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Abstract The empirical power law relation (PR)
between resonance frequency (f,), obtained from H/V
spectral ratio analysis of ambient noise, and sediment
thickness (h), obtained from boreholes, is frequently
used in microzonation studies to predict bedrock depth.
In this study, we demonstrate (i) how to optimally con-
struct a PR by including the error on the picked f; in the
regression, and (ii) how to evaluate a regression qual-
ity by identifying the under- or overestimation of the
sediment thickness prediction. We apply this methodol-
ogy on f, data derived from 74 ambient noise record-
ings acquired above boreholes that reach the Brabant
Massif bedrock below Brussels (Belgium). Separat-
ing the f; data into different subset based on the cover
geology does not significantly improve the bedrock
depth prediction because the cover geology in Brussels
has common base layers. In Brussels, the PR relation
h=88.631f0_1'683 is the best candidate to convert f; to
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depth, with a prediction error of 10%. The Brussels PR
was subsequently applied on a local survey (404 meas-
urements; 25 kmz) in southern Brussels with the aim
to study Brussels’ Brabant Massif bedrock paleorelief.
By linking the obtained paleorelief, Bouguer grav-
ity data and aeromagnetic data, a NNW-SSE oriented,
20 m-high subsurface ridge could be identified. This
ridge stands out because of differential erosion between
less-resistant and hard quartzitic rock formations of the
Brabant Massif. This subsurface ridge deflects the local
radiation of seismic energy resulting in an anomaly in
the otherwise regional consistent azimuthal dependency
of the resonance frequency. We conclude that adding a
polarisation analysis to a microzonation survey analysis
allows detecting anomalous features in the paleorelief.
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1 Introduction

Determining the sedimentary cover thickness above
the seismic bedrock is an important parameter to
tackle issues in seismic risk analysis and identifying
the geothermal potential of the bedrock. In Belgium,
the Netherlands, and the UK, the Meso-Cenozoic
sediment thickness above the London-Brabant Mas-
sif (BM) partly controls (i) the damage distribution
caused by large-magnitude earthquakes (Nguyen
et al. 2004; Garcia Moreno & Camelbeeck 2013) and
(ii) the felt distribution of moderate-magnitude earth-
quakes (Hinzen 2005; Van Noten et al. 2015a, 2017).
As both the sedimentary cover (Loveless et al. 2015)
and the weathered top of the BM (Petitclerc et al.
2017) also have a geothermal potential, there is cur-
rently a strong renewed interest in mapping the paleo-
relief of the top of the BM.

The 1-D Horizontal-to-Vertical Spectral Ratio
(HVSR) analysis of ambient seismic noise is a widely
applied non-invasive technique often used to deter-
mine the resonance frequency (f;) of a site (Nogoshi
& Igarashi 1970; Nakamura 1989). When the shear-
wave velocity (Vs) contrast between soft sediments
and the underlying bedrock is sufficiently large,
HVSR analysis of ambient vibrations reveals this
Vs impedance contrast, presuming that H/V ratio is
dominated by the ellipticity of the fundamental mode
of Rayleigh waves (Fédh et al. 2001). In regions of
unknown subsurface, HVSR is hence a useful method
to estimate the depth of the seismic bedrock (sensu
Di Giulio et al. 2019). Converting f;, to depth is, how-
ever, not a straightforward application. In areas with
a uniform cover (1D, homogeneous horizontal layers)
and a consistent bedrock depth, the mean Vs of the
cover can be used to deduce the bedrock depth (/)
according to generic formula (Roesset 1970):

-
4f, (D

However, if the cover and the subsurface geology
are heterogeneous, the mean Vs of the cover varies
laterally and Eq. 1 does not allow to calculate bedrock
depth consistently in one region. Another approach
to map bedrock depth was developed by Ibs-von
Seht and Wohlenberg (1999) and Ibs-von Seht et al.
(2008). These authors first determined f;, from ambi-
ent vibration measurements above boreholes from
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which bedrock depth was known. Second, due to the
non-linear increase of Vs with increasing bedrock
depth, an empirical power law relation was defined
according to the following generic equation:
h=afl 2)
with @ and b defining the position and slope of the
regression, respectively. @ and b are linked to the
local geology and geotechnical properties such as the
soft sediment density, quality factor of sediments,
compaction and Vs. By defining a and b by a best-
fitting technique, any bedrock depth can be calculated
at sites by performing new ambient vibration meas-
urements (Delgado et al. 2002), without the necessity
of applying a complex inversion, nor having knowl-
edge on the mean Vs of the sedimentary cover. The
disadvantage of using this method is that conditions
in reality are slightly different than a perfect power
law equation with low correlation coefficient (Ibs-
von Seht & Wohlenberg 1999; Guéguen et al. 2007).
Deriving a regression through a point cloud of meas-
urements includes averaging the increasing Vs with
depth while in reality lithological inhomogeneities
and lateral velocity variabilities occur. Nevertheless
these shortcomings, converting f, to depth using a
regionally dependent power law has been used mani-
fold for bedrock mapping (Ibs-von Seht & Wohlen-
berg 1999; Parolai et al. 2002; Hinzen et al. 2004;
Dinesh et al. 2009; Benjumea et al. 2011; Poggi et al.
2012; Macau et al. 2015; Borges et al. 2016; Big-
nardi 2017; Mascandola et al. 2019; van Ginkel et al.
2020).

genericln microzonation studies, the a and b
power law parameters are often compared to inves-
tigate if parameters of other areas can be applied in
the investigation area. This comparison results in a
variability of different slopes in a log—log frequency-
depth diagram but has often not much sense because
each study area has its own geology, and hence its
own velocity profile (Bignardi 2017), which leads to
over- or underestimation of the bedrock depth (Tha-
bet 2019; Benjumea et al. 2011). To account for this
problem, Borges et al. (2016) were, to our knowledge,
the first to separate a HVSR dataset into different
power law equations. Although their separation was
chosen arbitrary (with a separation criterion at 1 Hz
based on the age of cover geology), such a separation
should be applied more often because it may allow
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defining higher data correlations while constructing
the PR. Also Thabet (2019) computed different lithol-
ogy-based power law relations because the seismom-
eter data of the KiK-Net clearly exhibited different
behaviours linked to the local geology.

