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Introduction: This study aims to differentiate local and regional ground uplift, as
well as sub-regional subsidence induced by groundwater level drawdown, which
are possibly enhanced across fault structures, as monitored by various synthetic
aperture radar interferometry (InSAR) processing methods. A buoyant mantle
plume under the Eifel may be responsible for the regional ground uplift, including
the Weser—Geul (BE) and South Limburg regions (NL), which could negatively
affect the area proposed for the future Einstein Telescope.

Methods: Different INSAR processing techniques are compared to evaluate their
limits in tracking fault structures on a time series of Copernicus Sentinel-1images
while detecting and measuring ground motion based on their phase signature.
The results present an overall stable ground for the Euregio Meuse—Rhine region,
especially at the Belgian—Dutch border, while tectonic activity is observed along
the German side of the Rhine Graben.

Results: As the current neotectonic activity in the target area was not well known,
we performed a spatiotemporal analysis of ground deformation associated with
the presence of NW—-SE-trending normal faults where karst also develops, as well
as along the Variscan NE-SW-trending thrust faults. This work demonstrates that
the identification of deformation hazards using satellite remote sensing (and
connected seismological) techniques is challenging mainly due to (very) small
regional scale deformation, terrain conditions, and SAR properties.

Discussion: Thus, the results mostly indicate ground stability over the area;
however, also some agricultural activities were observed, as was deformation
along some infrastructure such as railways. Displacements of millimetric order
measured along the faults located near the Geul valley (BE) are probably related to
old mining activities.

KEYWORDS

Einstein telescope, neotectonics, Lower Rhine Embayment, geomodeling, time series
analysis, SAR interferometry, ground surface deformation
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1 Introduction

Tectonic landforms in northeastern Belgium, located in the most
seismically active region of stable Europe (Figures 1A, B) northwest
of the Alps, are generally modest in stable plate interiors. However, it
appears that the major faults marking the western edge of the Roer
Valley Graben (RVG)—the Feldbiss and Heerlerheide faults—may
extend toward the southeast into the central part of the Stavelot
massif as far as the High Fens (Hautes Fagnes in French) ridge
(Demoulin, 1988). The graben is bounded by the Peelrand fault to
the northeast and the Feldbiss fault zone to the southwest, which are
two active normal fault systems trending NNW-SSE (Camelbeeck
et al,, 2007). Until now, research conducted in the RVG has mainly
been based on geophysical investigations, consisting primarily of

10.3389/frsen.2024.1366944

electrical prospecting and tomography, seismic refraction, and
2000). An
additional method that may be used in geophysical prospecting is

ground-penetrating radar (GPR) (Meghraoui et al.,

high-resolution seismic reflection profiles (Demanet et al., 2000).
These
geomorphological investigations, enable approximate positioning

techniques, in combination with geological and
of the faults. In addition, remote sensing performed by ground
scanning lasers provides additional information about slight ground
movements, which are not otherwise detectable.

Synthetic aperture radar (SAR) interferometry (InSAR) has been
widely used to analyze Earth surface displacement processes such as
landslides, subsidence, and volcanic and seismic phenomena
(Gabriel et al., 1989). Modern-generation SAR satellites obtain a

spatial resolution of several meters (e.g., Sentinel-1) with a revisit
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FIGURE 1

Research area located in Europe (A) on the border of eastern Belgium, western Germany, and southeastern Netherlands (B). Euregio Meuse-Rhine

considered as a possible location of the ET Triangle (C).
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time of some days down to 24h (e.g., Iceye), allowing the
increasingly more reliable detection of differential displacements
which can be used for monitoring and assessing the potential critical
behavior of single structures or infrastructures (Talledo et al., 2022).
Persistent scatterer interferometry (PSI) (Crosetto et al.,, 2016) and
small baseline subset (SBAS) (Li et al., 2022) techniques allow us to
estimate the projection of displacements in the line-of-sight
direction—that is, the displacement component away or towards
the sensor (according to ascending and descending orbits). High-
precision (less than 1cm) deformation monitoring and high
accuracy in target georeferencing can be achieved using PSI (Ullo
et al., 2019). Devleeschouwer et al. (2008) compared PSI to
ENVISAT data between 2003 and 2010 with gravimetry
measurements to reveal an uplift over NE Belgium. Recently, the
European Gound Motion Service (EGMS) Ortho has provided
harmonized information regarding natural and anthropogenic
vertical and east-west ground motion phenomena resampled
with a 100-m spatial resolution over Europe (Crosetto et al., 2020).

