower Rhine Embayment. S = location of the

(@0}*

LRE % o, seismic swarm. Note the similarity between local
“5832” %, o, Stresses and the stress orientation derived iSds.

Task 4 6r a discussion of this figure.
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By using the WirnTensor programe, 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 orienéd nodal plane in the focal mechanism as the actual ruptured fault plane and3k¢ NE
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 thelision into an equalrea 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 usedtdrhis fac
effectively emphasizes higher magnitude events. For example, stress inversion pBtBeeient is

weighted as much more important on the overall result as stress inversion gf2tidvent

Stress inversion of the 10 different focal mechanisrsvsha local WNWE S E o r i (e {ir- 08£0€5), U
NNE-SSW,(&~12/187) and a( i+-e6631) whichvcerrespondsdol a Hfteral and

nearly pure strikelip stress regimeF{gure 9). The orientation of individualtisess axes are indicated in a
plunge/trend convention. The relative magnihtude o
- Uy) /.(i ti3), has a value of 0.46 and defines three different and-deélhed stress magnitudes
indicative of he pure strikeslip nature of the seismicityl @ble 3). The relative magnitude of the three
principal stresses, i.e. the sges r at i ©0- 0,R £ - 0f),thas a value of 0.46 and defines three
different stress magnitudes indtive of the pure strikslip 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 Flgbld ;3) is improved
considerably after removal of a normal (ID 3094) and an oblique (ID 3225) event, resulting in a slightly

di fferent stress tensor y Based bn these resuttsiwe oanh thus iatoilbute a f N 2
left-lateral fault mebanism 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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A. Seismotectonic significance of the 2@TA.0 seismic swarm

TASK 371 Seismotectonic setting of the Brabant Massi&nd 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 20080 Walloon Brabant seismic sequence occurred within the
borders of the Loer 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 Massig. 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 theiBelgium
Dutch bordei(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 north&@irepatrt.

only exposed atcrops 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 thélking part of the larger tectonic unit

of the AngleBrabant Deformation BelfVerniers 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 EmbayméMansy 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 allochtoRignre 10). Further to the south, the Brabant
parautochton is tectonically overthrust by the Variscan Ardenne allochton along thAddien thrust,

i.e. the Variscan front of the Rhenohercynean Zdsigufe 10), during thelate 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 allochtorfVan Noten et al., 2032

I 1
53°N

Unite North
ey Sea

OI ol.""

/!
0
ot

..........

= Midlands

e,
~.
~

~.
~.
~,

...............
.....

Upper

Palaeozoic L 50°N Ardenne -
® sei1$5rr(1)i(|:( swarm e £ ~“ allgc@tbn‘- , IS/ 50
Y e IE R

Figure 10: Intraplate tectonic setting of the Brabant Massif. The Brabant Massif forms part of the-Buadpant
deformation klt 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 MidiAachen 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 EngraytRG: Upper Rhine Graben.
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3.2.Structural grain of the Brabant Massif

The structure of the Brabant Massif resulted from #3@ Ma longlastingi Acadiani Brabantian
Deformation event that took place between Itte Llandovery(c. 430 Ma)and Emsian(c. 400 Ma)
(Debacker et al., 200%sintubin et al., 2009 As indicated on lithostratigraphic subcrop mabgj(re

11a), the Brabant Massif has an apparent sgtrical disposition with a central Cambrian core flanked at
both sides by Ordovician and Silurian metasedim@xsVos et al., 1993l egrand, 1968Piesens et al.,

2009. Structural field work, gravimetrid{gure11b) and aeromagnetic anomaly mapfg(rellc) show

that the Brabant Massif has a M8V trending structural grain that curves into a BNEW orientation
towards the east. Owing to the high magnetic susceptibility of the rock formdsians, siltstone,
metasandstone, metagreywackejhe Lower Cenbrian Tubize Group, the Cambrian backbone is clearly
visible on the aeromagnetic anomaly m@&hacksfield et al., 1993In contrast, the Bouguer gravity
anomaly Figure11b) shows the opposite pattern, with high density anomalies related to the Ordovician
Silurian rim and low densities associated with the Cambrian core or othesastepl bodiegEveraerts

and De Vos, 2012Piesens et gl 2005. The arcuate geometry of felthdcleavage patterns deduced
from potentialfield data throughout the slate belt is apparent and illustrates the change in orientation of
the structural grain from west to edStintubin, 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 aformed and is covered by a less deformed Ordovi8imian 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 Massiby 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-@a&stt oriented gravity gradient on the Bouguer anomaly map
and the highst relief and strongest density on the aeromagnetic anomalyLadordiere 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 Belgig@hacksfield et al., 1993

In the SW part of the Brabant Massif, a NS¥ trending Bouguer anomaly low was interpreted as low
density crystallie basemen{lChacksfield et al., 199®e Vos et al., 1993&veraerts et al., 1996ee et

al., 1993 (Figurelic). The NNESS shortening and arcuate shape of the Brabant Massif is believed to be
caused by the compression of the ®aan core of the slate belt against this {d@nsity body. This
compression led to the lateral tectonic escape of the Cambrian core along dextral transpressional shear
zones. Northeast of the leglensity body, these shear zones coincide with severalSEWending
aeromagnetic gradient lineamef®ntubin, 1999Sintubin and Everaerts, 2002 hese NWSE trending
structures are also seen gsadient anomalies on the Bouguer anomaly nféigue 11b) and are
interpreted as Palaeozoic NBE strikeslip fault zones(Everaerts and De Vos, 2013intubin and
Everaerts, 2002 Detailedstratigraphic and structural work, however, revealed that these shear zones are
blind structures that not reach theegeriday erosion surface of the Brabant basement. The only
structural indicators of these shear zones at the surface are short and local fold transitions -ohsteeply
gently plunging foldgDebacker, 201,2Debacker et al., 2004®ebacker et al., 200Debacker et al.,
20041).
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A. Seismotectonic significance of the 2T8.0 seismic swarm
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Figure 11:

a) Geological subcrop map and general stratigraphic structure of the Lower Palaeozoic Brabant Massif after De
Vos et al.(1993h and Debackef2012. Location of the 20812010 Walloon Brabant seismic swarm at Ceurt
SaintEtienne is indicated. The dashed line shows the trace of the Asquempont detachment fault around the Brabant
Massif.

b) Bouguergravity anomaly with a low density Cambrian core and a high density Oridovand Silurian rim. The
20082010 seismic swarm is situated at the {S® oriented, gently, NHipping gravity gradient marking the
transition of the core and the rim of the Brabant Mas&#romagnetic lineaments (black lines) of Fig. 2c) are
indicated.gl: gravity low.Data from De Vos et a{19933.

¢) The aeromagnetic map shows prominent-SRbriented crustal linements 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 redtecetdte-pole anomaly irthe central and
northern part of Belgium. The 2010 Walloon Brabant seismic swarm is situated in the SE part of the slate belt.
The white boxes show the locations Fifure 1 and Figure 14. Aeromagnetic anomaly data fromelBian
GeologicalSurvey(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 maxmum 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 vietredlaastal blocks within the present day
stress field. A first attempt to seismotectonic zoning around Belgium has been perforbethayd et

at. (2000 and was recently improved by Verbeeck e{2009.