In this study, we investigate if generating PRs
for regions with a different cover geology improves
the bedrock depth prediction compared to generat-
ing only one PR applicable for the entire region.
Our criteria to separate the data set are based on
the detailed knowledge of the tabular sedimentary
cover geology of Brussels. We determined reso-
nance frequency from 74 ambient noise measure-
ments acquired above boreholes from which the
BM bedrock depth is known. To choose the best
candidate PR, we include the standard deviation
on the picked f, to weight the regression and per-
form a regression quality control through a residual
analysis of the predicted versus true bedrock depth.
Afterwards, a HVSR dataset of 404 ambient noise
measurements was acquired south of Brussels with
the aim to reconstruct the bedrock paleorelief of the
BM. The interpolated resonance frequency map is
converted to depth using the best candidate PR and
paleorelief results are linked to Bouguer anomaly
and aeromagnetic maps. Complementary to the
resonance frequency analysis, a HVSR polarisation
analysis is performed to deduce the azimuthal direc-
tion in which f; has its maximum peak amplitude,
which allows deducing anomalies in the paleorelief.
While our regional paleorelief results improve the
knowledge on the BM, the developed methodologies
impact global microzonation efforts.

2 Geological setting and previous works
2.1 The Brabant Massif

The Brabant Massif (BM) is a strongly deformed,
Lower Palaeozoic slate belt in subcrop in central and
northern Belgium and in central UK. In Belgium, the
BM is exposed along its southern rim along the flanks
of incised river valleys filled with recent alluvial sedi-
ments (Quaternary). In Brussels, northern Belgium
and southern Netherlands, chalk (Cretaceous), sands,
silts and clays (Neogene/Paleogene), and loess (Qua-
ternary) cover the BM. Borehole data indicates that
the top of the BM dips to the north in Belgium and

reaches a depth of 1000 m at the Belgian-Netherlands
border (Legrand 1968). In this study, we focus on the
southern rim of the BM where bedrock depth varies
between a few metres and 150 m, respectively corre-
sponding to a f, between 9 Hz and 0.68 Hz (Fig. 1).
Nguyen et al. (2004) were the first in Belgium to link
the dependency of f, with the sediment cover thick-
ness above the BM (Fig. 1). A systematic decrease
of fy is observed from a few Hz in river valleys at
the southern rim of the BM (Molron 2015; Van
Noten et al. 2015b) up to 0.22 Hz in the north near
the border between Belgium and the Netherlands. In
Flanders, a and b power law parameters are 90.439
and — 1.27, respectively (Nguyen et al. 2004).

Below Brussels, the Brabant Massif forms the
main competent contrast at depth. In the Campine
Basin, however, Cretaceous, Carboniferous, and
Devonian hard rock cover the BM. Here, HVSR anal-
ysis of ambient noise reveals several impedance con-
trasts and caution should be taken if one wants to use
HVSR to map the BM bedrock depth in the Campine
Basin (Fig. 1). Verbeeck (2019) demonstrated that in
the Campine region, the base of the Cenozoic (base
Hannut Formation; see further) can be considered as
the seismic bedrock.

The general stratigraphy, structural grain and seis-
micity within the BM have been resolved in the past
by filtering and interpreting (residual) Bouguer grav-
ity and aeromagnetic potential field data (Chacksfield
et al. 1993; Sintubin 1999; Debacker 2001; Piessens
et al. 2004; Debacker et al. 2005; Matthijs et al. 2005;
Van Noten et al. 2015a; Herbosch & Debacker 2018).
Below Brussels, two Lower Palaeozoic formations
are identified: the Lower Cambrian Tubize Formation
(TUB), which consists of alternating quartzites and
slates, and the Lower Cambrian Blanmont Forma-
tion (BLM), which predominantly consists of series
of medium-grained quartzites. The paleorelief of the
BM has been shaped by repetitive episodes of posi-
tive vertical movements since the Brabantian defor-
mation and after the main erosive phase following the
end of the Late Cretaceous-Early Cenozoic (Danian)
flooding over the BM area. The resulting preserved
erosional/weathered morphology of the top of the
BM is dominated by differential erosion of the weath-
ered and fractured sandstones/slates and quartzites
composing the core of the concealed Anglo-Brabant
deformation belt. Detecting and interpreting this dif-
ferential erosional surface is the interest of this paper.
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Fig. 1 Depth to the seismic bedrock (dashed grey lines). (diamonds) and 217 boreholes (squares) are shown (data from
Seismic bedrock corresponds to the top of the Brabant Mas- Nguyen et al. 2004, Molron 2015 and Van Noten et al. 2015b).
sif (BM) in Brussels and top of the Cretaceous in northern The seismic bedrock dips to north and correlates with the
Flanders and in the Campine basin. Map composed from the decreasing f,. The Brussels Capital Region forms the area of
G3Dv3 subsurface model of Flanders (Databank Ondergrond interest of this study

Vlaanderen 2020a). Resonance frequency (f;) of 109 sites

2.2 Soft-sediment cover stratigraphy river (Fig. 2). Whereas a hilly topography is present

east of the Senne river, with hilltops up to+ 139 m,
In the central and northern part of the Brussels study the western area is 40 to 50 m lower. The reason for
area, the erosional surface of the Brabant Massif is this geomorphological difference is the presence or
covered by white to grey Cretaceous chalk deposits. absence of BXL, respectively, as it was partly eroded
Most of the Cretaceous was eroded during the Mid- by the Senne river and was never deposited west of it.
dle Palaeocene uplift of the BM (Deckers & Matthijs In the eastern part of the Brussels Capital Region,
2016). South of the green dashed line in Fig. 2, the the sandy to clayey of Sint-Huibrechts-Hern Fm
Cretaceous is mostly absent (sometimes Cretaceous (SHH, late Eocene—early Oligocene), the clayey-
remains in the deepest paleovalleys of the BM) and sandy Maldegem Fm (MAL, late Eocene) and the
Cenozoic soft sediment layers directly cover the BM. sandy Lede Fm (LED, middle Eocene) cover BXL.

The Hannut Formation (HAN, upper Palaeocene) Some isolated hilltops in the NE of the area (Fig. 2)
is the first formation to find above the BM. HAN’s consist of SHH, LED and MAL directly on top of

base consists of a gravel layer directly covering the KOR without BXL in between.