A less populated area in the western part of the RVG has been
selected as a candidate to accommodate, at a depth of 250 m, the
future triangular Einstein Telescope (ET, with side lengths of 10 km)
which will observe gravitational waves. Before an international jury
decision in 2025, many criteria must be considered when selecting
the site, including geology, hydrogeology, societal aspects, and the
lifetime and cost of the ET. Geological conditions are difficult to
establish over the large scale of the telescope. Three transverse fault
zones are observed in the north of the Pays de Herve (BE), around
the potential ET area (Figure 1C): 1) the Eupen faulting zone
stretching from the Gueule Valley in the Pays de Herve to the
flanks of the Pannensterzkopf on the High Fens crest; 2) the Baelen
faulting zone stretching from the Gulp valley in the NW to the
western slope of the Botrange peak of Belgium in the southeast; 3)
the Hockai fault zone (HFZ), which forms the western boundary of
the vast network of transverse Neogene and Quaternary faulting
activity (Demoulin, 1988; Camelbeeck et al., 2000). The HFZ in the
south of the ET region produced the largest known earthquake in
Northwest Europe: the 1692 Verviers earthquake with a magnitude
of about 6.3 (Camelbeeck et al, 2000). The NW-SE trending
normal-transverse faults could be seismically active while the
NE-SW trending thrust faults are old (Variscan) inactive
structures. Kreemer et al. (2020) suggested that uplift observed in
this region could be related to a buoyant mantle plume under the
Eifel. The latter could indeed be responsible for the regional ground
uplift, including the Weser—Geul (BE) and South Limburg regions
(NL), and thus could also affect the area selected for the future ET
installation.

The activity of the HFZ is also marked by the presence of
numerous slow-moving landslides in the Battice (Herve) region
(Demoulin and Collignon, 2000; Demoulin et al., 2003; Demoulin
and Glade, 2004; Demoulin and Chung, 2007) and by a series of
aligned but not continuous NW-SE oriented scarps (related to the
aforementioned transverse faults) that can be found between the
Battice and Malmedy regions—the most pronounced being the 150-
m-long and 20-m high Beverce scarp adjacent to an old massive
landslide (Mreyen et al., 2018). The seismic activity of faults in the
eastern ET area is not well-known, but widespread karst phenomena
and the “Calamine-type” (Pb-Zn) mineralization of faults in the
Gueule Valley (between La Calamine and Plombieres) at least hint at
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the presence of numerous tectonic structures (Dejonghe and Boni,
2005). North of the area of interest (AOI), fault reactivation induced
in 1936 by coal mining caused a 0.34-0.4-m vertical displacement of
the base of the plough layer at the Heerlerheide fault, part of the
southern boundary fault system of the Roer graben—the Feldbiss
fault zone (Van Balen et al., 2021).