The seismic swarm is situated in the seismotectonic zone of the -Bragbant 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 Aylia Basin in England and is bordered in the east byCdrapineBasin. 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 ndotireler of the Anglo

Brabant seismotectonic zone more or less corresponds to outline of the BM in the Dutch provinee Noord
Brabant.Seismicity within the seismotectonic zone of the Brabant Massif is considered low to moderate
(Camelbeeck et al., 20pTeynaud et al., 2000 The largest onshore historical event on Bedgian

territory was the 11 June 1938 earthquake £V6.0) that occurred in the Brabant Massif at Zulzeke
Nukerke, near Oudenaardgigure 11b). Reported damag&omville, 1939 was primarily in an BV

oriented area surrounding that earthquake. The damage distributioattwigted to the site effects
associated with seediments overlying the Brabant Mas&famelbeeck et al., 201Mguyen et al.,

2004). Another significant event was the 20 June 1995 earthquake near Le Rogalx¥ (3] Ms = 4.3) at

a depth of 24 km. Other historical earthquakes that occurred before the installation of the current Belgian
permanent networknd which caused considerable damage in the Brabant Massif are the 23 February
1828 (4.5 < M < 5.0; My~ 4.6) near Jauche and the 21 May 1382 M) and 23 April 1449 (5.5)

events in the North Se&igurel1b).

3.4. The 19871 1957 seismic sequence near CouBaint-Etienne

Importantly, between 1953 and 1957 a seismic sequence took place a few kilometres south- of Court
SaintEtienne. 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 BV and NS horizontal ground mains by printing earthquake waveform data on
smoked papegiCharlier and Van Gils, 19%3

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 2.38s 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 - 24-2.65s" 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 20082010 Walloon Brabant seismic swarm and phase artivad¢ of the M 4.0 1953 seismic event
estimated from the scanned 1953 waveform. The timing of three other events of th&9B¥58eismic
sequence is given.
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A. Seismotectonic significance of the 2@TA.0 seismic swarm

The 19531957 seismic sequence started on 5 January 1953 withdaOMarthquake and was follogve

by two M_ 3.6 and 3.4 Mevents on 28 August 1953 (data from the ROB catalogwey.seismology.he

Three years later, on 21 April 1956, a #3.0 occurred. However, historical records from testimonies of
people living in the epicentral area at Ce@ant-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 195B957 sequence might also have been a seismic swarm of whigtatfeesmporal
evolution is unfortunately unknown due to absence of testimonies and of recordings ehagritude

events.

51700

50°30'

50°00'

Royal Observatory of Belgium

Macroseismic Intensity

Figure 12: Macroseismic map of thd,_ 4.0 earthquake of 6 January©b3 near CourSaintEtienne

A compaison between the -Zomponent waveforms of the 5 January 1953 event recorded using the
historical Wiechert seismograph and those of the largest events of the@D8warms recorded by the
Glralp broadband seismometer (CNESPCD) located next to the Wheart seismograph at Uccle shows
notable similarity Figure 13). The Guralp recordings were digitally processed and filtered to provide
displacements. The time period range between tf@né Swave arrivals of the five largest gaguakes

of the 20082010 sequences is between 238nd 2.83 (Table5). The time period for the January

1953 event is between 2.3 and 2,8ndicating that travel distance from the source of the different
earthquake events the seismometer at Uccle was almost similar for the 1953 event and the largest of the
20082010 events. It is worth noting thewi&ve asymmetry for both sequences: it shows first a minor
negative amplitude (=33.5e m a&ld m f p04.0 1963 and M3.2 2008, respectively) and then a
large positive amplitude (~ 5 m an ¢ ml 4 ,040 1983 and M3.2 2008, respectivelyiable5;

Figure 13). Also the peaks following the first\Bave arrivals alhave a similar waveform pattern. This
indicates an identical travel path of earthquake waves from the source to Uccle. The maxianm S
amplitude of the 1953 M4.0 earthquake is at least four times as large as the maxinwamesamplitude

of the 2008 M 3.2 earthquake. Considering these similar amplitude changes, the source and focal
mechanisms of the 208810 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 (UG@E®) kargest events of
the 20082010 Walloon Brabant seismic swarm and phase arrival time of {h&M1953 seismic event
estimated from the scanned 1953 waveform. *Wievertical Wiechert seismogram; **Graphically
estimated.
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Figure 13 Comparison of waveforms of the two 28 0 and 1953957 seismic swarms. Note the
waveform similarity between thecdOmponent of the five largest events of the seismic swarm

(left) and the Zcomponent of the 5 January 1953 #0 eathquake(right). 20082010 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 he permanent displacement of the vertical Wiechert seismograph because of the 1953 earthquake.
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A. Seismotectonic significance of the 2@TA.0 seismic swarm

Due to a |l ack of recorded data and the absence
different events of the 195857 earthquake sequence cannotrddecated properly. The sequence
epicentre is estimated to lie in the vicinity of the Hévillers hamlet, 4 km SE of the epicentral area of the
20082010 swarm. However, given the large error in earthquake location and on the similarity in the
waveforms, thed9531957 epicentral area might be as well be easily located in the epicentral area of the
20082010 swarm, suggesting that both seismic sequencesdesd have a similar source.

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

The tectonic grain of the buried Brabant Massif has lpewiouslyinterpreted using Bouguer gravity

and aeromagnetic anomaly maps and their derivafebacker, 201;2Everaerts et al., 199&intubin,

1997 Sintubin and Everaerts, 2002 he 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 Geolical 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 evaluatibe analysis presented in this
work. Other parts of the Brabant Massif and Belgium were covered with flight line spacing of 1.0 km.

event depth
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Figure 14: Total magnetic field reduceib-the-pole representing the integrated effect oéplseated 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 lemagnetic pelitic Moustyrormation. The through is bordered by a steep magnetic
lineament in the north. The peavage, prdolding Asquempont Detachment System (cf. Debacker et
al. 2004a, see Fig. 1a) is determined by the edges of magnetic highs. Th20200&ismic swarm is
situated between an ENEESW and a NVBEtrending magnetic ridge. Raw total field aeromagnetic data
from BGS(1994. Crt-StE: Court-SaintEtienne.

In particular, we consider the reduetdpole (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 appedrthe ambient field and remanent magnetisation sources were
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vertical. We note that the RTP field is similar to that oftthtal-field anomaly,not surprisingly given the
relatively steep inclination of the magnetic field (661 our study are&Vithin the core of the Brabant
Massif, the amplitude of the magnetic anomaly is primarily litholdggendant. The slaty metasediments
within the Tubize FormationHgure 14) of the lower Cambrian Tubize Groperbosch and Verniers,
2013 are considered highly magnetised and appear as magnetic ridges. Othes Btuitie Tubize
Formation have confirmed the beddipgrallel nature of magnetitighsand beddinge.g.de Magnée
and Raynaud, 194De Vos et al., 199Debacker et al., 2004%ander Auwera and André, 1985

In order to find any relevant tectanstructure that could correspond to the 20080 seismic swarm, the
epicentral distribution of events is plotted on the total magnetic RTP Figyrd 14). The two NWSE
magnetic ridges north of the epicentradari.e. at Ottignies and north of Limal, correspond to subsurface
shallowing of the highly magnetised part of the Lower Cambrian Tubize Formation. Theniaggeetic

body between the ridges might represent the more poorly magnetised sedimentary ldyershevit
Tubize Formation and poorly magnetised overlying formations (Debacker, 2012). Various lineaments are
associated with changes of larggale fold limbs and to higétrain deformation zones at depth that
modify this Formation(Debacker, 201;2Everaerts et al., 199&intubin and Everaerts, 2002 he most
prominent ofaeromagnetic lineaments is situated along the SW boundary of the Brabant Massif, where
steplike NW-SEtrending lineaments are interpreted as dextral transpressional sheafFzguesl 1 and
Figurel4).

