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Abstract

In regions where strong earthquakes occurred before the deployment of dense seismic
and accelerometric networks, intensity datasets can help select appropriate ground motion
prediction equations (GMPESs) for seismic hazard studies. This is the case for the Hain-
aut seismic zone, which was one of the most seismically active zones in and around Bel-
gium during the twentieth century. A recent reassessment of the intensity dataset of the
area showed that intensities in this region attenuate much faster with distance than in other
parts of northwestern Europe. Unfortunately, this characteristic has not yet been taken into
account in current hazard maps for Belgium and northern France. Based on this dataset,
we evaluate the goodness of fit of published GMPEs with intensities in Hainaut by means
of a ground-motion-to-intensity conversion equation (GMICE) and according to different
metrics (Likelihood, Log-likelihood and Euclidean-based Distance Ranking) published in
literature. We also introduce a new measure to specifically evaluate the distance trend. Our
results show that none of the tested GMPEs convincingly fits the intensity dataset, in par-
ticular the fast attenuation with distance. Nevertheless, applying the few GMPEs that show
a reasonable fit in seismic hazard computations, we observe a decrease of the influence
of the Hainaut seismicity on hazard maps for Belgium and northern France. This result is
compatible with the earthquake intensity observations for the last 350 years in this part of
Europe.
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1 Introduction

In Belgium and surrounding areas, the Hainaut region is one of the most seismically
active zones (Fig. 1), after the Roer Valley Rift System, where seismicity is linked to
known active faults, and the Eastern Ardennes, where the largest historical earthquake
in NW Europe occurred in 1692 (Alexandre et al. 2008). As a result, this comparatively
small area stands out on most seismic hazard maps made during the past two decades.
However, seismicity in Hainaut only started at the end of the nineteenth century and
seems to have declined gradually since the late twentieth century (Fig. 2). Historical
earthquakes are not known in this area. This evolution is very similar to the history of
industrial coal mining in the area, which started becoming significant in the nineteenth
century, culminated in the twentieth century and ceased between 1970 and 1984, sug-
gesting that at least part of the Hainaut seismicity may be mining related (triggered
or induced). This seismicity is characterized by low to moderate magnitudes, up to
My, =4.1, but due to their shallow focal depth (<6 km), many earthquakes caused dam-
age with corresponding maximum intensities up to VII, as indicated by a recent syn-
thesis of all available macroseismic observations (Camelbeeck et al. 2022). The reas-
sessment of intensity data on the EMS-98 scale (Griinthal et al. 1998) also showed that
intensities in this region attenuate much faster with distance than in other parts of Bel-
gium and NW Europe: at a distance of 30 km, intensities generated by earthquakes in
the Hainaut area generally decrease by about 4 degrees with respect to the epicentral
intensity I, whereas elsewhere in Belgium intensities decrease by only 1 degree over
the same distance.
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Fig. 1 Map of the Hainaut area in SW Belgium (see inset for location), showing earthquake epicentres (col-
our-coded by time) and main geological units. Numbers indicate earthquakes with macroseismic data used
in this study (see Table 1). The Hainaut coal basin is bounded by the Midi Thrust fault in the south and the
northern limit of the Westphalian in the north
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Comparison of maps of maximum intensity due to events in the Hainaut zone and due
to seismic sources outside the Hainaut area (Fig. 3) shows that the former have caused
relatively high intensities, but only inside the Hainaut coal basin, whereas everywhere out-
side this basin the maximum intensities are related to other earthquakes. This led Camel-
beeck et al. (2022) to suggest that the contribution of the Hainaut seismicity to current
hazard evaluations is likely overestimated, at least outside the Hainaut coal basin. Those
hazard maps (Leynaud et al. 2000; Woessner et al. 2015) are computed using the same
ground-motion prediction equations (GMPEs) in Hainaut as in the other seismic zones in
and around Belgium and hence do not take into account the observed strong differences in
the attenuation of intensity with distance. This highlights the importance of selecting more
appropriate GMPEs related to the Hainaut zone, which is the main objective of this study.
This is not only useful for seismic hazard assessment (SHA), but also for generating realis-
tic ShakeMaps (Wald et al. 2022) in case of future earthquakes in this region.

In this paper, we first describe the intensity dataset and briefly present the context of
the Hainaut seismicity in the frame of seismic hazard assessment. Second, we present the
methodological background used to characterize the goodness of fit of GMPEs with respect
to intensity data. Next, we select a number of published GMPEs for testing and present the
ranking results. Finally, we compute seismic hazard for the wider Hainaut region using the
GMPEs showing the best agreement with the intensity dataset and compare the new hazard
maps with maps based on our classical selection of GMPEs for stable shallow crust.

2 Dataset

Our dataset consists of macroseismic intensity data points (IDPs) extracted from the tra-
ditional macroseismic database of the Royal Observatory of Belgium (ROB) for 28 earth-
quakes with magnitudes ranging between My, =2.8 and My, =4.1 which occurred between
1911 and 1982 in the Hainaut region, as well as the My, =4.6 Licge earthquake of 1983,
which also occurred in a coal mining area with a geological configuration very similar
to the Hainaut region. This dataset is the result of a recent compilation by Camelbeeck
et al. (2022), which has been further improved. The most significant difference is an update
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Fig.3 Comparison of maximum observed intensities in Belgian communes due to earthquakes inside the
Hainaut area (top) and due to historical and instrumentally recorded earthquakes outside the Hainaut area
(bottom). Purple polygon outlines Hainaut coal basin

of the coordinates of several Belgian localities that are used to locate the IDPs, resulting
mainly in insignificant changes (<1 km difference for 96% of the IDPs used here), but
a few outliers up to a difference of 22 km occur as well. This can result in significantly
higher or lower epicentral distances for a few IDPs. Other adjustments to the data, such
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as the addition of intensity 1 values (not felt) and the removal, addition or modification of
some IDPs (> 20 IDPs in total) are negligible in the scope of this study. For the 1983 Licge
earthquake, however, more significant changes were made to the IDP dataset as part of a
major update of the ROB traditional macroseismic database, such as the addition of 297
new IDPs (~90% not felt), the modification of intensity values of 19 IDPs and the removal
of 3 IDPs that were previously assigned to the wrong municipality.