This study performed a detailed analysis along the numerous
normal (and, partly, also strike-slip) faults crossing the ET area,
focused on the Herve-Aubel-Voeren-Geul region in Belgium and
in South Limburg, the Netherlands. The main hypothesis assumes
that most of these faults are not considered active, which has been
confirmed by remote sensing (InSAR techniques) and ground-based
observation before the implementation of integrated geodetic
reference stations (IGRSs). An IGRS consists of a GNSS receiver
and two InSAR corner reflectors (for ascending and descending
tracks) installed on the same deeply founded monument (Ketelaar
etal., 2020). The advantage of IGRSs is that the accuracy of leveling,
GNSS, and InSAR deformation estimates can be directly cross-
validated because the measurements refer to the same monument
and therefore reflect the same cause of deformation. This scientific
contribution also aims to answer these principal research questions.
Can both PSI and SBAS techniques differentiate local and regional
ground uplift and sub-regional subsidence, possibly enhanced across
fault structures? Do old mine activities also influence the observed
displacement patterns? According to Vervoort and Declercq (2018),
local features such as geological faults can have a secondary effect on
the local variation of the uplift. The processes of subsidence and
uplift are based on completely different mechanisms: are faults
observed in AOI aseismic or SAR sensor resolutions not able to
detect such small displacements? In comparison, clearly visible
neotectonic deformation will be analyzed and inferences will be
made according to the detectability of Earth surface displacements
according to their possible origin(s).

2 Materials and methods

This research focused on determining surface deformation using
SAR
Meuse-Rhine region. The Figure 2 shows the individual stages of

interferometry and geomodeling in the transborder
workflow. The next subsections describe in detail the data used and
their processing, enabling the development of 3D visualization.

2.1 Geospatial data

Temporal series of C-band data have been made freely available
by the joint ESA/EU Copernicus Program; the Sentinel-1A/B (S1)
satellite system, composed of two satellites flying in the same orbit
(693 km altitude) with 180° separation, provide a revisit time of
6 days (12 days for a single satellite). Both are equipped with a
C-band SAR (5.405 GHz, 5.56 cm wavelength), although Sentinel-
1B stopped operating in December 2021. The default acquisition
mode over land is the interferometric wide swath (IW) mode which
covers a swath of 250 km with a spatial resolution of 5m x 20 m.
Satellite imagery (Single Look Complex product) between 2016 and
2022 was used in this research. Sentinel-1 imagery provides popular
satellite data due to its widespread availability. An alternative to this

frontiersin.org
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Proposed research workflow

data may be the COSMO-SkyMed mission, which also monitors the
entire globe but using X-band.

The initial digital terrain model (DTM) of Wallonia has a 1-m
spatial resolution and accuracy of 0.12 m. LIDAR acquisitions were
made between 2013 and 2014. LIDAR DTM was then acquired
between 2021 and 2022 with 0.5 m spatial resolution and the same
accuracy as the earlier DTM. LIDAR DTMs represent the ground
elevation of a given area and exclude all features located on the ground
surface (buildings, bridges, vegetation, vehicles, etc.). LIDAR DTMs
are not characterized by smooth coverage. The DTMs are freely
available on Walloon Geoportal (https://geoportail.wallonie.be/).

Geodata (baselines, geological map, fault zones, karst inventory,
digital elevation models, etc.) are stored on a geoserver available for
the E-Test (https://www.etest-emr.eu/) project, made accessible by
Liege University (ULiege). Geophysical and seismological data are
collected and processed by colleagues at the Geology Department.,
ULiege. Orthophotographs covering Belgium in 2021 are available
by the Public Service of the Walloon region under license.

2.2 Synthetic aperture interferometry
techniques

Algorithms from the two classes of techniques, PSI and SBAS,
have been proposed for comparing ground movement monitoring by
multi-temporal DInSAR. Ascending and descending S1 data were
processed using the InSAR automated Mass Processing Toolbox for
2019).
MasTer was used to produce line of sight (LoS), up-down, and

Multidimensional Time Series—MasTer (d’Oreye et al,

east-west deformation maps. It is based on the combination of CIS
(CSL InSAR Suite) and MSBAS SAR interferometry software (Derauw
et al, 2019), while the results are derived from complex and
unsupervised processing. SAR coherence images were stacked to
calculate average values, extract values below 0.3, and apply a
mask to discard deformation values for these decorrelated areas
(mostly in forested locations). In addition, a double difference
approach between the time series of two points was used, which
allows noise from common sources such as the atmosphere to be
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reduced and the influence of the reference region for the time series to
be eliminated (Derauw et al., 2020). The main principle of this
approach is to subtract the “moving point” from the reference
point to better understand and interpret the physical direction of
the relative ground displacement. In double difference, what we detect
is always a relative displacement of one point with respect to the other.
Considering the reference as fixed is only a hypothesis that may, in
fact, be completely false. The common noise between the points is
subtracted, and thus, the double difference process allows a better
interpretation of the results. Eliminating the noise can reveal very
useful information about the behavior of the detected deformations.
Double difference also allows the detection of the faint displacement
of one point with respect to the other. In this study, the double
difference was used to determine the ground deformation behavior
over time for points located along faults and railways. The data time
series for the extracted points were obtained from the
MasTer platform.