Locally at CourtSaintEtienne, a positive anomaly corresponds to shallowing and surface expression of
the Tubize Formation (see grey isolated lens of the Tubize Formation below the city oS&ourt
Etiennein Figure14). In this area, the lownagnetic Upper Cambrian slaty metasediments of the Mousty
Formation are mapped near the surface in the Dyle and Thyle valleyEi¢see 14) (Delcambre and

Pingot, 2002 Herbosch and Verniers, 2013The presence of-Em long ENEWSW magnetic ridges

below CourtSaintEtienne suggests that the Tubize Formation is still present abwtadipth below the
mapped Mousty Formation at the surfa@ebacker et al.,, 200%aA shallow 45S-plunging cored
borehole (16Im; Herbosch, Pingot and Delcambre, unpublished data; see yellow diambigtiial4)

only demonstrated the presence of Mousty slates but, more importantly, showed that bedding is steeply
dipping (70-85°) to the NE newthe isolated lens of the Tubize Formation.

Northwest of CourSaintEtienne, a NWSE oriented, triangulashaped aeromagnetic low coincides with

the Mousty Formation on the geological subcrop nkaguie 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 Formati¢Debacker et al., 2004&intubin, 1997 Van Tassel, 1986

The northern part of this triangular aeromagnetic low is bedndy a steep, N60Wending
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 chateised by a préolding, precleavage lowangle extensional
detachment reflecting a ~25 Ma hiatus, referred to as the Asquempont detaiebeaker et al., 2003
Debacker et al., 2003bThis 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, andépasatien

of Mousty and Tubize, follows the steep aeromagnetic gradients north and south of the Mousty
aeromagnetic lowHigure14). This lineament suggests that the bedding at depth is steeply dipping in this
area presumably situated within a higlrain shear zon¢Debacker, 2012Debacker et al., 2004a
Sintubin, 199). These shear zones have never been observed at the surface, but the rapid transition
between gently plunging and steeply plunging higireler folds which coincide with a pronounced
magnetic anomglgradient 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 préefgl 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. Evesbalt$1996 and Sintubin and
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Everaerts(2002 br i ef | vy compared t he di f f e-frequencye and theet we e n
0r egi o-fremuedicy deromagnetic signal for the whole Brabant Massif by arbitrarily choosing a limit

of a wavelength of 5 km to filter fohallow 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 associpgéedfically 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 deegeated tectonic structurés.g.Blakely et al., 2002Shah et al., 20)5In order

to separate shoewavelength anomalies that originate from shallow depths from-wanglength
anomalies that typically originate at greater detsllips, 1997 2001, matched bandpass filtering may

be used. The methodology of the matchedrfiiggapproach 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 toddifféreanges
representing geological laye(Phillips, 200). Matched bandpass filters using sections of the power
spectra separated at these natural brelakgire 15a) can then be applied to decompose the observed
magnetic anomaly Figure 15b). The resulting magnetic anomalies then highlight the sources at
correspondi ng f e greindicatdd dynthedatulakbpebks. §-or thér area of investigation,
the frequencyamplitude function was fitted with straiglime segments across the aeromagnetic RTP map
until natural breaks that represent a source depth range corresponding to thef deptbst, i.e. in this

study the hypocentre depths of the seismic swarm, were found.

We note that whilsthis method can effectively separate magnetic layers, it cannot uniquely filter
anomalies due to sources at specific depths. Whereas deep s@moesgenerate short wavelengths,

wide shallow sources with uniform magnetic properties can sometimes generate longer wavelengths that
not necessarily represent deeper sourtksvever, shallow, gentidipping structures are unlikely to

occur in the studgrea; after all, outcrop studies and boreholes clearly indicate a steep lithological contact
between the Mousty and Tubize Formations near CsairitEtienne and the abundant presence of
steeply dipping fold hinged={gure5). 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 whickespmnds to layers centred at depths of
approximately 4%n, 90m, 0.47km, 1.1km, and 4.%m (Filter 1,

Table6), and a second corresponding to depths ah4@.2km, 0.55km, 2.1km, and 7.&m (Filter 2,

Table 6). For both sets, the deepélstyer@represent a halfspace and result from lowpass filtering.
Magnetic anomaly maps corresponding to depths shallower tkemgenerally represent survey noise,
aliasing artedcts (noting norttsouth survey flight line spacing of ki), and ringing from deeper
sources. These maps were not used for interpretation and thus are not predeigiee i6. For the
interpretation of depthdeeper than km, the flight height of 12én needs to be included in the filtered
depth resulting in depths corresponding to approximateligrh, 2.0km, 4.4km and 7.1km (

Table 6). The effect of filtering ishighlighted in crossection AA &  a +BdhroBgh the different
generated map$igurel5andFigurel6).

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 matcHiicer depths.
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Figure 15. Matched filtering decomposition of totiéld aeromagnetic data from selected segments.
Equivalent depths are determined by fitting straight lines toptheer spectrum adjusted by the least
squares techniqu@Phillips, 1997 200J). a) Power spectrum of the chosen line segments (black line) and
of the matching fivdayer equivalent model in blp) Magnetic field is decomposed into five components
(PO to P4). P1P4 result represnt short to medumwavelengthiayers. PO represents hapace long
wavelengths and results after lowpass filtering. Filter 1 filters 4ckh. Filter 2 filters to 71 km.

3.5.3. Interpretation of aeromagnetic bandpass filtered maps
3.5.3.1. Observations made on th& Km and 20 km maps

Many of the aeromagnetic lineaments deduced from the RTPFapd14) persist to equivalent depths

of 1.1 km (Figure 16a) and 20 km (Figure 16b). There is a clear persistence of the Mousty magnetic
anomaly, the NWSE trending ridges, the Asquempont detachment fault and the southern dextral shear
zones from the surface to a depth dd Rm. This persistence cldg suggests a pronounced vertical
attitude of these features. Furthermore, the similarity between theV¥EB\E and NWSE orientation of

the surface folds mapped by Debacker e{20043 and the ENEWSW and NWSE orientation of the
magnetic ridges at equivalent depths of 1.1 km a@di2. clearly shows that the structural style and the
variation of firstorder folds peiist to this depth.

The anomalies filtered for equivalent depths of 1.1 km ad#rd.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 magretinomaly 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 (Bégure 5 for the distribution of the Blanmont
Formation).