BM bedrock. In the entire capital region, the clayey Finally, fluviatile sediments (composed of sands
silt sediments of the Kortrijk Formation (KOR, early and silts with clay/peat horizons) were depos-
Eocene) can be found above HAN. The Brussels ited during the latest Quaternary glacial periods in
Sand Fm (BXL, middle Eocene) covers KOR in the the Senne valley and its tributaries (Fig. 2). These
eastern part of Brussels. BXL forms one of the main deposits can be up to 30 m thick in the Senne Valley.
aquifers in Belgium for drinking water production A thin Quaternary loess deposit with a mean thick-
(Peeters et al. 2010). The geomorphology of Brus- ness of 3—4 m thick covers the entire area outside
sels is strongly different east and west of the Senne the river valleys.

@ Springer
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3 Data acquisition and analysis
3.1 Data acquisition
Temporal recordings of ambient vibrations were

acquired. We used a single-station setup with a port-
able 24-bit digital (LEAS) Cityshark II acquisition

;’%éggg

J70m

system (Chatelain et al. 2000) mounted to a 3C
LE-3D/5 s Lennartz seismometer. Sampling rate was set
to 100 Hz. The Lennartz seismometers have eigen fre-
quencies that are below the frequency of interest in this
study, which justifies using this equipment. Duration of
the ambient vibration recordings was 20 and 30 min for
single point measurements and measurements above

@ Springer
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boreholes, respectively. The gain level was adapted to
the local conditions (noisy urban traffic versus calm
rural environment) to avoid clipping. Position of the
measurements were recorded by a Garmin™ handheld
GPS or Smartphone location and afterwards controlled
in Google Earth™. During windy days, the seismome-
ter was protected against the wind using a circular plas-
tic cap. In farmer’s fields, a pile of grass was removed
and the seismometer was placed on a 4-cm-thick, bur-
ied concrete plate to assure proper ground coupling.

Data of different HVSR campaigns are used. In
Brussels, a detailed microzonation study was per-
formed (Rosset et al. 2005; Petermans et al. 2006)
in which ambient noise measurements were acquired
above 74 sites located close to boreholes. 65 of these
sites are integrated in this study. Nine sites were
rejected because of inaccurate bedrock depth descrip-
tions which could not be used for power law compu-
tation. The HVSR curves of these 65 measurements
were recomputed to avoid methodological influences
on the picked resonance frequencies and to ensure a
consistent methodological approach. We extended
this database with 23 new ambient noise measure-
ments above boreholes acquired in 2017. Borehole
bedrock depth information is retrieved from the data-
bases of the Geological Survey of Belgium (2018),
the Databank Ondergrond Vlaanderen (2020a) and
BruStrati3D (Devleeschouwer et al. 2017). Electronic
Supplement S1 summarises the information on bore-
holes that reach the basement and above which ambi-
ent vibration measurements were performed.

From August to October 2017, a geophysical sur-
vey was conducted during which 404 measurements
of 20 to 30 min of ambient noise were gathered to
create a bedrock paleorelief map. Measurements were
performed near the small towns of Linkebeek and
Sint-Genesius-Rode (Fig. 2). To grid the research
area, a consistent station spacing of 200 m was used
in a 15-km? area. To have some boreholes as an inde-
pendent control in the survey area, the survey was
extended to the South and Southwest by applying a
500-m station spacing coverage, which enlarged the
entire survey area up to 25 km?. In total, 66 days of
fieldwork were performed.

3.2 Data analysis

Resonance frequency of each measurement was man-
ually determined in Geopsy (Wathelet et al., 2020).

@ Springer

The H/V module of Geopsy calculates the Fourier
spectra of the horizontal, with H as the root mean
square values of E-W and N-S components, divided
over the vertical (V) component of ambient vibra-
tion. High-energy transient windows, e.g. cars pass-
ing, and electrical equipment running, are automati-
cally rejected using the short-term average (STA)/
long-term average (LTA) antitriggering tool (2 s
STA, 30 s LTA). Window lengths (/) of 60 s were
used. Data analysis occurred by selecting 50% over-
lapping windows. The H/V spectrum was manually
improved by removing stronger transients that were
overlooked by antitriggering (Chatelain et al. 2008).
When not enough windows were available due to
transient noise, I, was lowered up to 30 s to increase
the amount of windows (n,,). The 30-s window length
was sufficient to have a stable curve in the lowest
frequency range of the study area, i.e. 0.6-0.7 Hz.
However, future users should be careful to shorten
the window length when moving north of Brussels
as too short noise windows can influence the stability
of the HVSR curve in the low-frequency range (e.g.,
Mascandola et al. 2018). A 40% Konno and Omachi
(1998) filter was used to smooth the spectrum of each
H/V curve. Before interpreting the generated H/V
curves, the SESAME (2005) recommendation guide-
lines were checked to be valid and if n, was high
enough for detecting a reliable H/V peak.

To increase the f, picking accuracy, we resam-
pled the Geopsy output curve (.hv file) by performing
a linear interpolation of the fj-amplitude curve up to
15,000 samples using Python (see data availability for
codes; Fig. 3). This interpolation results in a more accu-
rate amplitude maximum (A,) and f; than the default
exported values in Geopsy. The standard deviation was
maintained from Geopsy and represents one standard
deviation generated by the variability of the selected
individual windows. f;, the error on f;, A, and n,, were
automatically exported from the .hv files into a database
file (see Table S2 in the Electronic Supplement). This
automation avoids manual mistakes while compiling
the data from Geopsy and provides an easy output to be
used in GIS. Afterwards, each point on the frequency-
amplitude curve is converted to depth using the empiri-
cal frequency-depth power law relationship (see Sect. 4).
This generates a virtual borehole (Fig. 3) in which A is
used as uncertainty on the impedance contrast between
sediment and bedrock. We acquired the correct altitude
of each measurement from the 1-m high-resolution
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Fig. 3 Frequency—amplitude curve (blue curve). Standard
deviation is represented by the grey-shaded area. The red hori-
zontal line indicates maximum amplitude A, and interpolated
Jo (fy int) and is computed after resampling the .hv curve gen-
erated by Geopsy. The standard deviation on f (err) is indi-
cated by dashed grey lines. The frequency—amplitude curve is
converted to a virtual borehole by using the frequency-depth
power law relation R’ developed in this study, with the ampli-