PSI processed with the Delft PS-InSAR processing package
(DePSI) (Van Leijen, 2014; Yang et al., 2017) were exported from
the SkyGeo platform (https://maps.skygeo.com). The results of
Declercq (2020) obtained from the Stanford Method for
Persistent Scatterers—StaMPS (Ferretti et al.,

chain using ENVISAT and ERS data were compared over the

2000) processing

AOI, but too few PSI were obtained to make any clear statement.
Both approaches differ in terms of PS density and distribution.
These two differences are largely because StaMPS performs well in
barren terrain in non-urban areas that are subject to non-linear
deformation and do not have man-made structures, whereas DePSI
performs better in urbanized, more cohesive areas where there are
anthropogenic objects. The Geohazards platform (GEP) allowed us
to extract DInSAR results from the P-SBAS (Parallel Small Baseline
Subset) algorithm developed by CNR-Irea (Cigna and Tapete, 2021).

Sentinel-1 images in ascending (track #88) and descending
(#37) modes from 2016/05 to 2022/08 were considered for
MSBAS processing. DepSI ascending and descending LoS
velocities were recorded between 2017/10 and 2022/10 on
based S1 imagery. P-SBAS results for S1 images are available
as continuous feature layers (e.g., heavy.csv files) from GEP.
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P-SBAS LoS deformation maps from S1 were created for a short
period between 2021/01/01 and 2021/07/24 and between 2020/
12/29 and 2021/07/03 in ascending (#88) and descending (#37)
tracks, respectively.

2.3 3D geomodeling

First, measurements were made over Plombiéres using a Mavic
2 Enterprise Dual UAV to acquire a dense point cloud. The UAV-
based dataset was used to create a smooth high-resolution
orthophotograph and digital elevation model in Agisoft
Metashape Professional Edition Version 2.0 software. For the
surface type, “High field (2.5D)” was chosen, while the parameter
“Face Count: Low” was selected to create about 12 million faces.
Various tests were then performed to determine the optimal texture
for the best visual quality. “Mapping mode: Keep uv” generates a
texture atlas using current texture parametrization and is the one
that allows the most homogeneous color over the covered area. The
“Blending mode: Average” concerns the build of an orthomosaic,
uses the weighted average value of all pixels from individual photos,
and is the most optimal for maximum color coverage. We also used
“Enable hole filling” to avoid a “salt-and-pepper” effect because this
mode interpolates surrounding colors in areas where the texture
atlas has a hole.

After this, ParaView and Cesium for Unreal enabled us to
prepare a 3D geomodel of Plombiéres (south of ET) which could
also be visualized in a virtual environment. While all layers had been
previously analyzed in GIS, ParaView 5.11 (https://www.paraview.
org) was used to select appropriate features’ symbology and
translations, enabling the visualization of InSAR results in a 3D
environment. Whilst raster SBAS results were draped over the
basemap to provide a geospatial overview of the deformation
patterns, PSI-based 1D displacement vectors have been projected
into a 3D plan according to the following unit vector:

(sin O sin a; sin 6 cos a; — cos 0),

where 0 is the incidence angle (about 36° for descending and 38" and
ascending tracks) and a is the azimuthal angle (100,33" for ascending
and 260,11° for descending tracks) of our Sentinel-1 data.