3.5.32. Observations made on the 4.4 km anckimInaps

The anomaly maps filtered for equivalent depths 4fkén and 71 km, roughly represent the geology of

the roof and the base of t2©082010 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 Figure 16). Nonetheless, some interesting observationsbeamade. The

Mousty anomaly and Asquempont detaeimt remain persistent up to &rh but appear to be lost at a

depth of 71 km. With the exception of the dominant NBE 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 ttal magnetic intensity (RTP) matched filterid@A: Mousty anomaly

ai b) Bandpass filtering for equivalent depths of 1.1 and 2.0 km. Note the pronounced similarity between the WNW
ESE and ENEWSW oriented folds, respectively NW and SE of the seismicmswad the orientation of the
magnetic anomaly in the subsurface. The swarm is situated betweefi \WholEented magnetic ridge and the
northwestern end of a NWSE oriented ridge. The trace of the detachment fault remains persistent at depth.

c-d) Bandmss 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 kiMote the dashed line as the separation of the positive magnetic anomaly at 4.4 km
(Fig. 16 BiB 6 Nj) . -T20¥0 hydbdrénies are situated approximately aligned with this separation.

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

f) Subtraction of the 1 km upward anomaly in €) from the total magnetic field RTP emphasises shallower sources.
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The southeastern end of seismic swarm is coincident with a {SS® oriented western edge af
positive magnetic anomaly. On thel km map, this magnetic anomaly has only one apparent source
because of its large wavelength. However, from th&eh and the km-upward maps it is clear that the
anomaly observed atI7Zkm can be separated into twaldividual sources with a NV8E and WSWENE
oriented attitude for the northern and southern anomalies, respeciiki\orientation has been detected
by evaluating several 48 crosssections through these magnetic highisese anomalies also coincide
with the orientation of anomalies observed at tliekéh map. The anomaly gradient that separates these
two anomalies has a N\WE orientation (indicated as a dashed black lin€ignre 15b-e) and is situated
slightly north of the southeastern tip of the seismic swarm. On thkn2.map, this anomaly coincides
with the northern edge of the NBE oriented anomaly that is situated southeast of the swarm.

3.5.3.3. Shallow magnetic sources

Magnetic anomaly maps corresplong to depths shallower than 1 km generally represent survey noise,
aliasing artefacts (noting norouth survey flight line spacing of 0.5 km to 1 km), and ringing from
deeper sources. These maps were not used for interpreaaiicare not illustratedn 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 thkm.map Figurel6c) and the 1 krupward continued map
(Figurel16e). 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 suitecbwvards interpretation of shallow geological structures. Local magnetic variations are
apparent after applying the upwards strategy and strongly correspond tedriggrefold styles mapped

at the surfaceRjgure 16f) than do the matchefiltered maps in Figre 16a and b.

40075 Seismic swarm ‘ - 400d3 N LEGEND
Sb I Total field , - Bl —~  Totalfiels RTP
3004 " r7p/ PO: 4.4 km
l e . PO: 7.1 km
¥_200- —————— upon 1 km
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Figure 17: Magnetic anomaly variation along profilesANj aBNMj Bor al | Figulei6eTheeRAP dept hs

field is sepaated 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 pididjB c or r esponds t
dashed line irFigure 16.
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A. Seismotectonic significance of the 2@TA.0 seismic swarm

TASK 4 7 Discussion of results obtained in Tasks 1, 2 and 3

In literature seismic swarm occurrences are commonly related te dlughs migration in the crust. This
association relies both on the direct observation of hot sprimg$l@d- or gas outflow at the surface
accompanying the swarm and on the observation ofdedihed deptirelated migration of seismicity

(Daniel et al., 20L1Fischer et al., 20%14.indenfeld et al., 201,2Schenk et al., 2032 According to the

study ofseismic swarms, triggering of seismicity by fluid overpressure at depth is often explained to be a
likely cause(Fischer et al., 2034 In this section, however, we discuss that the 2QBLO seimic

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 conditiona isiore likely hypothesis.

4.1.Stress release within a limiteesized fault zone

Unlike seismic swarms related to fluid migration in the c{agj.Lindenfeld ¢ al., 2012 Schenk et al.,

2012, the 3D hypocentre distribution of the Walloon Brabant swarm does not showrelgba
migration with time, supporting an alternative cause. The seismic activityestited 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. Consequgntwithin 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 sp&nyefrs 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 weakenEgiscrust.
indicates that the earthquakes in the seismic swarm do not cordelspthe opening of a new structure

but to the minor reactivation of a weakened andgxisting, weltdeveloped blind single fault structure

that slowly released its energy in response to the current stress field. The incapability to build up high
stressaccumulations is reflected in the lowvhlue of the 20082010 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 sizefahe 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 thatdbe bedding attitude of Lower
Cambrian deposits encountered in boreholes and at the surface persist to largéctiepititsibin and
Everaerts, 2002 the significance of the causative structure responsible for theveeal 2008 2010

Walloon Brabant seismic can be deduced by interpreting the different filtered maps. Given this
verticality, the tectonic structure observed from 2@ km map(Figure 16b) can be used to explain the
seismic swarm. At both ends, the fault structure associated with thé 2008 earthquake seismicity in
Walloon Brabant seems to be confined by magnetic sources that haverentiffiéentation than the
orientation of the seismic swarfigure16). The northwestern tip of the swarm does not extend into the
ENE-I WSW magnetic anomaly higlrigure 16b), whereas its southeastern t@minates near a NW

SE oriented positive anomaly that is visible in the 2.0 Kigure16b), 4.1 km Figure16c) and 7.1 km

maps Figure16e). The fact that the locally-NS-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-difgapty Asquempont
detachment fault, illuminated by a magnetic gradie@ @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 NWWSE trending causative fault struot 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 sahic swarm is due to limited length of the corresponding fault.

We also speculate that the 195357 seismicity, which included events with slightly larger magnitudes,
resulted from the activity along the same fault although at that time it was capakleasiing more
seismic energy than the 20@810 seismicity. If all the cumulative energy of the 2@BLO swarm
would have been released at the same time, it would have generat&i%dvent, i.e. comparable to the
total moment release of the M.0 eent in 1953. However, considering all the events of the-19957
swarm (able 4), the total moment release of the 198857 swarm is larger than the total 2a@H10
swarm. It remains an open question whethenairthe 5lyear time gap between the 196B957 and
20082010 seismic swarms can be interpreted as a seismic cycle.

2 | Mousty
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82 ~25Ma detachment fault
_g_ hiatus 4.4 km anomaly
© o separation
o2 p > ol
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Figure 18 Schematic 3D representation summarising the geology in the hypocentre area of Hi@0D08eismic

swarm in the Brabant Massif. Seismicity took place between 5 and 7 km within the slaty Mousty Formation along a
limited-sized, NV SE oriented fault that is bordered at its southeastern end by the@adgnic, steephgipping

and folded Asquempont dekement 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 nflapbacker et al., 2004aFigure not to scale.