Each IDP consists of a minimum and maximum intensity evaluation, which we averaged
for our calculations, and attributed to a location (mostly corresponding to commune cen-
tres). We only selected IDPs situated inside a polygon outlining the coal basin (see Fig. 1)
or at epicentral distances less than 20 km in the case of the 1983 Liege earthquake, result-
ing in a total of 1553 IDPs. In addition, Camelbeeck et al. (2022) reassessed epicentral
locations and focal depths from the spatial IDP distribution. For all earthquakes, local mag-
nitudes have been determined according to the Belgian M; scale (Camelbeeck 1985). The
moment magnitudes of 17 earthquakes were re-evaluated by Camelbeeck et al. (2022). For
the remaining 11 earthquakes, My, was estimated using the empirical relationship between
M; and My, established from the calibration earthquakes. The main source parameters of
the selected earthquakes, along with the number of IDPs and maximum intensities, are
summarized in Table 1; maps of IDPs for each earthquake can be found in Camelbeeck
et al. (2022).

3 Current issues in assessing hazard related to Hainaut seismicity

Seismic activity in the Hainaut region is of great concern for seismic hazard assessment
in the border area between France and Belgium (Drouet et al. 2020; Leynaud et al. 2000;
Martin et al. 2002; Vanneste et al. 2014), and hence for the definition of reference accel-
eration values in the Belgian and French national annexes to the upcoming revision of the
Eurocode-8 building code. For the current hazard maps, two different aspects of this seis-
micity deserve specific research. First, the origin of this seismicity continues to be unre-
solved and controversial (Descamps 2009; Troch 2018). In hazard computations, natural
seismicity is assumed to be a long-term stationary process, whereas seismicity induced by
mining represents only a (past) transient phenomenon. Hence, a reinterpretation of the ori-
gin would strongly modify its contribution to the seismic hazard. Second, in contrast to
the observed strong intensity decay of these earthquakes, partly caused by their shallow
focal depths but also by a stronger attenuation in the upper crust (Camelbeeck et al. 2022),
the influence area of the Hainaut seismicity seems to be overextended in the hazard maps
(Fig. 4). This inconsistency results from the use of GMPEs that are not appropriate for
the specific seismic attenuation characteristics of the Hainaut zone. In this investigation,
we focus on this second aspect and develop a methodology to evaluate what are the most
appropriate GMPEs to use among the numerous published ones. Considering that the shal-
low focal depths in Hainaut (<6 km) are not completely out of the valid range of most
GMPEs and that in our evaluation focal depth is taken into account for any GMPE having a
depth term, divergence between models and data likely reflects a difference between mod-
elled and actual crustal attenuation.

Another aspect concerns the magnitude range of Hainaut seismicity with respect to the
range considered in PSHA. First, even though the magnitudes are rather low, the damaging
character of these earthquakes in a densely populated area implies that they are relevant
from an engineering point of view, and hence should be included in PSHA. This requires a
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Table 1 — Parameters of earthquakes in the Hainaut area used in this study. Numbers in column 1 corre-
spond to numbered epicentres in Fig. 1

Nr ID Date Lon (°) Lat(°) Depth (km) My, Num. IDPs (all /1>2)  Imax
1 449  1911-04-12 392 50.44 24 3.1 54 /21 4.0
2 465  1911-06-01 4.46 50.45 43 39%  37/37 6.0
3 466  1911-06-03  4.45 50.46 1.4 4.0% 11/5 7.0
4 476 1920-01-17  3.82 50.44 1.6 35%  12/3 6.0
5 488  1931-05-09 4.15 50466 0.6 3.0 5/1 4.5
6 505  1936-11-05 4.3 50.47 2.2 33 5/5 4.5
7 517  1940-01-07 4.17 50.47 1.5 3.5 14/14 5.0
8 519  1940-01-09 4.17 50.48 2.8 33 5/5 4.5
9 534 1949-04-03  4.08 50.46 2.2 4.1%  94/70 7.0
10 538  1949-04-14  4.07 50.46 3.7 35 14/8 5.0
11 539  1949-04-14 4.06 50.46 2.4 3.6% 20/9 6.0
12 547  1952-10-21 3.88 50.43 29 3.1 66/ 18 4.0
13 548 1952-10-22 39 50.42 3.0 2.8 64/10 4.0
14 549 1952-10-27 3.87 50.43 35 35 69 /39 5.0
15 562  1954-07-10 3.9 50.44 33 35 48 /32 55
16 582  1965-12-15 4.12 50.45 2.7 4.0 108 / 46 7.0
17 587 1966-01-16 4.24 50.46 2.6 29%  133/21 45
18 588  1966-01-16  4.26 50.47 33 35 128/32 5.0
19 589  1966-01-16  4.26 50.46 2.1 4.0 132/57 7.0
20 597 1967-03-28  4.28 50.46 3.0 4.1 140/ 54 7.0
21 603  1968-08-12  4.21 50.46 2.3 3.6 25/25 5.0
22 606  1968-08-13  4.21 50.46 2.3 39 3717137 6.0
23 607 1968-09-23 4.23 50.46 2.8 32 35/22 5.0
24 608  1968-09-23 4.22 50.47 24 3.0 35/22 4.0
25 612 1970-11-03  4.41 50.41 2.3 3.6 39/26 5.0
26 627 1976-10-24  4.02 50.36 55 39% 59/36 5.0
27 641 1982-09-14 4.24 50.44 35 34%  33/16 4.0
28 651 1983-11-08 5.515 50.628 5.8 4.6 131/131 7.0

Moment magnitudes marked with * are based on empirical relationship with M; established for the Hainaut
area (Camelbeeck et al. 2022)

minimum magnitude not lower than My, =4.0, which more or less corresponds to the stand-
ard used in past national hazard maps. This value ensures that all earthquakes that caused
maximum intensities of VII are included (Table 1). Second, the maximum magnitude hith-
erto considered in Hainaut was generally similar to that in other seismic zones in Belgium,
a value which is significantly higher than the largest observed magnitude. The magnitude-
frequency relation established from the observed magnitudes was simply extended to this
maximum magnitude. However, if seismicity is indeed mining-related, much larger events
would not be expected and a lower maximum magnitude would be more appropriate. It is
thus recommendable to adjust both the minimum and maximum magnitudes in PSHA for
this specific region.