We then accessed the Cesium for Unreal plugin, which
combines the 3D geospatial capability of Cesium with the high-
fidelity rendering power of Unreal Engine, unlocking the 3D
geospatial ecosystem with APIs that represent a full-scale high-
accuracy WGS84 globe. Formerly, geomodels and projected data
with particular symbologies were integrated into Cesium for Unreal
to enable a larger (in scale) and smoother (in resolution)
visualization, including a high-performance photogrammetry-
based geomodel to enable multi-scale result interpretation.

3 Results
3.1 Regional-scale deformation

The multi-temporal InSAR results obtained by the different
methods are presented at both regional and local (e.g., fault,
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infrastructure) scales. MSBAS LoS deformation maps
are represented in Figure 3 with ascending and descending
tracks.

The results do not consider areas below a coherence threshold of
0.3, mostly located in highly vegetated areas. The coherence
threshold was adjusted to the research area by analyzing the
coherence values in vegetated areas. It was thus determined that
a threshold of 0.3 would enable the separation of places with weak
coherence and would allow masking of the InSAR results. MSBAS
results in ascending track (Figure 3A) show higher velocities due to
the nearly parallel uplift direction in the NW-SE-oriented RVG
(~14 km northwards to the AOI) with LoS changes of 10 mm/year,
while descending LoS changes barely reach 6 mm/year in this
area (Figure 3B).

In addition, positive LoS values—about 3 mm/year in both
ascending and descending tracks—corresponding to backfills are
visible at the Cockerill Sambre Chertal, BE (located 12 km
westward of the AOI; see local scale analysis later). Obviously,
the strongest negative LoS velocities—going away from the
satellite—corresponding to subsiding lands are observed
around the Hambach mine in Niederzier and Elsdorf, GE
(located 42 km north-east of the AOI) with peaks of 42.5 mm/
year and 20.3 mm/year in ascending and descending tracks,
respectively. MSBAS deformation rates are below 2 mm/year
in the AOI and are therefore not significant according to the
technique uncertainty.

While P-SBAS results are available as continuous feature
layers (e.g., heavy.csv files) from GEP, we reclassified them to
enable a clear visualization. P-SBAS LoS deformation maps from
S1 taken between 2020/12/26 and 2021/07/24 and between 2020/
12/23 and 2021/07/03, in respective ascending (#88) and
descending (#37) tracks, are represented in Supplementary
SAL. In the

values—representing

Figure ascending  results,
toward the

observed in the north of the AOI, sparsely in the south, and

positive  LoS
motion satellite—are
in the Roer Valley Graben, which could possibly correspond to
an uplift (in the north) and a backfill in the Hambach mine.
P-SBAS results in the ascending track show high negative
velocities—corresponding to movement going away from the
satellite—in the south of the mine (east of the AOI) with LoS
values of about —50 mm/year. In the descending P-SBAS results,
LoS values reach —54 mm/year in this mine area, and positive
LoS values of 50-74 mm/year may correspond an uplift in the
Pays de Herve region (southwest of the AOI). Velocity ranges are
higher than the MSBAS results.

The DepSI results cover a much smaller area than the PSBAS
and SBAS results because the SkyGeo platform does not provide
measurements for Germany. The maximal positive observed
displacement is 38 mm/year and negative 48 mm/yr while
average displacement rates in the AOI (considering coherent
scatterer of high quality between 0.9 and 1) are around 1-2 mm/
year (Supplementary Figure SA2). Displacement rates of more than
2 mm/year occur sporadically both inside and outside the ET
triangle. The velocities below 2 mm/year are in the order of
magnitude of measurement technique uncertainty (Fattahi and
Amelung, 2015) but must be checked by comparing close
neighbors and assessing the noise level.
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3.2 Local-scale deformation along faults location. Time-series analyses were performed along the Gueule,

Gulp, and Heerlerheide faults (Figure 4). Within this research, we
This section shows the local scale of ground deformations on the ~ assumed that the Gulp fault splits into two branches because the
faults which cross or are in the vicinity of one possible ET triangle ~ southern branch may be different according to our geophysical
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FIGURE 4
Geological context of the transborder Meuse-Rhine region.

surveys. Therefore, we henceforth use the name “Hombourg fault”
for this branch.