digital terrain model (Digital Elevation Model Flanders
II, 2018; DTM) and then subtracted the obtained sedi-
ment thickness from that altitude to determine the abso-
lute altitude of the bedrock. A virtual borehole of each
measurement is available in the Electronic Supplement.
Apart from HVSR analysis, a complementary polarisa-
tion analysis was performed to deduce the azimuthal direc-
tion in which the H/V resonance peak has its maximum
peak amplitude using the H/V rotate module in Geopsy.
The directional H/V spectral ratio is calculated in 10° steps
from north (0°) to south (180°). In the H/V rotate polarisa-
tion analysis, the same windows were used as in the H/V
module avoiding to have transient sources in the signal trace
that could influence this analysis. Each individual rotational
H/V result was exported from Geopsy and replotted in an
azimuth versus frequency polar plot (using Python, see
data availability) to investigate site-specific directional reso-
nance effects (Fig. 4). The maximum and minimum H/V

15

20

tude as bedrock depth uncertainty. Example=Kleine hut
borehole at Uccle, Brussels (A201; true bedrock at 0-m alti-
tude, HVSR model predicts bedrock at 10 m altitude). TAW
(‘Tweede Algemene Waterpassing’) =reference altitude in Bel-
gium. See Electronic Supplement S3 for virtual boreholes of
all data. See Van Noten et al. (2020) for the HVSR to Virtual
Borehole python code to generate this figure

amplitude at f, and their corresponding azimuths are auto-
matically deduced from the data (see red and white dots in
Fig. 4).

4 Defining empirical power law equations
through regression

To obtain a reliable regression between resonance
frequency and bedrock depth, we investigate two
different possibilities: in the first option, only one
regression line is derived through all f, that were
gathered from measurements above boreholes in
Brussels. In the second option, we separate the study
area in four different regions based on the consistent
geology within each region (see R1 to R4 in Fig. 2).
For each dataset corresponding to these regions, a

@ Springer
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Resonance frequency polarisation of A201
340° 0 20°

Max. Ampl. (9.949) at o
®  30°.210° for f, 0.83Hz 220

Min. Ampl. (9.283) at 200° 160°
O 90°-270° for fo 0.87Hz 180° 5

Fig. 4 Polarisation analysis of resonance frequency of two
individual 20-min single station measurements. Red and
white dots indicate azimuths in which respectively maximum
and minimum peak amplitude occur at f,. A201 (left) shows a

separate regression is performed. The regions are as
follows:

e Region 1 (R1): the area west of the Senne valley
western area with KOR clays overlying HAN, and
thus defining a dominant fine silt to medium silt to
clayey lithology

e Region 2 (R2): the Senne valley and other smaller
valleys area with a Quaternary lithology (mainly
river infill) deposited on top of R1

e Region 3 (R3): the eastern area where upper Pale-
ogene sandy formations (BXL, LED, SHH, MAL)
cover the clayey/silty sediments of R1

e Region 4 (R4): only present in the southern part
of the study area where either a recent lithology
(Quaternary) of the Senne Valley or HAN directly
covers the Palaeozoic basement rock of the BM

Because of heteroscedasticity of data, the f, ver-
sus bedrock depth data will show some departure
from a perfect power law relation. It is important
to note that bedrock depth (4) is the independent
known variable from the boreholes and f; is the
dependent variable, obtained through field meas-
urements. To avoid attributing uncertainty of the
dependent variable to the regression fit, an ordinary
least-square linear regression of f;, as a function of
h is derived (Fig. 5). The error (one sigma) on f,
is taken into account to weight the regression: i.e.
smaller error results in a higher weight. We did not
compute the reciprocal regression (& as function of
fo) as this would generate a different best-fit line
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H/V Amplitude

Resonance frequency polarisation of C429 25
340° 0 20°

H/V Amplitude

Frequency

240°

Max. Ampl. (24.83) at
150° - 330° for fo 1.13Hz

Min. Ampl. (18.31) at 200° " 160°
60° - 240° for fy 1.15Hz 180
0

uniform polarisation. C429 (right) shows a strong 150°-330°
polarisation for f, and a significant higher impedance contrast
at depth (higher A;) compared to A201. See Electronic Supple-
ment S3 for the polarisation plots of all data

because of the different uncertainty on & (Bauer
et al. 1992). Hence, the best fit provides a spread
of frequencies that gives a true error estimate of f;
compared to /. Also R2, i.e. the statistical factor that
explains the quality of the fit, is computed.

Figure 5 and the equations below present the
results of the different regressions through the data.
The regressions are restricted to the range of thick-
nesses (vertical brackets in below) that is available
for each region. For the four geology-dependent
empirical equations between depth and f, the
obtained power law relations are (with & in metres
and f, in Hz):

(R1) hy = 87.576f;1° (R*=0.975) [7.0m — 117.3m]

3)

(R2) h, = 88.486,/"% (R? =0.851) [40.5m — 133.7m]

)

(R3) hy =90.422,f14! (R =0.901) [65.5m — 175.9m]

®)

(R4) hy =200.00 .£;2%% (R? = 0.483) [3.0m — 21.0m]

(6)

We also computed one regional empirical equa-
tion R derived through all data points:

(R) h=91.453.£;19% (R? =0.914) [3.0m — 175.9m]
(N

The data points of R4 (rose dots in Fig. 5) are
much more strongly scattered than the data points
of the other regions. R4 groups Quaternary depos-
its and the Hannut Fm above the Brabant Massif.
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Fig. 5 Best fit regres- 8.0
sion through resonance 7.0 Powerlaw eqs
frequency (f;) in function 6.0 10 R1: 87.576%*f, 1663
of sediment thickness (/) {, Y === R2: 88.486*f, 173>
known from boreholes. Six 5.0 (} é R3: 90.422%f, 1641
power law regression lines o R4: 200.0%f,~2028
?re deduced: full coloqred 4.0 ':: ..... R: 01.453%f, 1633
ines represent regressions N A | gh. *f —1.683
through boreholes from 3.0 \‘.\';} o) R §8.631%,
regions (R1, R2, R3 and ' Neo
R4. The grey dashed line = \\.;§~.
R is the regression through z ERee)
all data points. The black «© 2.0 \'i§.$
dashed line R’ is the regres-
sion through regions R1,
R2 and R3. Total amount
of boreholes used =88. See
online version for colour
notations (same colours 14
applicable for all figures) 0.9