On the other hand, we are also aware that the earthquake magnitudes in our dataset are
close to or just below the lower limit of the valid magnitude range of most GMPEs and
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Fig.4 Seismic hazard map
(PGA, 10% probability of
exceedance in 50 yr) for Belgium
resulting from the SHARE
project (Woessner et al. 2015).
Purple polygon outlines Hainaut
coal basin (but note that its shape
is not exactly the same as the
area source used to compute the
hazard map)
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the question may be raised if our results are representative of the magnitude range used in
PSHA. Still, six earthquakes have My, > 4.0, and if we allow for an uncertainty of 0.2 mag-
nitude units, nine earthquakes have My, > 3.8, representing ~ 59% of the available IDPs. We
will therefore check the validity of our results by comparing them with those obtained with
a subset of our intensity data related to the higher magnitudes.

Given the limited magnitude range of our dataset, it is clear that the selected GMPEs
fitting best with the intensity data should not be indiscriminately applied to much larger
magnitudes. This is not necessarily problematic for PSHA because, as argued above, if
seismicity in Hainaut is indeed mining related, then it is also more sensible to consider a
relatively low maximum magnitude in this area. Likewise, it is appropriate to use the best
matching GMPEs for generating ShakeMaps of past and potential future events with com-
parable magnitudes in this area.

4 Methodology
4.1 Conversion between ground motion and macroseismic intensity

As most significant earthquakes in the Hainaut area occurred during the pre-digital era,
instrumental ground-motion data are scarce. On the other hand, the macroseismic inten-
sity data compiled by Camelbeeck et al. (2022) represent a wealth of data covering more
locations at short distances than would be possible even with the current instrumental net-
work. However, using such data to evaluate GMPEs requires an additional conversion step
between predicted ground motions and intensities using a ground-motion-to-intensity con-
version equation (GMICE).

Several GMICEs are available in literature. They are based on regression between
the logarithm of instrumentally recorded ground motion, commonly peak ground accel-
eration (PGA) and/or peak ground velocity (PGV), and macroseismic intensity (MMI,
MCS or mixed scale) at the same or nearby locations. We evaluated four relations:
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AK?2007 (Atkinson and Kaka 2007), FC2006 (Faccioli and Cauzzi 2006), FM2010 (Fae-
nza and Michelini 2011), and GC2020 (Gomez-Capera et al. 2020). These relations dif-
fer in the intensity scale used, the shape of the regression (linear, bilinear or non-linear),
the region where the data were collected, and the valid magnitude and intensity ranges,
as indicated in Table 2.

Among these relations, AK2007 is the only one that contains optional magnitude and
distance correction terms, derived from the residuals of the regression with intensity.
Although it has been shown recently that the way this magnitude-distance dependency
has been modelled introduces a bias for ground motions away from the median (Gal-
lahue and Abrahamson 2023), our results should not be affected by this bias as we only
convert median values. We first evaluated the effect of these correction terms on the
residuals between observed intensities and median PGA and PGV values predicted by
the GMPE of Akkar et al. (2014), converted to intensity with AK2007 and the other
GMICE:s. The results are shown in Fig. 5. Note that the main point here is not how well
the GMPE fits the observations, as that depends on the GMPE used, but the consistency
(or lack thereof) between the residuals obtained using PGA and PGV, and among the
different GMICEs. The figure shows that applying the magnitude-distance correction
term leads to a better agreement between the residuals based on PGA and PGV. This
is mainly due to a shift in the residuals based on PGA, whereas the residuals based on
PGV are less affected. For all other GMICEs, the results based on PGA and PGV differ
significantly. Based on this finding, we selected the AK2007 relation with the magni-
tude-distance correction for comparing GMPEs with the Hainaut intensity data. How-
ever, our dataset only includes intensities evaluated using the EMS-98 macroseismic
scale. In our analysis, we consider that these intensities would be similar if they were
evaluated on the MMI scale used in AK2007, as it has been shown that these scales are
approximately interchangeable (Musson et al. 2010). In agreement with the lower bound
of the valid intensity range (Table 2) of most GMICEs, we discarded intensity values
of 1 (not felt) in our dataset, decreasing the number of IDPs from 1553 to 802 (see
Table 1). According to Wald et al. (1999), low intensity levels (MMI < VII) correlate
fairly well with both PGA and PGV, but high intensities (MMI > VII) correlate better
with PGV. Considering that our dataset contains intensities up to VII, and that conver-
sion from PGV to intensity using the selected GMICE (AK2007) is less affected by the
magnitude-distance correction than conversion from PGA, we will attribute a higher
weight to the GMPE ranking results based on PGV, although we will compute them for
both intensity measures.

Table 2 Properties of the ground-motion-to-intensity conversion equations (GMICEs) evaluated in this
study

GMICE Region Intensity scale Regression shape Mag. range Intensity range
AK2007 Central US & MMI Bilinear 2.5-7.4 2-9

California
FC2006 Italy MCS/MSK Linear 3.8-7.4 4.5/5-9
FM2010 Italy MCS Linear, bilinear (*) 3.0-6.9 2-8
GC2020 Italy MCS Exponential 4.2-6.8 2-10/11

MMI: Modified Mercalli Intensity, MCS: Mercalli-Cancani-Sieberg, MSK: Medvedev-Sponhauer-Karnik,
(*) denotes regression shape used in this study
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4.2 GMPE testing