3.2.1 Multi-temporal analysis along faults crossing
the ET

As presented in the introduction, the ET location is crossed by
two faults named the “Geul” or “Gueule fault” (to the east) and the
“Gulp fault” (in the center). Figure 5 presents how the Gulp fault
affects the Vaals and Gulpen geological formations as well as the
LoS velocity rates according to various InSAR methods. As
represented in Figure 4, the fault may be divided into two
branches according to geomorphological interpretations, while
the national geological map prefers to represent the western
branch diverging in Hombourg village. LoS velocity rates were
extracted according to these two hypotheses (Figures 5A-Dj
Table 1). While all the methods record the same order of
magnitude with variations due to the different period and
reference point considered, positive values are mainly observed
to the north and negative values to the south.

DepSI linear velocities along the Gulp faulting are the highest,
with ranges of 4.89 to —14.69 mm/yr (Figure 5A). It is interesting
that, even if this normal fault had a sub-vertical dip, the highest
positive values corresponding to uplift are observed in the west of
the western fault branch—possibly corresponding to a foot
wall—while the highest negative values are visible on the eastern
side, located to the north (supposing it may refer to the hanging wall
if this deformation is not anthropogenic). P-SBAS results reveal
more negative values to the south and more positive values to the
north (Figure 5B). While MSBAS maps (Figures 5C, D) may also
confirm more positive values visible to the western side of the Gulp
fault whereas negative values are seen in the eastern side, mean
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values are very close to 0 according to the descending track which
shows more vertical deformation.

Table 1 clearly reveals that the DepSI results count an equivalent
number of coherent points to the MSBAS results for the ascending
track (considering coherence values above 0.3) but less with respect
to the descending track. On the other hand, the PSBSA results are
characterized by a much lower number of points than the DepSI and
MSBAS methods.

As part of the Eupen faulting zone (Figure 4), the Gueule fault in
the Pays de Herve (BE) may also be seismically active (Demoulin
and Collignon, 2000). As in Hombourg, some InSAR results (Figures
6A-D) show that highest positive values (corresponding to uplift)
are observed in the west of the western fault branch—perhaps
corresponding to a foot wall—while the highest negative values
are visible on the eastern side, located in Plombiéres. For instance,
DepSI results reveal that negative values between —4 and —7.09 mm/
yr are all located in the east of the Gueule fault (Figure 6A), which is
confirmed by lower mean values to the east in both the ascending
and descending tracks (Table 2).

At this stage, we suggest calculating the relative double
difference (RDD) of displacements to estimate
deformation over two points (e.g, Hbl and Hb2; RWI and
RW2; Gel and Ge3 or Ge5). The location of the extracted points
for analysis is shown in Figure 4. Time series of LoS displacement

relative

values show different trends over time. Changing regression lines
(with a pw_fit piecewise regression) detected with a Bayesian
information criterion (BIC) enables selection of the model which
better represents the set of data points corresponding to specific
InSAR techniques in double difference.

In double difference, what we detect is always a relative
displacement of one point with respect to the other. Considering
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Comparison of INSAR results extracted along Gulp fault with Sentinel-1 (S1) images from 2017/10 to 2022/10 using DepSI (A); S1images processed in
ascending track between 2021/01/01 and 2021/07/24 and descending between 2020/12/29 and 2021/07/03 using P-SBAS (B); S1 reprocessed with
MSBAS between 2016/10 and 2022/08 in ascending (C) and descending (D) tracks.

TABLE 1 Comparison of InSAR results observed on eastern and western sides of possible Gulp faults.