0.8

0.7

0.6 T

m < n O ™~ o o o
= ~ 15 2

R4 has a large lateral lithological variability with
different geotechnical properties than the other
three groups. Because of this scattering, regres-
sion R4 has more difficulty to reproduce the data
points. Including R4 data in the regional regres-
sion R (grey dashed line in Fig. 5) tends to over-
estimate the thicknesses of the other regions. The
R? value of R4 suggests a poor thickness predic-
tion and hence defining a unique power law in this
region may not be feasible, even if more data points
would be acquired. Hence, to avoid the influence of
R4 on the regression, we also computed a regional
regression R’ (black dashed line in Fig. 5) without
including the data of R4, which results in the fol-
lowing PR:

(R') h=188.631f"%% (R*=0.975) [7.0m — 175.9m]
®)

R’ has the largest R’ value of all regressions, sug-
gesting a very good prediction quality.

To evaluate the prediction quality of these power
law relations, the residual between the true bedrock
depth (A4, known from the boreholes) and predicted
bedrock (4 obtained by the power laws) is computed,
both for the regional power law equation (white
dots in Fig. 6A; h;,, in Fig. 6B) and for the different
geology-dependent power laws (coloured symbols in

Sediment Thickness (m)

Fig. 0A; hgyep 04, in Fig. 6B). These residuals show
the real scatter (expressed in percentages) of the pre-
diction and evaluate how much the different power
law relations under- and overestimate the true sedi-
ment thickness. Such an evaluation is useful for users
that want to use these power law relations to predict
bedrock depth. The biggest error on the depth esti-
mation largely depends on the used dataset and can
be related to the lateral variability in Vs of the geo-
logical system which causes an imperfect fit through
the data.

For the Brussels dataset, the maximum offset from
the true sediment thickness ranges between 27%
thickness underestimation and 19% thickness overes-
timation for R1, R2 and R3 and up to more than 50%
for R4. On average, the PRs have an uncertainty of
9% in overestimating and 8% in underestimating the
bedrock depth. One must keep in mind this error
when using power law equations for bedrock depth
modelling.

One may evaluate which power law would be
best suited to predict bedrock depth in a region, by
computing the difference between residuals of one
power law (hz,, — h;,,) and the residuals of the
geology-dependent power laws (7, — Rgepr ogs)-
This difference is illustrated in a histogram with
0.5-m binning in Fig. 6B. This illustration may
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Fig. 6 A Comparison of true sediment thicknesses (h),
obtained from borehole data, and predicted sediment thickness,
computed using the power law relations derived in Fig. 5. Col-
oured symbols represent the data from individual power law
relations; white dots are computed using power law relation R’.
Negative percentages indicate thickness overestimation; posi-

be convenient because the power law relation that
best predicts the true thickness will show the high-
est distribution. For the Brussels case, for 56% (49
data points), the geology-dependent PRs (R1, R2,
R3, R4) predict slightly better bedrock depth than
the regional PR (R’; 44% of the data; 39 points).
However, because R4 should not be used and R’
has a very high R? value, we cannot make any
strong arguments to favour the geology-dependent
PRs above R’ to convert resonance frequency to
depth.

Using Eq. 1, the average Vs as a function of &
of the used boreholes is computed to demonstrate
the (inter)dependency of the different datasets of
the regions (Fig. 7). The four geology-dependent
power law relations and error bars are converted as
well.

5 Bedrock paleorelief: case study south
of Brussels (Belgium)
5.1 Resonance frequency to depth
To verify if the constructed power law relations can
be applied in the case study area where the 404 ambi-

ent noise measurements were gathered, the HVSR
data distribution of the survey and the boreholes are
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tive percentages indicate thickness underestimation. B Resid-
ual histogram evaluating whether using one regional power
law relation (R’; /;,) would predict bedrock depth better than
using geology-dependent power law relations (Ageq) cqs)- Num-
bers in brackets indicate the amount of points on each side of
the histogram. ABS = absolute values

compared in histograms. The range of frequencies
(0.65 to 5 Hz) that was used to compute the power
law relations (Fig. 8 bottom) fully covers the range of
frequencies that were studied in the case study (Fig. 8
top). One should be careful in using power law rela-
tions that were created in another frequency range
than where a microzonation survey is held as the

550
o R1(23)
5001 @ R2(26) % §%
o R3(27) Lg e
4504 o Rra(12) 5 88=-"
L 4
400 ? <
350 A e
g $
£ 300 4 7
>
250 ,'o@
0.8 z
200 - T%
150 4,7
100 g
o
0 20 40 60 80 100 120 140 160 180

Sediment Thickness (m)

Fig.7 Estimated variation in average shear wave velocities
(Vs) and their error range (error bars) with increasing sediment
thickness deduced from ambient noise measurements above
boreholes in the Brussels Capital Region (Belgium). Coloured
dashed lines are geology-dependant power law relations (R1,
R2, R3, R4) converted to Vs. Dashed black line is the regional
power law relation R” converted to Vs
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Fig. 8 HVSR amplitude (left) and resonance frequency (right)
histograms obtained from ambient noise measurements in the
survey area (top) and above boreholes (bottom). Colours rep-
resent the four different considered regions (R1 to R4). The
regression may not be qualified to predict the bedrock
depth. Most data was gathered in R3. Because the
regional power law R’ (Eq. 8) has a higher R? value
than the geology-dependent power laws R1, R2 and
R3, we decided to take R’ to convert resonance fre-
quency to depth for the case study.

The HVSR survey data demonstrates the strong
impedance contrast between the sedimentary cover
and the bedrock of the BM. For most data, A, is
very well expressed and shows a normal distribu-
tion with a mean H/V peak amplitude of 10 (Fig. 8,
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histogram data representation allows evaluating if a different
power law relation of a region is supported by enough borehole
data measurements to predict bedrock depth in the survey area

left). There is no spatial, nor a geological correla-
tion between f, and A,. HVSR analysis results in a
wide range of resonance frequencies (between 0.79
and 5.40 Hz; Fig. 8, right). The f, peaks are mostly
strong and narrow. The strong impedance contrast
makes HVSR an ideal tool in identifying the BM
bedrock in Central Belgium where overlain by a
sedimentary cover.