In the past two decades, several metrics have been proposed to evaluate the goodness of fit
between a GMPE and observed ground motion. Scherbaum et al. (2004) proposed the LH
(likelihood) measure, which is based on the absolute standardized residuals. It is intended
to quantify the model fit, but also how well the underlying statistical assumptions are met:
if both the mean and variance of the observed and predicted data match, LH is evenly dis-
tributed between 0 and 1. LH can be represented as a histogram but is often reduced to the
median LH, with a value of 0.5 corresponding to a perfect match, whereas lower or higher
values indicate that either the model is biased or that there is a difference between model
variance and sample variance. Another measure, LLH (log-likelihood), based on informa-
tion theory, was proposed by Scherbaum et al. (2009). It is calculated from the probabili-
ties given by the GMPE to predict the observations. Similar to Villani et al. (2019), we
compute LLH with the base-2 logarithm and change the sign of the results to obtain posi-
tive values. Again, the LLH is represented as a histogram, but this time with higher degrees
of skewness towards lower values indicating a better match. Differences in average LLH
between two models are a good estimate of the relative information loss and can be used
to rank GMPEs, which is an advantage over the LH measure. However, LLH doesn’t solve
the issue that it is not possible to distinguish between model bias and different variance of
model and observations. It has also been criticised (Kale and Akkar 2013) for focusing on
models that can accurately represent the aleatory variability of the dataset, and hence for
favouring GMPEs with large standard deviations. To remedy this, Kale and Akkar (2013)
proposed the EDR (Euclidean-based distance ranking) measure, which is composed of
three indexes: (1) MDE (modified Euclidean distance), which represents the total probabil-
ity of the differences between the observed and predicted data over a range of sigma val-
ues, and generally lies between 0.5 and 3.2; (2) Kappa (x), which measures the level of bias
between the median predictions and the overall trend (with ground-motion amplitude) in
the observed data, and the optimum value of which is 1.0; and (3) EDR, which is the over-
all ranking based on both the normalized MDE and \/E . MDE (and hence EDR) is hard to
visualize, but we show the other measures in Fig. 6 for an ideal dataset obtained by random
simulation of ground motions with the GMPE of Akkar et al. (2014) for a range of magni-
tudes, epicentral distances and focal depths. When GMPEs are compared to intensity data,
standardized residuals between observed and predicted intensities are computed using the
combined uncertainty of GMPE and GMICE (Villani et al. 2019). The subplots in Fig. 6
show histograms of standardized residuals (similar to Fig. 5) and of LH and LLH, as well
as a plot of observed versus predicted ground motions and the fitted k value. These provide
a visual means to evaluate the goodness of fit according to these different measures.
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H 3
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Fig.6 Goodness-of-fit measures for an ideal dataset obtained by random simulation (2500 samples). From
left to right: histogram of standardized residuals compared to the standard normal distribution; LH histo-
gram (Scherbaum et al. 2004); LLH histogram (Scherbaum et al. 2009); \/E (Kale and Akkar 2013). See
text for an explanation of the LH, LLH and Kappa measures
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5 GMPE selection

We selected more than 20 GMPEs for the analysis (Table 3). This selection contains
updated versions of GMPEs applied in site-specific PSHA studies in Belgium during the
past decade (Vanneste et al. 2014), GMPEs used in recent national PSHA studies in neigh-
bouring countries like France (Drouet et al. 2020), Germany (Griinthal et al. 2018) and the
United Kingdom (Mosca et al. 2022; Villani et al. 2019), as well as a number of additional
GMPE:s including some developed specifically for induced earthquakes. These GMPEs
can be organized in different “families”, depending on the underlying ground-motion data-
set: Europe (n=4), NGA-West (n=06), NGA-East (n=4), Global (n=1), Japan (n=2) and
local GMPEs developed for specific countries or regions in NW Europe (n=4). Among the
induced-seismicity GMPEs (n=5), Atkinson (2015) is based on a subset of NGA-West2,
Bommer et al. (2019) was developed for induced earthquakes in the Groningen gas field in
the Netherlands, Convertito et al. (2012) for induced seismicity in the Geysers geothermal
field in California, McGarr and Fletcher (2005) for earthquakes induced by coal mining in
Utah, and Douglas et al. (2013) for geothermally induced seismicity (although the authors
note that ground motions from such events cannot be statistically distinguished from those
of natural seismicity). The latter GMPE actually contains 36 different relations, corre-
sponding to different combinations of stress drop (1, 10 and 100 bar), attenuation quality
factor Q (200, 600 and 1800) and high-frequency kappa attenuation factor (0.005, 0.02,
0.04 and 0.06 s). The latter should not be confused with the Kappa score in EDR. In some
national PSHA studies, host-to-target adjustments were applied to the selected GMPEs,
but these were not considered here, except for the host-to-target adjustments of the NGA-
East GMPEs of Campbell (2003) and Toro (2002). The latter were developed in the Euro-
pean SHARE project (Woessner et al. 2015) and applied in site-specific PSHA studies in
Belgium. We applied the standard versions of these GMPEs as implemented in the open-
source hazard engine OpenQuake (Pagani et al. 2014; https://github.com/gem/og-engine).
In several cases, different implementations are available, corresponding to different dis-
tance metrics (e.g., hypocentral or Joyner-Boore distance), assumed stress drop, whether
style of faulting is taken into account, or which horizontal components are used. We tested
all available implementations but show only the one giving the best result. For the Kotha
et al. (2020) GMPE, we considered both the general form and an adapted form for appli-
cation in the 2020 European Seismic Hazard Model (Weatherill et al. 2020). The latter
contains calibrations for five main regions in Europe, but we only considered the default
region 0, as Hainaut is not located in one of the main zones, and no regionalization is
defined for PGV anyway. Two GMPEs are not implemented in OpenQuake: we obtained
code for the Bommer et al. (2019) GMPE from the Royal Netherlands Meteorlogical Insti-
tute KNMI (Kruiver, pers. comm.), and we coded the McGarr and Fletcher (2005) GMPE
ourselves. The former is based on local magnitude instead of moment magnitude; we used
M; values in this case as the M scale in Belgium is very similar to that in the Netherlands
(| AM L| = 0.1 £ 0.2) based on our comparison of both earthquake catalogues. As indicated
in Table 3, some GMPEs are not defined for PGA or PGV, and some of these (mainly
induced-seismicity GMPEs) are not defined for spectral acceleration either. These latter
ones are only included for reference but are not eligible for selection as they cannot be used
for state-of-the-art SHA. For GMPEs containing a site term, we always consider a value
of 800 m/s for Vg3, (average shear-wave velocity in the upper 30 m), which corresponds to
standard rock site conditions. This is justified because in most of the Hainaut coal basin,
either Cretaceous limestones (in the west) or Carboniferous mud- and sandstones (in the
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east) are at or near the surface (Fig. 1); only in the centre, there is a thin (<20 m) deposit of
Tertiary and Quaternary sediments.