Gulp fault P-SBAS DepSlI MSBAS
2020/12 to 2021/07 2017/10 to 2022/10 2016/05 to 2022/08
Ascending Descending Ascending Descending Ascending Descending
Hypothesis #1 East West East West East West East West East West East West
Mean (mm/year) -0.1778 -0.0093 0.5081 —-0.1613 -0.8251 —-0.7654 -0.8232 —-0.6435 -0.1557 -0.1504 —-0.1557 0.1667
Std. dev. 04553 0.8549 1.5350 1.6920 1.4129 1.6001 2.1310 25407 0.5062 0.5506 05062 | 0.4651
No. of values 57 21 56 70 756 886 767 719 326 370 326 472
Hypothesis #2
Mean (mm/year) = —0.0458 = —0.1252 27482 32335 | 07723 | -0.5961 = -0.6045 = 05741 = -0.1131 = -0.0567 00254 | 0.0262
Std. dev. 04616 05390 18.6216  13.1981 1.6016 2.1751 1.7008 22093 05145 05583 05254 | 0.4398
No. of values 51 66 65 109 1,137 1,544 1,016 1,456 505 562 599 621

the reference as fixed is only a hypothesis that may, in fact, be
completely false. Within the RDD analysis, we assumed that the
second benchmark in each pair is the reference benchmark (Hb2,
RW2, Ge3, and Ge5). Generally, the RDD plots (Figure 7) show that
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MSBAS results are more concentrated around the BIC regression
line than the DepSI results.

In the case of benchmarks located along the Hombourg fault, the
regression line for the MSBAS results and the DepSI ascending path
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Comparison of InSAR results extracted along the Gueule fault with Sentinel-1 (S1) images from 2017/10 to 2022/10 using DepSl (A); S1 images
processed in the ascending track between 2021/01/01 and 2021/07/24 and descending between 2020/12/29 and 2021/07/03 using P-SBAS (B);
S1 reprocessed with MSBAS between 2016/05 and 2022/08 in ascending (C) and descending (D) tracks.

TABLE 2 Statistical analysis of LoS values extracted within a 100-m buffer along the Gueule Fault.

Gueule fault P-SBAS

2020/12 to 2021/07

2017/10 to 2022/10

DepSl MSBAS

2016/05 to 2022/08

Ascending Descending Ascending Descending Ascending Descending

East West East  West East West East West East  West East West

Mean (mm/year) -27635 | -3.2891 | 51642 | 40768 -0.8622 = —06119 = -1.0610 & -05892 = 01919 = -0.0648 | 04618  0.1947

Std. dev. 6.0095 6.1409 8.1787 | 9.2087 1.8613 1.7363 23746 1.0772 05230 | 0.5487 04526 0.5615
No. of values 23 18 26 30 516 398 425 433 147 173 213 231

suggest subsidence of the Hbl relative to the Hb2 benchmark
(Figure 7A). The changing trend is characterized by the
regression line for the DepSI results: a descending path. The
situation is different for benchmarks RW1 and RW2 (Figure 7B).
We observe a slight uplift of the RW1 benchmark in relation to the
RW2 benchmark. In the regression line for the DepSI results, the
ascending path significantly differs from the other methods. The
different trends of DePSI descending for Hb2-Hb1 and ascending
for RW1-RW2 may be due to the location of the benchmark
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(vegetation area) that was selected for the analysis. The last two
plots refer to benchmarks located in the Gueule fault area. The
results of the double difference in both cases look almost the same.
The ascending paths are characterized by the uplift of the
Gel benchmark in relation to the Ge3 (Figure 7C) and Ge5
(Figure 7D). On the other hand, descending paths suggest a
subsidence of the Gel benchmark in relation to the reference
benchmarks Ge3 and Ge5. Based on these plots, it is not possible
to identify the main trend of displacements benchmark Gel.
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FIGURE 7

Comparison of LoS time series calculating relative double differences of displacement between benchmarks in the ET AOI: Hb2 and Hb1 located in
the south and center of the AOI, respectively (A); RW2 and RW1in the railway located in the south of the AOI (B); Ge3 and Gel located on the Netherlands
border and in the south of the AOI in Plombieres (C); Ge5 (located in the south of the AOI) and Gel (D).