4.2. Seismotectonic interpretation
Earthquake analysis of events tthaccurred 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 (€gmmebeeck and van
Eck, 1994 Camelbeeck et al., 200Ainzen, 2003Hinzen and Reamer, 200Reamer and Hinzen, 2004

Vanneste et al., 20)3The NWSE-di r ect ed max i mu nmy; Hgoreoc) dedined famthes t r e s s
inversion of focal mechanisms of these earthquakes agrees well with the seismotectonic model of NW

Europe(Ahorner, 19751983and the World Stress Ma@oback, 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 Brabamicseisarm,
however, resulted in a local stress field with a WIBEWVEE ma xi mum h o ryi=ANB288°t a |

Figure9b ) whi ch di ffers and dey=iN8li2% KHinzdn,r2003). To evaluatee gi o n

our dbtained stress inversion and to derive a local stress field orientation for the studied part of the
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A. Seismotectonic significance of the 2@TA.0 seismic swarm

Brabant Massif, we need to compare the focal mechanisms of the2@008seismic swarm with the

focal mechanisms of other seismic events. Unfortunatelyit dpem the seismic swarm, the studied
region has limited historical seismic activity. Only one focal mechanism, the 19965VLe Roeulx
earthquake (35 km WSW of the seismic swakigure 11c), can be compared with that of theissnic

swarm. This earthquake occurred at a depth of 24 km, considerably deeper than {B@1208&arm,

and is interpreted to have occurred along the southern border of the Brabant Massif. Its mechanism is
reverse along a steeply dipping NMESW trendindault (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 damagirggM1938 earthquake (48n
WNW of the swarmFigure 11c) and its two M > 4.0 aftershocks. No reliable fayllane solution is
available due to a lack of seismic data for the time (Camelbeeck et al., 2007). Predomidahtly E
oriented isoseismals from thievent have been deduced from historical documents (Somville, 1939),
which led Ahorner (1975) to conclude that this event resulted from stijkéaulting along a WNW
ENE-trending shear zone. Nguyen et al. (2004), however, suggested thaltlmgiénted 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 thefterences in gravitational potential energy from the method of Camelbeeck et
al. (2013). This method shows that local deiptiegrated stress sources can be inferred from the second
spatial derivative of the geoid height, which is used as a proxy fgréviational potential energy. The
inversion of the geoid height applied to Belgium is indicate@igure9c. As only local differences in the
gravitational potential energy are applied, the resulting stresw tisredso local. Interestingly, the applied

geoid method shows a local stress fielthvda WNWE S Ey ditiection in the 2002010 epicentral area.

This similarity of the geoid independent stress tensor (NZFQ€re9c) and the stress field inferred from
inversion of the ten calculated focal meclsams (N289°;Figure 9b) suggest that our strikdip 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 unceirtty in the estimation of the local stress field (error of Jogure 9c) with

the regional stress tensor, there is only a small overlap between both stress tensors but the mechanisms are
different (strikeslip versus extensionaFigure9c). Stress inversion carried out in this study thus shows

for the first time that a local lefateral strikeslip regime is currently present within the studied southern

part of the Brabat Massif and that the local stress configuration was prdslyrttae main driver of the
20082010 seismicity.

4.3. General implications for intraplate earthquake activity

The geometry of the 20a8010 seismic activity indicates an active fragmented &ulicture within the
Caledonian Brabant Massif. Also other kilomdtyeg, NW-SE aeromagnetic lineaments are present in

the southern part of the Brabant MassifgUre 11c). Due to their NWSE 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 thanipuosly 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 oldogéohagsifs

need to be studied in more detail by the aeromagnetic methods presentedviorkhithis 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 the2@D08
earthquake swarm that took place near the city of CRairitEtienne (Belgium) within the basement

rocks of the AngleBrabant Massif, and multidisciplinary apsis 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. Application of seldomlyused crsscorrelation tools resulted in significant refinement of the first
P-wave arrival times. Relocation in HypoDD showed that the original locations of the22008
seismic events can be improved to a fault structure that is limited to a horizontal lBfadirkm
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 20@8irathe 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 bvalue of he seismic catalogue indicates a dominance of small events over large events
in a magnitude range between M4 and M 3.2.

2. Comparison between the N\SE oriented epicentral distribution and the fault plane solution of the
largest events shows that the NBE nodal plane can be interpreted as the true fault plane. The
focal mechanisms of ten events define -laferal oblique to purely lefateral strikeslip
movements on a subvertical fault structure.

3. The waveform of the 1953 Mt.0 seismic event thatd& place near the 2008010 epicentral area
shows a pronounced similarity in the asymmetry of the finsa®e arrival compared to the largest
events of the 2062010 seismic swarm. Based on this comparison we speculate that the 1953
1957 events may haveaurred along the same fault structure.

4. 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 miitidred to
generate magnetic anomaly mdpat 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 wifltasit
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 pasf the Brabant Massif and that the limited spatial extent of the
seismic swarm is due to limited length of the corresponding fault.

5. Stress inversion of the focal mechanisms indicates a local-stifiketress regime with a WNW
ESE oriented maximum horimtal stress orientation. This local WNBSE 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. Baghi on
comparison, local stresses are likely the cause of the seismicity.
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B. Identification of the fault in the field ?

B. Identification of the fault in the field z Relation ship between
seismicity and (sub)surface geology?

TASK 571 Data collection

In order todeduce if the faulzonestructure rggonsible for the 2002010 seismic sequence is potentially
visible near the surfacall available cartographic documents about topography (satellite data, aerial
photos),geomorphologygeology, hydrogeologynd soil characteristicaere collected. This task has
been completecat the onset of the projecfll available datacan be consultedbn requestat
www.seismology.be

5.1. Topography

The Royal Observatory usesdatailed20m data spacindigital Elevation Model(DEM) from the
Nationaal Geografischinstituut (NGI). For this projecta c. 200 knf (14 x 14 km)area around the
differentepicentre was usedThe Lambertoordinates of the selected area arel39140 to 153120 and

y: 156320 to 170340The WGS84 coordiates are: x: 4.456188 to 4.655158 and y: 50.563547 to
50.689134The Region Wallonnadditionally provides ®EM of the valley floors of the Dyle and Thyle
valleys Also the ASTER satellite provides free DEM modals$asits resolution (60 m spacingg lower

than the NGI DEM;jt is notfurther used irthis study.Theaerial photos of the area areailable fronthe
Region WallonneCombined with thdDEM they can be of great use tonductthe geomorphological
investigationin Task5.

5.2. Geomorphologcal data

No geomorphological studies hayeeviously been performed in this part of th&alloon Brabant
Province A geomorphological studgf the topographis briefly conductedn Taskeé.

5.3. Geology

There is a large record of the geology of the BrabargsMand the local geologground theDyle and
Thyle valleys. A literature studyn the tectonic graihasalreadybeen performeih section Ato describe
the seismotectonidramework(see Task 3)All relevant published maps habeengeolocdedin a GIS
(Maplinfo) to study andcompare thearthographiaataproperly. Especially the neWalloon geological
maps (see simplified geological map iRigure 5) and their explicatory notesare very useful as they
providecartographigénformation on

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

Studied maps ar&9/3-4, 40/1-2, 39/78 and40/3-4 (Blockmans et al., accepteelcambre and Pingot,
2002 Herbosch and Blockmans, 2Q1erbosch and Lemonne, 200@Iso detailed structuradnalyses
andmapping projectgDebacker, 201,2Debacker et al., 200%are taken into account in the geological
interpretation of the area.