6 GMPE testing results and ranking

For each tested GMPE, we compute predicted median ground-motion values (PGA or
PGV) and corresponding uncertainties at the sites corresponding to the observed macro-
seismic IDPs. Earthquake ruptures are modelled as point sources (a valid approximation
considering the moderate magnitudes) at the inferred hypocentres, and assuming a strike-
slip mechanism. These ground-motion values and uncertainties are converted to macro-
seismic intensities and corresponding uncertainties using the selected GMICE. Finally,
goodness-of-fit measures are computed with respect to the observations. The results can
be visualized in plots similar to Fig. 6 for each GMPE separately, but to allow a better
comparison of the performance of different GMPEs, we plot the five goodness-of-fit meas-
ures in spider diagrams, grouped by GMPE family. These are shown in Fig. 7 (PGV) and
Fig. SI-1 in Online Resource 1 (PGA). Note that values in these plots are normalized such
that scores improve outward from the centre of the plot; the real values can be found in
Table SI-2 (PGV) and Table SI-3 (PGA) in Online Resource 1. For the DouglasEtAl-
2013Stochastic GMPE, we only show the relation for a stress drop of 100 bar, Q-factor
200 and Kappa 0.02 s, which resulted in the best scores for both PGV and PGA. The scores
for all forms of this GMPE are listed in Table SI-4 (PGV) and Table SI-5 (PGA) in Online
Resource 1.

To rank the tested GMPEs, we consider EDR as the most important measure, followed
by k, and then the other measures. Based on our evaluation of GMICE performance, we
also consider scores based on PGV more important than those based on PGA, but GMPEs
performing well for both PGV and PGA are ranked higher. The selected European GMPEs
perform quite similarly, with relatively good LH, LLH and MDE scores, but poor EDR and
k scores for PGV. PGA gives better results for LH, LLH and «, but worse for MDE. Overall,
the DerrasEtA12014 GMPE performs best, but its k score is not considered good enough
for inclusion in our selection. The local GMPEs show large variations. We note the good k
score for the RietbrockEdwards2019Up GMPE for both PGV and PGA, but its other scores
are too low. On the other hand, the DrouetAlpes2015Rrup GMPE scores relatively well,
except for k, and the scores also deteriorate for PGA. The NGA-West GMPEs perform very
similarly to the European GMPEs for PGV, i.e. acceptable LH, LLH and MDE scores, but
poor k¥ and EDR scores. For PGA, all scores go down, except those of the BooreAtkin-
son2008Prime GMPE, but its k score is not good enough. Among the NGA-East GMPEs,
the AtkinsonBoore2006Modified2011 GMPE performs best: for PGV, it shows good
LH, LLH and MDE scores and moderate k and EDR scores, which further improve for
PGA. We consider this an acceptable GMPE for selection. The only global GMPE that
we tested shows acceptable LH, LLH and MDE scores, but very poor k¥ and EDR scores
for PGV; most scores improve only slightly for PGA. The Japanese GMPEs can only be
evaluated based on PGA, but their k and EDR scores are too poor. Finally, the induced-
seismicity GMPEs yield clearly better scores than the other GMPE families. For PGV,
both the Atkinson2015 and DouglasEtAl12013Stochastic GMPEs show overall good scores,
including x and EDR; for PGA, these scores even improve along with LLH. Although
their MDE score goes slightly down for PGA, as well as the LH score for the Dougla-
sEtAI12013Stochastic GMPE, both GMPEs are selected. The BommerEtAI2019_GM and

@ Springer



Bulletin of Earthquake Engineering

Europe GMPEs (PGV)
LH

LLH,

Local GMPEs (PGV)
LH

LLH,

—— RietbrockEdwards2019Up
~— RietbrockEtAI2013MagDepen
—— DrouetAlpes2015Rrup

02
\ /0.4
%
2 —— AkkarEtAIRhyp2014
// +— BIndiEtAI2014Rhyp
\ —— DerrasEtAI2014
\ —— KothaEtAI2020
—— KothaEtAI2020ESHM20

MDE

‘06
08
VK

MDE VK

NGA-East GMPEs (PGV)

NGA-West GMPEs (PGV)
LH

LLH,

—=— AbrahamsonEtAI2014

~— ChiouYoungs2014
—— CampbellBozorgnia2014
—— BooreEtAI2014NoSOF
—— BooreAtkinson2008Prime

YenierAtkinson2015BSSA
~— AtkinsonBoore2006Modified

MDE '3

Global+Japan GMPEs (PGV) Induced GMPEs (PGV)

LH

LLH

—— Atkinson2015

+— BommerEtAI2019_GM
—— DouglasEtAI2013Stochastic
—— McGarrfletcher2005

—— CauzzIEtAI2014
MDE '3 MDE VK

Fig.7 Spider diagrams showing goodness-of-fit measures for PGV predicted by different GMPEs converted
to intensity with the AK2007 GMICE with respect to the Hainaut intensity data. GMPEs are grouped by
“family” (see Table 3). DouglasEtAl2013Stochastic GMPE corresponds to stress drop of 100 bar, Q-factor
200 and Kappa 0.02 s. Goodness-of-fit measures are normalized to different minimum and maximum val-
ues (LH: [med(LH) — 0.5]| * 2; LLH: 1.75-3.75; MDE: 1-2; \/E: 1-2.5; EDR: 1-4)

ConvertitoEtA12012Geysers GMPEs also perform very well for PGV and PGA, respec-
tively, but were not selected as they are not defined for spectral acceleration.