The location of the HVSR campaign with
respect to the local geology is shown in Fig. 9A.
First, a resonance frequency map (Fig. 9B) was

@ Springer
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Fig. 9 A Overview of 404 145000E
survey locations (blue dots) A
shown on the local geological

map (Brustrati3D model;
Devleeschouwer et al. 2017)

overlain on a hillshade map

of the local DTM (Digital

Elevation Model Flanders II,

2018). Red dots are borehole

locations. See Fig. 2 for

location. See Electronic

Supplement for raw data.

Profile A-A’ shown on Fig. 12.

B Interpolated resonance

frequency map with hillshade Stratigraphy
map in the background. 5 Alluvial dep. (Q)
Polarisation of H/V amplitude = SHH
. . 0 MAL
is shown by red (maximum A; LED
Amax) and white (minimum BXL
Ay; Amin) lines. Length of the I KOR
" HAN

polarisation lines scales to A.
Background map shows the 1-m
high-resolution Digital Terrain 52 ﬁi\t/YSR S
Model (Digital Elevation @ Borehole
Model Flanders II, 2018). C

Bl Paleozoic
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Interpolated sediment thickness
map obtained by converting
resonance frequencies to B
sediment thickness using the
regional power law relation
R’ (Eq. 8). Background map
shows the 1-m high-resolution

Digital Terrain Model Res. Freq. (Hz)

(Digital Elevation Model B osso74 i
Flanders 11, 2018). D Brabant B 074080 Beersel -
Massif bedrock paleorelief B 0800386 / Al
map (natural neighbour B ossoo2 ' W
interpolation) in m TAW. Note . e

a 1.5-km-long NNW-SSE
trending ridge between Sint-
Genesius-Rode and Linkebeek.
Dashed line indicates the B 1104118
contact between Tubize . 1.16-1.32
(TUB) and Blanmont (BLM). |

B 098104
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observations (see Fig. 11).
Cross-section A-A’ shown in
Fig. 12
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created by applying a Natural Neighbour Interpo-
lation (NNI; cell size 10 m) between each f,. At
the edges and outside the survey area, interpolated
values are not expected to be valid due to interpo-
lation effects and the map was cropped. The NE

@ Springer

part of the survey area shows the lowest f, whereas
the western part and the Molenbeek and Linkebeek
incised river valleys show the highest f,. Second,
a sediment thickness map was created by convert-
ing all individual f, to depth using R’ (Eq. 8) and



J Seismol

145000E 146000E 147000E

148000E

149000E 150000

151000E

C Semne

Sediment thickness (m)
[ s0
e
92
7 108
124
I 140

© HVSR campaign
© City

ANl

s

163000N

' 162000N

161000N

160000N

/1 159000N

158000N

145000E 146000E 147000E

148000E

149000E 150000E 151000E

D

Beersel ©

Top BM (m TAW)
[s0
|:| 20 ’
10
0 S
-0 o
= 20
---- border TUB - BLM
@ Borehole
© City
T} Brussels region

15 10
B

Amplitude

163000N

162000N

161000N

160000N

159000N

158000N

157000N

Fig. 9 (continued)

applying a NNI interpolation between the points. The
resulting sediment thickness map (Fig. 9C) resem-
bles the topographical map with the highest topogra-
phy/thickest sediment cover in the NE and the lowest
topography/thinnest sediment cover located in the W

and in the incised river valleys. Because data points
are too widely spaced (200 m), the detailed shape of
the incised rivers is only poorly resolved.

Third, to create the bedrock paleorelief map
(Fig. 9D), the obtained sediment thickness of each
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point is subtracted from the altitude of each point
derived from the local DTM map. Then, the bed-
rock paleorelief map was interpolated using NNI. We
deliberately did not subtract the sediment thickness
map in Fig. 9C from the DTM as the detailed high-
resolution topography would imprint too strongly on
the final bedrock paleorelief map.

The bedrock paleorelief map shows the follow-
ing features: the top of the BM dips from~ +30 m
in the South to~ —20 m in the North. Few isolated
outliers are detected which even show a strong vari-
ability of the paleorelief in short distances (e.g. con-
verting the f, of B120 to depth gives a hill of 10 m
higher than the surrounding points; see Fig. S1 in
the Electronic Supplement for location). In the
southern area with the 500-m station spacing, the
map seems to be less good resolved to make small
lithological interpretations; nevertheless, all points
consistently show the highest bedrock altitude from
the entire survey. This is correlated with the bore-
holes in the studied area.

Within the 200-m station spacing area, several
contrasts are detected. The most obvious observa-
tion is a 1-km-long NNW-SSE-oriented ridge situ-
ated between Linkebeek and Sint-Genesius-Rode. On
average, the top of this ridge stands out 20 m above
the surrounding bedrock (Fig. 9D). West of the ridge,

A)

H/V Polarisation histogram

10 20 B30
number

Fig. 10 A H/V polarisation histogram showing the distribu-
tion of azimuthal directions in which the resonance frequency
has its maximum peak amplitude. The maximum energy is
dominantly oriented N10-20°, pointing towards the main
urban source of Brussels. See Electronic Supplement S3 for all
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a paleovalley is present parallel to the ridge. In the
southern part of the survey area, bedrock altitude is
higher (up to~ 4 30-m altitude).

5.2 Polarisation analysis

The azimuthal direction in which f;, has its maxi-
mum peak amplitude is shown in Fig. 9B and D
for each HVSR measurement. Both the orientation
and size of the maximum (red lines on Fig. 9B,
D) and minimum (white lines on Fig. 9B, D) H/V
amplitude are evaluated. A weak polarisation
is present with A, in the minimum energy direc-
tion at 75 to 90% relative to the maximum energy
direction. Strongest polarisation occurs in A351
(see Fig. S1 in Electronic Supplement for loca-
tion) where A, is twice as large in the maximum
direction (Fig. 10B). Polarisation is on average
oriented between N10°-N190° and N20°-N200°.
This polarisation is linked to the direction that has
a maximal energy contribution to the ambient seis-
mic noise. Although small deviations could likely
be linked to imperfect seismometer placement dur-
ing field work, the polarisation is obvious: in areas
with a rather flat bedrock paleorelief, the polari-
sation orientation is well defined and constant.