A large effort haslsobeen put in the data bection of existing borehole descriptions in the study area.
By consultingthe expicatory notes of the geological mapthe website of the Databank Ondergrond
Vlaanderen (DOV) and th&isel online databank of the Geological Survey of BelgiuGSB) numerous
borehole and outcrop descriptions are colle@ad are furtherused to anake and specifythe local
geological structuref the study areal he borehole information is used for the sitfect analysis in Task

9. All these data are interpreted to constaipialaeotopographical map of the top of the Brabant Massif
(see Tashk).
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5.4. Hydro (geo)ogical data

HCOYV (Hydrogeologische Codering voor de Ondergrond Vlaandeigran official numecal code in

which all Paleozoic, Cenozoic and Quaternary hydrogeological units are ordered in an hierarchical way.
The code has been developed to standamli info on the present aquifers in the Flanders Region
(Meyus et al., 2000 In general, the HCQOV strongly correlates with the national stratigraphical units in
Belgium. After all, the hydrogeological properties of a layer (or a unit in HCOV) are determiribd by
geological compositio of the layer which onits turnis captured in the stratigraphical classification. In

the HCOV a full mappingf the subsurface dflandersis includedin which the base and thickness of
eachunit can be consulted as a grid layer. Fortunafelyour regarch these grid layershave been
constructedintil thesoutherrDyle River watershednd carthusbe used

Thanksto the databank of theGSB, we are in the possession thfose HCOV gridghat cover the
Dyle/Thyle study area, i.ethe Quaternarglluvial (0140) and Pleistocene (01683positsthe Cenozoic
Lede (0612) andBrusses$ (0620) Formationsthe Cretaceoug1100)and theCambraSilurian Paleozoic
basemen(1340) These codes are used for constructingediment thickness magbove the Brabant
Massf, which is necessary tdink the results of themacroseismidnquiries with the local geology
(Task9).

Additionally, in order to investigate the possibility that groundwater flow has been increased due to fault
activity, we also checked all availablgdrological data on groundwater extraction in the CQaint
Etienne regiornn an areaaround the fault. This data is provided on Birsouswebsite(Property of the
Walloon Ministry). Also the rainfall data of the nearest capture point at Chasséeen studied in order

to check the possibility if the seismic swarm can be relateédetanfiltration of rairwater. However, no
correlation exist between the timing of seismicity and rainfa @Figure19).

Daily rainfall at the Chastre-Blanmont station
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Figure 19: Comparison betweetaily rainfall at the Chastre station and time history of seismicity. No
obvious correlatiorbetween seismicitgumulative number of eversrainfall canbe deduced.

34


http://carto1.wallonie.be/10SousInt/Default.asp

B. Identification of the fault in the field ?

5.5. Geophysical data

Potentialgeophysical data such as tBeuguergravity anomaly Figure20b) and the ecomagneticmap
of Belgium(Figure20c) were alreadyn the possession of the RQBd have been discusseldborately
in ChapterA.

Geoelectric prospection data is quite limited. Tavernier et(E967 performed a full geelectrical
survey in the Lessinnes area in Hainaut. Red#igtixalues 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 measuremern(f@osset and Petermans, 2D0%everal campaigns in central Belgium
(Nguyen et al., 2004Petermans et al., 2007n the Brussels arg®osset et al., 200%nd in Luxemburg
(Rosset, 2006have 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 produbgdhe 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 earthquakesat forces the radon out of the earth. Nefdymed
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 Bnab&alloon (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 vesty with the indoor concentrations of the
geogenically distributed radon, especially in Brabant Walloon and in the southern Ar(leimedset al.,

2009 Tondeur et al., 20QIrondeur et al., 1994 ondeur et al., 199&hu et al., 2001Zhu et al., 1998

The radon emissiomap show a strongcorrelation between higher radon concentrations and the presence
of CambreOrdovician rocks in the incised river vajs in Brabant. The highest potential of risk of
encounting high concentrations of radon, i.e. > 10% chance to pass > 400 iBaymasured in the Dyle

and Thyle valleys, more specifically in those areas of the €airntEtienne 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 (<rh) does not decrease the radon risks much.

We checked the 2008 to 2010 radon emissions measu
radon stations and which can be consulted o éherad websitef 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 (MR.8), no significant increases of radon emission have been detected. This
absence of ch@es in radon concentration does not necessarilysiiedtave 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 ofsH#ascheproject and will not be
addressed further but we would like to address its importamaadsseismology.
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Figure 20: Radonemission rap of the Dyle and Thyle valley®KRANC2009. Higher radon emissior> 10%
chance to pas> 400 Bq/r) corresponds to the Mousty Formation and the presence of shallow Palaeozoic rocks.
Low radiation emissio< 1% chance to pass > 400 Bgjnoccursat the hill tops around the valleys.
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TASK 6 1T Geomorphological study on fieldand 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 observisipledmult scarps. Especially the observation
that the top of the Brabant Massif is strongly fractured ftheturedupper 5 mof the Brabant Massif
serves as an aquifer in the HCOV code) complicates the goal obT@dlserving a clear fault scarp can,
probably be excludedecause ofhe fact that the fault acted as a-etieral strikeslip fault (see Task 2)

a geometrywhich does not necessarily results in any vertical displaceBaséd on the 3MDypocentre
analysis (Task 1the 20082010 sequeredid not affecthe surface after all thehypocentre are densely
located betweeB km and7 km and only a fewdoubtablesventshaveoccurredn the sulsurface.

Despite these catraints, we performed a geomorphological analysis of all lineamentsevisn the
DEM. After all, it might be possible that the fault could have been active in the seismological history of
the Quaternanof which palaeoseismologicatvidencemight be found The orientation of rivers and
valleyshas often been used as a motphizal presence of faultg=rom the 3D hypocentral distribution
(Figure 6) we calculatedhe positionwhere the faultould have affectedhe surface, providg thatthe

fault dip remaingonstant (c. 8N) towards the surface his calculatioread tohypothesis that the fault
could hit the surfacenorth ofthe hamlet of FauxOn the DEM map, several small stream valleys align
NW-SEin this region(Figure 21). Especially the NESW curvature of the Dylealley atLa Motte (2.5

km SSW of CourtSaintEtienne) is an interesting valley orientation that could correspond to the fault
trace at Faux-However,after a careful investigation the field, we noticed that many lineaments can be
related to the local @®zoic cover geology. e presence and the competence of the calcified sandstones
in the Eocene Brussels Formation plays an important role in the geomorphology of the dreg are
resistant to erosion and will stand out in the topographig is for nstance the case laa Motte.
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Figure 21: Geomorphologicalineaments (dashed lines) in the epicerdrea. Lineaments oftesorrespond to the
orientation of small streams and river valleysew lineaments have been investigaltgdElectrical Resistivity
Tomography profiling (ERT) and are discussed in Task 7.
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TASK 771 Geophysical survey by Electrical Resistivity Tomography

Based on the selected site in the Faux aewhich a fault trace couldhave affected the surface
(identified in Taskb) several electrical resistivity tomography (ERT) profilge conductedAmbient
noise measurements by Haveperformedn Task 8.