Our results indicate that the induced-seismicity GMPEs, in particular the GMPEs of
Atkinson (2015) and Douglas et al. (2013), along with the NGA-East GMPE by Atkinson
and Boore (2006), show the overall best fit with the Hainaut intensity data. Their scores for
both PGV and PGA are shown separately in Fig. 8 (top row), while plots of different good-
ness-of-fit measures are shown in Fig. 9. The latter can be compared to the goodness-of-fit
plot for a GMPE with a particularly bad fit in Fig. 10. We consider these three GMPEs as
the most appropriate ones for seismic hazard assessment in the Hainaut seismic zone. To
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Fig.8 Same as Fig. 7, but for GMPEs with best goodness-of-fit. Left: based on PGV; Right: based on PGA;
Top: using all IDPs (n=_802); Bottom: using only IDPs from earthquakes with My, >3.8 (n=473)
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Fig.9 Goodness-of-fit measures for PGV predicted by final selection of GMPEs converted to intensity
with the AK2007 GMICE with respect to Hainaut intensity data. Top: AtkinsonBoore2006Modified2011
GMPE; Middle: Atkinson2015 GMPE; Bottom: DouglasEtAl12013StochasticSD100Q200K020 GMPE. See

Fig. 6 for explanation of subplots
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Fig. 10 Goodness-of-fit measures for PGV predicted by RietbrockEtAl2013MagDependent GMPE with
respect to Hainaut intensity data. See Fig. 6 for explanation of subplots

verify whether our results are biased by earthquake magnitudes that are too far below the
validity range of the tested GMPEs, we also calculated the scores for the selected GMPEs
using a subset of 473 IDPs associated with earthquakes with My, >3.8. These scores are
shown in Fig. 8 (bottom row). The differences with the full dataset are relatively small,
which validates our approach. However, it should be noted that none of the tested GMPEs
provides a good match. Compared to Villani et al. (2019), who did a similar study using
macroseismic data from the United Kingdom, our best-matching GMPEs yield LLH and
MDE values that are comparable or even slightly better, but the k and EDR scores are
significantly worse than their best scores (\/E : 1.06-1.21, EDR: 1.26-1.27; compare with
Tables SI-2 to SI-5 in Online Resource 1). Similarly, we can compare with the goodness of
fit calculated for the intensity prediction equation (IPE) fitted to the Hainaut intensity data
by Camelbeeck et al. (2022). The plot in Fig. 11 clearly shows a k score that is much better
than that of any GMPE we tested.

Furthermore, we note that none of the ranking methods considers the trend of residu-
als with distance, i.e. the attenuation term of the GMPE. As the k score measures the
trend with increasing observed ground motion, and ground motion generally decreases
with distance, this score could be considered as a proxy for the distance trend, but it
does not indicate whether this trend is positive or negative. We evaluate the distance
trend more explicitly in Fig. 12 for three models: one of the three best-matching GMPEs
(Atkinson215), a poorly fitting GMPE (RietbrockEtAl2013MagDependent) and the
region-specific IPE (CamelbeeckEtA12022Hainaut). Each subplot shows the residuals
rounded to 0.5 degrees (similar to the resolution of the observations) versus epicentral
distance. We compute the average distance trend (thick magenta line) as the weighted
average of the trends of the individual earthquakes (thin lines in different colours). The
weights correspond to the product of the distance covered by the observations (97.5th
percentile) and the number of observations divided by 10, and we require at least 10
observations to contribute. An upward/downward trend indicates that the evaluated

u=-031,0=101 med(LH) = 0.49 IH=212

WA
RO . || A T o N, [ ] i A )
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Fig. 11 Goodness-of-fit measures for the IPE of Camelbeeck et al. (2022) for the Hainaut region. See Fig. 6
for explanation of subplots
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Fig. 12 Distance trends of residuals for different models. Note that residuals have been rounded to the near-
est half degree. Magenta line corresponds to the average distance trend, other coloured lines indicate the
distance trend for individual earthquakes. Left: Atkinson2015 GMPE, Middle: RietbrockEtAl2013MagDe-
pendent GMPE; Right: CamelbeeckEtA12022Hainaut IPE

GMPE attenuates faster/slower than the observed intensities. The average distance
trends of all models are reported (as intensity degrees per 10 km) in Tables SI-2 to SI-5
in Online Resource 1. All tested GMPEs yield negative (downward) distance trends.
For the modelling based on PGV, most GMPEs show distance trends between —1.15
and~—1.5; only the three selected GMPEs which scored best in the other categories,
along with some non-eligible induced-seismicity GMPEs have distance trends close to
-1. This is in good agreement with our earlier observation that intensities generated by
earthquakes in the Hainaut area generally attenuate 3 degrees faster over a distance of
30 km than elsewhere in Belgium. The distance trends based on PGA are significantly
better for most GMPEs, but the selected GMPEs still score among the best (between
—0.39 and —0.67), so there is no reason to adjust our selection.

The differences in distance trend can also be evaluated by directly comparing
observed and predicted intensities as a function of distance for a particular earthquake.
We selected the My, =4.1 1949 earthquake for this purpose, as it has the largest num-
ber of IDPs in the Hainaut region (see Table 1). The results are shown in Fig. 13, again
for three model sets: the three best-matching GMPEs, a GMPE with a particularly bad
fit, and the region-specific IPE. It can be seen that the best-matching GMPEs attenuate
fast at short epicentral distances, but their attenuation curves flatten significantly beyond
10 km distance, in contrast to the region-specific IPE. The limitation of the fit to short
epicentral distances also explains why a GMPE (AtkinsonBoore2006Modified2011) of
the NGA-East family, which is generally characterized by slow attenuation, may still
show a relatively good distance trend with respect to the Hainaut intensity data.