Resonance frequency polarisation of B086

12

[}
H/V Amplitude

Frequency

individual measurements. B Example of a HVSR measurement
(B086) on top of the ridge with an azimuthal direction diverg-
ing from the regional trend. Python code to plot this polarisa-
tion diagram is available on Github (see data availability)
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Around the NNW-SSE-oriented ridge, however, the
polarisation is weaker and maximum polarisation
orientation deviates from its regional trend and is
scattered. H/V amplitudes are smaller on the ridge
and larger in the paleovalley SW of the ridge. This
change in polarisation indicates that the protruding
bedrock here deflects the local radiation of seis-
mic energy. Also in the Linkebeek and Molenbeek
river valleys, amplitudes are smaller and a clearly
defined polarisation orientation is absent. This is
likely related to a local deviation induced by the
alluvial deposits in these incised river valleys.

6 Discussion

6.1 Using potential field data to explain the
paleorelief

In our derived bedrock paleorelief model (Fig. 9D),
a 1-km-long, NNW-SSE-oriented (~N20°W),

145000E 146000E 147000E 148000E 149000E 150000E 151000E

164000N

163000N

162000N

161000N

160000N

159000N

158000N

20-m-high bedrock ridge is detected at~100-m
depth. To understand to which host rock this
ridge corresponds and how its orientation can be
explained, we compare the Brabant Massif paleo-
relief shown in Fig. 9D with Bouguer anomaly and
aeromagnetic data (Fig. 11). The Bouguer map
(Fig. 11, left) is a residual map composed by sub-
traction of the anomaly field, upward continued to a
height of 1 km above the ground, from the Bouguer
anomaly. This filter technique highlights shorter
wavelengths, and hence superficial structures, and
hides deeper, regional structures (Van Noten et al.
2015a). The Tubize (TUB) and Blanmont (BLM)
formations (see Sect. 2.1) can be identified as
follows:

e The quartzitic units in TUB have a low density
(negative gravity values) and a strong positive aer-
omagnetic value due to the presence of magnetite
in the quartzites. More slaty parts have a higher

145000E 146000E 147000E 148000E 149000E 150000E 151000E

164000N
Brussels Capital +
region

Flanders T . q o 163000N

162000N

161000N

160000N

159000N

158000N

Fig. 11 Potential field data of the HVSR study area. White
dots: HVSR survey points. (Left) Residual Bouguer gravity
map, short-wavelength filtered (subtraction of 1 km upward
continuation from Bouguer anomaly) (Chacksfield et al.
2004; Databank Ondergrond Vlaanderen, 2020b; Williamson
et al. 2004). (Right) Aeromagnetic map (reduced to the pole;
Chacksfield et al. 1993; Everaerts 2000). Black lines show con-

tour lines. Combining both maps allows defining local stratig-
raphy of the Brabant Massif and interpreting the paleorelief of
the Brabant Massif. TUB: Tubize Formation; BLM: Blanmont
Formation. Purple dashed line: interpreted border of TUB and
BLM. White arrows indicate the location of the NNW-SSE
trending ridge observed in Fig. 9D. Scale similar to Fig. 9
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(sometimes positive) gravity value and remain
their magnetic signature.

e The quartzites of BLM are expressed with nega-
tive aeromagnetic and strong negative gravity val-
ues.

These gravity values are valid as a rule of thumb;
however, one has to be careful to compare Bouguer
values as the overall Bouguer gravity signature is
cumulative and can be influenced by rock that is
buried deeper: e.g. in regions where BLM is shal-
lowly buried below TUB (e.g. close to their con-
tact), TUB will be more negative. Changes between
units are not always sharp but can be gradual related
to transition from one formation to another (e.g. the
upper part of BLM is magnetic highlighting a grad-
ual transition from BLM to TUB).

Right in the middle of the 2017 survey, the
encountered NNW-SSE-oriented ridge corresponds
to low Bouguer gravity values and negative aero-
magnetic values, i.e. values representative for the
hard and steeply-dipping quartzites of BLM. East
of the NNW-SSE ridge, sharp boundaries between
Bouguer gravity values and between aeromagnetic
values exist, indicative of a steep bedding contact
between BLM and TUB (purple dashed line on
Fig. 11). The area NE of the ridge overlaps with a

Fig. 12 A Virtual bore- A) A
holes (20 min H/V ampli- Wew
tude bars converted to depth 8
using power law equation 1201°
R’) projected laterally on
cross-section A-A’ (see
Fig. 9A). On each virtual
borehole, bedrock depth
uncertainty is indicated by
the black horizontal lines.
Paleorelief derived from
Fig. 9D. B Interpretation
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positive aeromagnetic anomaly and can be linked
to a less-resistant, slaty part of TUB. This area is
lower on the paleorelief map because of being less
resistant to erosion compared to BLM. The south-
ern part of 2017 survey is higher on the paleorelief
map and this area reflects the hard quartzitic part of
TUB.

Based on this comparison between the paleore-
lief and the aeromagnetic and Bouguer gravity data,
the following local stratigraphic implications can be
made:

e The lower part of BLM has a low density, is very
hard and non-magnetic.

e The upper part of BLM has a low density, is very
hard but appears to be magnetic.

e The lower part of TUB has a low density, can be
hard and is strongly magnetic.

To visualise our observations, a cross-profile
A-A’ was made: Fig. 12A shows virtual boreholes,
converted from HVSR measurements using PR
R’ (Eq. 8), and laterally projected on profile A-A’.
The surface of these virtual borehole sometimes
not perfectly coincides with surface of the profile.
Figure 12B presents an interpretation including
the surface wvariation, soft-sediment stratigraphy
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and interpolated paleorelief of the Brabant Massif.
The structure of the bedrock is interpreted from the
potential field data analysis.