7.1. Methodology

In two-dimensional ERT, a spread of 64 electrodes is laid out along a straight line wathcalbdes

equally spaced in distance. Resistivity measurements are then carried out using a specific electrode layout
or array (e.g. Wenne®chlumberger or dipoldipole array) that is best suited for the objectives of the
study. For each array, differearray separation factors are chosen depending on the desired vertical
resolution and penetration. The Wen&ahlumberger (WSC) array is more sensitive for detecting
vertical changes in resistivity whereas dipdipole (DDP) is better for visualising tipontal changes in
resistivity. Compared to the DDP, the WSC has a slightly larger depth of penetration and a better
signal/noise ratidLoke, 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 invertedtairoa twedimensional model of the true resistivity

of the subsurface.

Depending on the spacing of the electrodes different degth be investigated. An electrode spacing of
5 m corresponds to maximuminvestigation depth of 46, whereas smaller pacingresulsin a more
shallow depthbut a higherresistivity resolution. The ERT profiles were conducted using an LS
Terramete(ABEM) and usindgour cables of 16 electrodes eabhanched to the resistivity meter. Using
a roll-along technique, the letigof the profile (but not the depth) can be extended by multiples wf. 16
Visualising the true resistivity profiles can be perforngdinverting the apparent datasualised ina
pseudosectionjin the RES2DINV program (©Geoelectrical). This progranratigely 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. normaiblatiysor
combined, different entesultsarevisualised in the resistivity profiléd python script developed by Dr.

K. Vanneste (ROBhas been used amatlows a flexible manipulation of the RES2DINV program.

7.2. Conducted ERT profiles

In the autuma of 2012and 2013 seveBRT profileswereconductedn the Faux hamlefFigure22 and

Figure 23). Six profiles are oriented at high angle to the suspe@HSE orientedault and are taken
parallel to the -SW oriented Thyle valleyOnly profile 4 was conductedh an NW-SE orientation,
perpendicular to the valley orientatioRigure 22). These profilesare very usefuto gain insight in the
topography of the basement, ite top of the Brabant Massif, in order werive sediment/soil
thicknesgs (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 (kelsurface.

From the resulting profiles the Thyle valley (Profiles ERL and ERT2)an uppermost lowesistivity
layer (bluecoloured, <97.7Ym) can be distinguished that correspondghtalluvial clays in the valley.
In the southeasterpart of profilel, this layer is more or less 1@ thick which corresponds to the 8r8
soll thickness that has been described in Borehole 130W8R6Gdtecclose tothe Faux station. At lower
depths, the resistivity increastesa higher value (< 134¥2m), indicative of the top of the Brabant Massif
basement rocks. The very low resistivity at lower depihgrofile ERTL is probably an artificial effect
dueto the fact thaglectricalresistivitytomography cannot be performed below a higher resistivity layer

An interesting feature is visible in the middle part of profile 1 and at abdlib2f&ofile 2. There, a low
resistivity vertical structure is psent 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 folddeavadge of the basement
rocks in this area. In the outcrops visible in the railroad section, Debacke(200#g and Van Tassel
(1986 both mapped NESW oriented bedding and fold axis, an orientation that fits to the linked structure
between ERT profiles 1 and Bence, this structure likely represent bedding variation.
SsSw NNE
Crt-St:E

Dyle Valley -~

Thyle Valley

e

Coogle'earth

Figure 22 Electrical Resigvity Tomography profile§WSC array)conducted in the Faux area and visualised
Google Earth.Profiles ERTL, ERT2, ERT3 and ERTS are oriented parallel to the Thyle valley, profieRT4 is
perpendicular to the valiestructure. The low resistivity layer (blue) at the top of each top likely correspotius to
presence oflluvial clays in the Thyle valley. These alluvial deposits disappdang the valley flanKprofile
ERT4).

The northern part of profile 3 is takém 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 (> 253.0v m) in profile 4 reflects the shallow presence of the basement rocks of the
Brabant Massi&long the valley flank.

Whereas the ERprofiles in the valleyshow only thin alluvial clays on top of the basement rptke

other ERT profiles conducted orthe hill top south of Fauxshow a clear increase of thickness
sedimentsverlying the Brabant Mass{fFigure 23). In profile 7 a rather flat topography of the Brabant
Massif isvisible. 15 m of Brussels sands are presahbve thebasementSimilarasto 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 m0in the NE to a few metres in the SWidure 23). No faults can be
deducedrom 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
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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 1to 5 arelocated in theThyle valley, ER® and 7 are conducted on the hill top east of Fdualose

to the roundabout at Arbre de la Justicdhe low resistivity layer (blue) at the top of each ¢mpresponds to
Quaternay loess sediments. Lightue to yellow colours represent the Brussels sands. Red = basement rocks.
Depth of the basement estimated at 15m.

TASK 81 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
subsurfacea clear relationship between seismicity, fault structure, geomorphology anshahew
geological structureannot beestablishedAfter all, geomorphological and geophysical analysis did not
lead to any obvious or detectable continuous fault structure. The2Bd@Bseismicity did not have any
shallow events that allowed to refine the search #isa, the rather low magnitudethe limited length

of the faultand the absence of reported damdgeng thedifferent earthquakes (see further) are not in
favour to have created a surface rupture, now or during the 153 sequence. Moreover, due to the
fractured nature of the top of the Beaith Massif, the M/-SE orientation of local fold structures and the
mostly EW 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 emngimucture can be
found, we will be never sure whether this structure corresponds to a local feature relatedtitm in
thelocal geology or to a fault structure. During this project, it was therefore chosen to spend more time in
other objectives #n into the identification of potentialstructure in the subsurface.
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C. Site effects and Swave attenuation in the Brabant Massif
TASK 91 Resonance frequency maps determined by H/V ambient noise recording

Investigations on thgeological site conditiws provide evidence that the local geological structure of a
site can modify the characteristics of the grounmdtions produced by earthquakeés such way that
ground motions can be amplified or attenuated. The third objective therefore aims to studgltiséd
effects and attenuation ofaves inside the Brabant Massif.

Taking into account the pronounced hilly topography of the research areaasitbe described by the
resonance frequency of the soil that varies according to the thickness oif tdgoge the bedrock. These
are important aspects to quantify the impact of the earthqirakas region of CourBaintEtienneand to
evaluate the seismitazardn thefuture.