8 8 8
— Atkinson2015 — RietbrockEtAI2013MagDependent N — CamelbeeckEtAI2021HainautiPE
7 ~—— AtkinsonBoore2006Modified2011 7 . +++ Observed IDPs 7 - +++ Observed IDPs
¥ —  DouglasEtAI20135tochasticSD100Q200K020
*+ Observed IDPs - \\ g
P .
2 2 ol
z 25 25
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- - = -
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Fig. 13 Comparison of observed and predicted intensities (converted from PGV to intensity with the
AK2007 GMICE for GMPE models) as a function of epicentral distance for the My, =4.1 1949 earthquake
(ID 534 in Table 1). Left: selected GMPEs; Middle: RietbrockEtA12013MagDependent GMPE; Right:
CamelbeeckEtA12022 IPE
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The limited goodness-of-fit with mainly induced-seismicity GMPEs is in agreement
with the specific characteristics of seismicity in the Hainaut region. This is also the case for
the version of the DouglasEtAl12013Stochastic GMPE showing the best fit: relatively high
stress drop (100 bar), low Q-factor (200) and intermediate kappa-factor (0.02 s), which is
in agreement with the idea that seismicity in the Hainaut region is likely induced (and may
thus be characterized by rather high stress drops) and with higher attenuation than in other
stable crustal areas of NW Europe. However, this does not necessarily prove that the Hain-
aut seismicity is induced. GMPEs for induced seismicity are evidently better tuned to the
magnitude range (M 3-5) and shallow focal depth of seismicity in the Hainaut region, as
well as to the distance range (few tens of km) of our intensity dataset.

7 Impact on seismic hazard

In all PSHA studies currently conducted in Belgium, the particular seismic activity in the
Hainaut area is attributed to a dedicated source zone, which results in a relatively high haz-
ard in this area and around it. The strong observed attenuation of intensities in the Hainaut
area, as well as our comparison between intensity data and predicted ground motions, indi-
cate the necessity to apply specific GMPE:s for earthquakes in this area that better represent
the attenuation there. To evaluate the influence of more appropriate GMPEs on seismic
hazard in SW Belgium and northern France, we compare hazard maps based on our clas-
sical selection of GMPEs for stable shallow crust (SSC) in most of the Belgian territory
(with the exception of the more active Roer Valley Rift System), with hazard maps where
we apply the three best-matching GMPEs resulting from our analysis in the source zone
corresponding to the Hainaut area. In both cases, the same source model and activity rates
in each source are used.

Our current PSHA model, which was developed to evaluate hazard for critical facili-
ties in Belgium in the past decade (Vanneste et al. 2014), consists of a source-model logic
tree and a ground-motion logic tree. The source-model logic tree contains three differ-
ent source models (Fig. 14): (1) the Leynaud_extended model, which corresponds to the
original model of Leynaud et al. (2000) used for the current Belgian national annex to
Eurocode 8 (Bureau de Normalisation (NBN), 2011), extended with area sources from the
SHARE project (Woessner et al. 2015) to cover the entire Belgian territory; (2) the Seis-
motectonic model (Verbeeck et al. 2009) is a revision of the Leynaud model in which the
limits between sources have been drawn in more detail and more closely following known
geological structures and geophysical contrasts; (3) the TwoZonev2 model is a minimalis-
tic model containing only two sources, the Roer Valley Rift System (RVRS) where seismic
activity can be linked to active faults and the “Single Large Zone” (SLZ) closely bound-
ing most seismicity outside the RVRS. In the former two models, the Hainaut area is rep-
resented by a separate zone (“Hainaut” in the Leynaud_extended model; “Mons-Orchies
Basin” in the Seismotectonic model), whereas in the latter model it is part of the much
larger SLZ. Weights of 0.285, 0.330 and 0.385 are attributed to these three source models,
respectively. These weights are a combination of expert solicitation and weights reflecting
the robustness with which magnitude-frequency distributions (MFDs) can be computed for
individual sources. Further in the source-model logic tree, we consider 25 MFDs for each
source reflecting the uncertainty on the Gutenberg-Richter b-value, in combination with 5
Mmax values, obtained for each tectonic region type following the EPRI approach (Cornell
1994; EPRI et al. 2012). The minimum magnitude was set to My, =4.0.
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linked to the selection of GMPEs applied in each source

In the ground-motion logic tree, we consider different GMPE selections for the two tec-
tonic region types (stable shallow crust and active shallow crust) in our source models.
The classical selection for standard-rock conditions in PSHA studies in Belgium is listed
in Table 4. The weights were derived from a semi-objective procedure to evaluate the suit-
ability of each GMPE for application in Belgium. In this study, we compute hazard maps
for different scenarios for the Hainaut area, one in which we apply the same GMPEs as in
the other SSC sources (corresponding to current practice), and one in which we apply the
three best-matching GMPEs based on our analysis (i.e., AtkinsonBoore2006Modified2011,
Atkinson2015 and DouglasEtAI2013StochasticSD100Q200K020) with equal weights.
This will allow evaluating the effect of a GMPE selection that is better adapted to the atten-
uation characteristics of the Hainaut region. In addition, we also consider a third scenario
that takes into account the specific magnitude and depth range of Hainaut seismicity, which

Table 4 Classical selection of GMPEs for standard rock conditions and associated weights used in Belgian
PSHA studies

Stable Shallow Crust (SSC) Active Shallow Crust (ASC)