Throughout the core of the Brabant Massif, sev-
eral other NNW-SSE trending ridges occur, either
in outcrop in incised river valleys (Piessens et al.
2004), or in the subsurface and detected by poten-
tial field data (Matthijs et al. 2005). These ridges
relate (i) to the upright orientation of folds (Sin-
tubin et al. 1998; Debacker et al. 2004; Debacker
2012) and differential erosion of TUB and BLM,
and (ii) to local shear zones. Ridges (i) have been
drilled by two boreholes (boreholes 88W750 and
88W1057 in Buffel & Matthijs, 2009), in which
a higher relative abundance of quartzites was
detected, and (ii) were detected by observing
higher f; values along a HVSR profile in the Senne
Valley (Rosset et al. 2005; Petermans et al. 2006).
Hence, our paleorelief fits well to the general struc-
ture of the Brabant Massif.

6.2 Influence of subsurface structures on ambient
noise

The ridge is not only evidenced by f, to depth con-
version but also by the azimuthal dependency of
Jfo- Underground structures (ancient paleovalleys,
faults or a heterogeneous geology) and surface
rock ridges can guide or diffract seismic waves and
create an azimuthal dependency of seismic noise.
Close to faults and surface ridges, A, is maximal
perpendicular to the structure and strong ground-
motion amplifications are deduced (Pedersen et al.,
1994, Massa et al. 2010, Matsushima et al. 2014,
Paratore et al. 2013). In paleovalleys, A, is maxi-
mal parallel to the length axis of the valley (Hol-
lender et al. 2015; Cauchie et al. 2017). In our
study area, the general N10-20° azimuthal pref-
erence in the investigated frequency band can be
linked to the seismic source (urban area of Brussels
Capital). However, close to the NNW-SSE-oriented
ridge, polarisation is much weaker (Fig. 9D) and
the maximum amplitude strongly deflects. We con-
clude that the ridge acts as a wave guide (similar
to surface ridges) and scatters the propagation of
seismic waves. After all, there would be no rea-
son that seismic waves would propagate around or
above the ridge without interacting with it. Due to

the high impedance contrast between the sediment
and the BM, this wave deflection is strongly repre-
sented in the azimuthal dependency of f,. Hence,
in microzonation studies where one has a change
in the polarisation of the HVSR amplitude, the
method clearly can indicate the presence of anoma-
lous features at depth.

6.3 Using geology-dependent or regional power law
relations?

In the Brussels survey area, the different power law
relations (Egs. 3-5) of regions R1, R2 and R3 only
slightly differ. In R3, i.e. the region where BXL, LED,
SHH and MAL formations occur, sandy formations
cover the R1 sands/silts/clays of KOR and HAN. In
R2, alluvial sediments cover the KOR clayey forma-
tions of R1. Hence, the reason why the different gener-
ated power law relations are rather similar is related to
the fact that the geology in the three defined regions is
not independent from each other because R1 underlays
the entire studied region. In our case study, we even-
tually did not apply the geology-dependent power law
relations because the HVSR survey overlapped differ-
ent regions and R’ performed slightly better.

To decide if either a regional or a local geology-
dependent power law relation should be used in a
microzonation study, it is thus advised (i) to com-
pute R? values of the regression; (ii) to compare the
residuals between the true bedrock depth obtained
from boreholes and the predicted bedrock depth;
and (iii) to investigate if the HVSR measurements
from which the power law is constructed is repre-
sentative for the area in which the microzonation
survey is performed.

7 Conclusions

We evaluated the power law relation between sedi-
ment thickness and borehole-controlled polarised
resonance frequencies (f). We also investigated if
power law relations developed for different soft-sed-
iment geological regions would improve the accuracy
of predicting the bedrock depth instead of developing
one regional power law relation. The methodological
investigations resulted in the following conclusions:
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e To construct a reliable power law relation, it is
advised to incorporate the error on f;, to weight the
regression and, afterwards, to evaluate calibration
errors to quantify the under- or overestimation of
the regional and individual bedrock depth predic-
tions.

e Before applying a power law to a survey area, it
is advised to evaluate if enough boreholes can be
used in that area to support the developed power
law regression.

e If one lacks sufficient borehole data to create
geology-dependant power laws, it is still better to
develop a regional power law relation instead of
using a regression from another study area.

e Microzonation surveys strongly benefit from a
polarisation analysis of the azimuthal dependency
of the resonance frequency. When anomalous
features are present in a paleorelief, the seismic
wavefield is polarised around the anomaly and
the polarisation analysis allows highlighting these
anomalies.

An ambient noise survey south of Brussels (Bel-
gium) was performed to map out the paleorelief of
the Brabant Massif at depth. Applying the methodol-
ogy leads to the following conclusions:

e Separating the HVSR data into different regions
and constructing geology-dependent power law
relations did not improve the accuracy in predict-
ing the bedrock depth in Brussels. This is because
the geology of one region (R1; dominated by
the clayey Kortrijk Formation) occurs below the
entire investigated region (except in R4). Hence,
the different selected regions are geologically not
entirely independent (i.e. compare the tabular
geology to a layered cake) and share a common
factor in the shear-wave velocity. For areas with
an independent geological soft-sediment com-
position (and hence different Vs for each region),
it is advised to at least investigate to separate the
power law relations provided enough boreholes
are available to support the regression.

e In Brussels, the regional relation 1 =88.631.f, 083
(R’) can be used to convert resonance frequency
to depth, with an error of ~10%. For region R4
(Hannut Formation or alluvium above bedrock),
the power law correlation factor is too low and
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variability of the lithology prevents composing a
reliable power law relation.

e South of Brussels, a 200-m spacing single station
campaign in a 25-km? area led to the detection of
a NNW-SSE-oriented ridge that stands out~20 m
above the paleorelief of the BM. Bouguer grav-
ity and aeromagnetic data analysis shows that this
ridge corresponds the steeply-dipping quartzitic
layers of the upper part of the Blanmont Forma-
tion, the oldest formation in the Brabant Massif.
East of the ridge, the more resistive lower part of
the younger Tubize Formation is present.

e The high impedance contrast between the BM
and its sedimentary cover and the positive com-
parison between potential field data and bedrock
depth demonstrate that a densely spaced grid of
non-invasive HVSR can be successfully used as
a tool to study the bedrock paleorelief in Central
Belgium.
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