9.1. Methodology

Estimating the sediment thickness and the
geometry of the bedrock is a key compone
of many hydrogeological and seismic studie
and can be of major importance to
understand how earthquake waves a
transferred or attenuatetrough the upper
crust (Petermans et al., 200Rosset, 2006
Rosset and Petermans, 2007 The
horizontal to vertical (H/V) ambient noise
seismic method is a novel, namvasive
techniquethat ha been usetb estimate the & =
depth of the bedrock below sedimentary « :
layers. TheH/V method (Nakamura, 1989
usesa single,broadband threecomponent =
seismometer to record ambient vibration
produced by local surface sources such ciiif
traffic and other humaractivities or from
far-distance sources such as oceanic waves =,
and wind structures. The seismic nois¢
recorded are signals of leamplitude oo
motions of the ground. Periods from noise
associated to wind and human activities ar
predominantly below 0.1 Hz, wheas noise
generated by neahore oceanic waves and
current is at higher period§SESAME,

2005 reflections

For the measurement of the ambient nois
we used thequipment available at the ROB: “os
one 24bit Cityshark Il acquisition system

o —=f, = 4.64 +/- 0.46

contact bedrock

i = f,= contact seismometer
1 and surface

f,=watertable

{ ol L frequency sampling
frequency (Hz) between 0.5 and 50 Hz
Figure 24: (above)Cityshark | (black box) connected to
(LEAS) connected .to a-@omp?nent LE seismometer that is protectém the wind bythe grey box.
3D/5s _Lennartz selsmomete(Flg_ure 24)'_ below) Ambient noise analysis, windows selection agd
The seismometer allows recording ambientyicylation in GEOPSY. Semutomatic STA/LTA triggering
noise measurements between 0.2 Hz and $8ects windows with too much noise (e.g. cars pagdor the
Hz and adjustment of the sampling rate. DatR/V calculation
are stored on a Compact Flashcavdich
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can be downladed and further analyseDuration 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 measeme is recorded by a handheld
Garmin GPS.

The spectral analysis is performed by usingdpen sourc€&SEOPSY softwaréWathelet, 200p In the

H/V module, the program calculates the Fourier specttheohorizontglwith H as themean of EW and

N-S componentsoverthe vertical (V) component of ambient noig€$gure 25). The obtained spectral
ratio generally exhibits anaximum amplitudepeak and its corresponding frequentlgat generally
corresponds to the fundamental resonance frequegrafytlie site.Other minor peaks can correspond to
other contact that show significant acoustic impedance contrast such aggthandvater level. Data
analysis occurs by selecting overlapping (usually 5%) windofa80 secondshat move over the seismic
signal Figure24). Windows in which too much noiss generated, e.g. cars passing, electrical equipment
running, are rejected by a semiautomatic-aiggering tool as these windows will disturb the general
H/V curve. The resulting curve is smoothed by a Konno and Onit@88 smoothing effect of 40%.

Calcul des spectres de Fourier (Fenétre de 120 sec.) Calcul du rapport HV
Calculation of Fourier spectra (120 sec. window) H/V ratio calculation

) i)
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Horizontal components (NS and EW)
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Figure 25. Procedure for H/V ambient noise analygRosset and Petermans, 2Q00Fourier analysis of the
horizontal and vertical components of ambient noise allows determimnggsonance frequengydf a certain site.

The ratio of the averaged horizontalvertical frequency spectrum, that is used to determjingah then

be interpreted using regression equationedtimatedepth to the bedrocind eventually alssedimem
thickness. The relationship between the thickness of the soil and the resonance frequency is given by
following linear relationshigBard, 198%:

fo=Vd4h (Equation2)

with h = soil thickness and\= 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 &e during earthquakes. So by using the H/V 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 thifteldhmeasurements.

In specific sites where the bedrock depth is kn@guation Zorovides an estimation of the averageof

all layers above the bedrock. This equation is useful for simplelagaeoverhalfspace configurations,
e.g. alluvium aboveddrock, as the average Vs can be used to estinfatesitesat whichbedrock depth
is unknown. However, in more complex configurations, the avevagd multiple softsediment layers
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overlying bedrock is not always truly representative of the YeaHowever, 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 powedaw equation (Benjumea et al., 201Hinzen et al., 2004lbs-von Seht and Wollenberg,

1999.

An empirical elationship applicable for the CotBaintEtiennearea can be calculated by conducting
HVSR analysis of ambient noise measurements above boreholes with known bedrociBaiegitble
information is retrieed from theGISEL application of the Geological Survey of Belgium and Ei@V-
website. Additional H/V measurements above geggibal profiles such ascreated by Electrical
Resistivity Tomography (ERT) furthermore allovaihing and improving the powaw relationship for
sites with a shallow bedrock depth.

9.2.Results
9.2.1.Establishing theesonance frequend sediment thickess pwerlawrelationship

To estimate the response to ground shaking, numerousmndAsurementare conducted. ThéHVSR
measurements primarily concentrate on the regiomhich a large part of the populatidras felt/heard
the seismic sequencas is derived from the macroseismicinternet inquiries (see Task 10 H/V
measurements were conducted above all boreholes that reach the bedromfidgmbetween Genappe in
the south and Limal in the nortRigure26).

. hilltop sites HVSR above boreholes with known bedrock depth (n=60) valley sites
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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, védie$ arealso measured in the
incised Dyle and Thyle vals due to shallow bedroblelow the alluvium.

The H/V results irFigure26 clearly show a general decrease gdbfvards the NW, both on the hill tops
as in the valleys, conform the dip of the top of the bedrock. The flankse ddrtiied Dyle and Thyle
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valleys, however, exhibit higheg ¥alues because of a considerable decrease of sediment thickness due to
river erosion. On the valley floorg s slightly lower than on the flanks as a Quaternary clayey alluvium
has been deposten Dyle and Thyle valleys (~15 thick at CourtSaintEtienne).

From this survey an empirical powerlaw relationgbfip
h = 129.29(+19) ..f"***%)  (Equation3)

wasestablished that explains the relationship betwesmcance frequencly and sediment thicknes$s
(Figure27). The error estimation in the equation results from the error estimation gffibal calculated

in GEOPSY (see grey bars figure 24). Corresponding the error, a maximum and minimum powerlaw
equation can be calculated (see grey curvegigure 27A). We however note that this empirical
relationship can only be used for a depth interval betws m and 85 m and for an area in which the
geological structure is similar as the investigated aeaparing the sediment thickness calculated by
the powerlaw with the true sediment thickness retrieved from the borehole reports shows that the
powetaw equationslightly underestimatetsue sediment thickness between 20 m and 4Bigure27B).
Nevertheless, with this powerlaw relationship, we can now perform additional ambient noise
measurements at sites with anknown bedrock depth to calculate resonance frequency and to derive
sediment thickness.

Based on equation 2, tipowerlaw also allows estimating the variation of Vs with deptgure 27C
shows that thevariationin Vs of the Quaternary alluvial clays in the valleys and the Quaternary loess
deposits on the hill tops rargbetween 100 m/s and 200 ndad that this variation depends on the
thickness of sediments. Similarlysdf the Brussel Sands covering the basenvaries between 350 m/s
and 450 m/s. It can be concluded that thisvelriation is more representative for a given area than an
average ¥ established from equationa® compaction is now included in the velocity profile

Figure 27: (a) Empirical relationship betweefundamental frequen@and sediment thickness established from H/V
measurements above borehoRed curve: powerlaw of meag) §rey curvespowerlaw curvesf minimum and
maximum error ongf (b) Comparison betwentrue h with h from empirical relationshifthe powerlaw slightly
underestimates the true thickness betw#Zm and40 m.(c) Powerlaw elationship betweethicknessand \, as
indicated by the relationshig; = fox 4h
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