GMPE Weight GMPE Weight
AtkinsonBoore2006Modified201 1 0.168 AkkarEtA12013 0.288
AkkarEtA12013 0.308 BindiEtAl2011 0.108
Campbell2003SHARE 0.288 BooreAtkinson2008Prime 0.288
FaccioliEtA12010 0.168 FaccioliEtA12010 0.188
ToroEtAI2002SHARE 0.068 ZhaoEtA12006Asc 0.128
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Fig. 15 Comparison of probabilistic seismic hazard maps for PGA in SW Belgium and northern France
computed using different GMPE selections for the Hainaut area. Top: GMPE:s for stable continental regions
similar to the remainder of the Belgian territory (except for the RVRS); Middle: best-matching GMPEs
from this study; Bottom: best-matching GMPEs in combination with adapted depth range and maximum
magnitude for the area source corresponding to the Hainaut region. Left: 475-yr return period; Right: 3000-
yr return period

also constrained the GMPE ranking. Different ways can be envisaged to do this. Here, we
split the Hainaut area source into a shallow and a deep part, with the boundary at a depth
of 7.5 km. In the shallow part, the best-fitting GMPEs are applied and the maximum mag-
nitude is fixed to the highest observed magnitude plus 1 magnitude unit (i.e., My, =5.1),
reflecting the possible mining-related nature of Hainaut seismicity. In the deep part, the
GMPE selection and maximum magnitude are the same as in other SSC area sources.
We thus assume that all deeper earthquakes are natural, the main example being the 1995
M; =4.5 Le Roeulx earthquake (see Fig. 1), which occurred close to the northern limit of
the Hainaut coal basin at a depth of ~24 km. However, as it is not possible to compute the
MED for the deep part, the MFDs of adjacent area sources are redistributed according to
their relative volumes.
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We ran the computations with our custom software built on top of the core python mod-
ule of OpenQuake (Pagani et al. 2014; https://github.com/gem/oq-engine). The results are
demonstrated with hazard maps for PGA and for two return periods: 475 years (standard
return period for normal buildings) and 3000 years (return period more suitable for more
critical, non-nuclear, infrastructure). These maps are shown in Fig. 15. It should be noted
that they are only intended as a proof of concept; they should not be considered as a final
product and certainly do not replace the current hazard map. Simply using more appro-
priate GMPEs for the Hainaut area without other adjustments (middle panel in Fig. 15)
results in a reduction of local seismic hazard compared to the classical GMPE selection
(top panel in Fig. 15): 0.7 m/s* versus 0.9—-1.0 m/s” for the 475-yr return period, and 2.4 m/
s? versus 2.8 m/s* for the 3000-yr return period in the region between the cities of Mons
and Charleroi. The impact seems to be more pronounced for short return periods, and rela-
tively more important in the central Hainaut area compared to the region just outside. If we
also consider a more appropriate magnitude and depth range for the Hainaut source zone
(lower panel in Fig. 15), hazard levels do not necessarily decrease further inside the Hain-
aut region. The effects of a lower maximum magnitude and concentration of the seismic
activity in a shallow source zone appear to counterbalance each other. However, the haz-
ard contours are clearly tighter around the Hainaut region, resulting in lower hazard in the
region just outside. We also found that this third scenario is very sensitive to the maximum
magnitude considered in the shallow Hainaut source. A further reduction of hazard levels
may be obtained if this parameter is revised downward. It is of course difficult to evalu-
ate the reliability of these hazard maps, but the overall lower hazard levels and the tighter
concentration of the highest levels around the Hainaut region are in better agreement with
the maximum intensity maps (Fig. 3). Further adaptations may be considered to take into
account the possible mining-related nature of the Hainaut seismicity, such as a different
temporal occurrence model, but this is outside the scope of this study.

8 Conclusions

Seismicity in the Hainaut area in SW Belgium displays unusual characteristics compared to
other regions in NW Europe: in less than a century the region was hit by a series of moder-
ate-magnitude (My, 2.8—4.1) earthquakes with shallow focus (< 6 km) which were strongly
felt and some of which caused local damage, resulting in a rich macroseismic dataset.
However, there are no known earthquakes before the nineteenth century and seismicity has
decreased significantly since the end of the twentieth century. This may point to a rela-
tion with coal mining in the region, as has been suggested before, but not yet convincingly
demonstrated. If this is correct, this seismicity may be a transient phenomenon, as min-
ing activities have come to a halt. At the very least, seismic hazard in the larger Hainaut
region seems to be overestimated without specific adjustments. In addition, intensities in
the Hainaut area appear to attenuate faster with distance than elsewhere in Belgium, which
suggests that the classical GMPEs used in SHA do not adequately represent the specific
character of seismicity in this area. In this study, we evaluated the goodness of fit of a wide
range of GMPEs with respect to the available macroseismic intensity data through an inter-
mediary conversion with a GMICE. We also defined an additional measure to characterize
the residual trend with distance, which is lacking in literature. Our analysis indicates that
(1) the GMICE of Atkinson and Kaka (2007) with magnitude-distance corrections yields
the most consistent results for PGA and PGV; (2) None of the selected GMPEs show a
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good match with respect to the intensity dataset. In particular, the k scores (Kale and Akkar
2013) are quite poor, and all GMPE:s attenuate significantly slower with distance compared
to the observed intensities; (3) two GMPEs for induced seismicity (Atkinson 2015; Doug-
las et al. 2013), along with the NGA-East GMPE of Atkinson and Boore (2006) show the
best overall fit, although the fit is still far from perfect.

Given the limited magnitude and depth range of the dataset used to rank the GMPEzs,
the selection of best-fitting GMPEs should not be applied indiscriminately in PSHA. It is
thus recommended to constrain the depth and maximum magnitude of the area source cor-
responding to the Hainaut region, which also reflects the possible mining-related nature
of this seismicity. We also recommend setting the minimum magnitude not lower than 4.0
when calculating hazard for normal constructions, in accordance with the damaging char-
acter of these earthquakes. Seismic hazard maps computed with a mix of the best-fitting
GMPEs show a reduction in hazard levels in the area by 20-30% compared to the selec-
tion of GMPEs that we use for stable shallow crust elsewhere in Belgium. If we further-
more constrain seismic activity in Hainaut to a shallow source zone with a lower maximum
magnitude, the overall hazard levels remain similar, but the highest hazard levels are more
tightly focused inside the Hainaut region. We intend to repeat the ranking of GMPEs with
macroseismic data for the remainder of the Belgian territory. Our results will be useful to
guide the GMPE selection for the new seismic hazard map of Belgium as well as for gen-
erating ShakeMaps for future earthquakes in the Hainaut area. Our study is also of more
general interest to regions where it is difficult to evaluate ground-motion models for use
in SHA, but where earthquakes have occurred before the deployment of local seismic net-
works and only macroseismic intensity data are available.
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