LoS displacement velocities of the analyzed benchmarks along
the Hombourg and Gueule faults are less than -2 mm/year. The
Hbl benchmark has lower velocities than the Hb2 benchmark
(-1.95 to —1mm/yr, DepSI and MSBAS, respectively). The
maximum LoS displacement value for RW1 is —3.8 mm/year and
for RW2 is —1.92 mm/year, which were calculated using the DePSI
method. The values for the Gel benchmark range from —0.78
(DepSI) to 1.37 mm/year (MSBAS). On the other hand, the
Ge2 benchmark is characterized by smaller velocity fluctuations,
from —0.81 mm/year (DepSI) to -0.03 (MSBAS), than the
Gel benchmark. Ge5, the last benchmark, has positive values of
074 to 0.97mm/yr (MSBAS) and negative
of —0.54 to —0.47 mm/yr (DepSI) depending on the method used.

values

3.2.2 Multi-temporal analysis along the Roer
Valley Graben

As a comparison with the north-east of the ET AO], the faults
observed in the RVG are characterized by seismicity, scarps, and
displaced fluvial terraces, revealing that they are active. The RVG
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includes the Heerlerheide Fault (Figure 4), which is also part of the
Feldbiss fault zone (FFZ). Coal mining in this region in the 19" and
20" centuries caused general subsidence, sinkholes, and faults. The
occurrence of one of the induced fault scarps at the Heerlerheide
fault location suggests that the upper part of the fault was reactivated
by exploitation (Van Balen et al.,, 2021).

We also calculated the double difference for the points along the
Heerlerheide fault (Figure 8). The benchmarks HE1, HE3, and
HE5 were reference benchmarks within this analysis. In the case
of a double difference between HE2 and HE1, MSBAS and DepSI
regression lines have shown a similar trend, which remains at almost
the same level, but PSBAS results show the opposite trend
(Figure 8A). Results for ascending paths reveal larger double
difference values and faster growth rates over time. The
HE2 benchmark uplifts with respect to the H1 benchmark. The
double difference calculated between HE4 and HE3 is characterized
by the regression lines in the MSBAS and DepSI (only descending
path) methods presenting a similar rate and direction of growth
(Figure 8B). The regression trend for the DepSI method-ascending
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FIGURE 8

Comparison of LoS time series with relative double differences of displacements between benchmarks along the Heerlerheide fault in the
Netherlands. Plots regarding double differences between HE1 and HE2 (A), HE3 and HE4 (B), and HE5 and HE6 (C).

path is comparable to the rest of the results, but the observations
reach lower values. On the other hand, the PSBAS results show a
trend opposite the other results. However, considering the
similarities in the MSBAS and DepSI results, it can be concluded
that benchmark HE4 uplifts in respect to HE3. In the last plot, it is
not possible to clearly identify the displacement direction of the
benchmark HE6 in relation to the benchmark HE5 (Figure 8C).
MSBAS results—descending path and PSBAS results show a positive
trend for a HE6-HES5 double difference. The ascending paths for
both the MSBAS and DePSI methods alternate between uplift and
subsidence. On the other hand, the regression line for the DepSI
method-descending path is characterized by the same value of
velocities over time.

In general, the LoS displacements are characterized by positive
values. We observed that the benchmark HE2 (city of Heerlen) has
the highest displacement rate of 5mm/year (MSBAS). Other
benchmarks reach velocities in the range of 1 to 4 mm/year. In
the case of the DepSI results, the displacement velocities are >3 mm/
year. We observed that the footwall with the benchmarks HE2
(8 mm/year, PSBAS), HE4 (5 mm/year, MSBAS), and HE6 (8 mm/
year, MSBAS) are clearly uplifted compared to the other
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benchmarks. The behavior of the points on the hanging wall of
the fault is not unambiguous: the HE3 and HE5 benchmarks do not
have a dominant displacement trend (the occurrence of uplifts and
subsidence). Only for the HE1 benchmark were dominant positive
displacement rates observed (6 mm/year, PSBAS).

3.3 Signs of anthropogenic activity

Whilst the C-band sensor may also contribute to an assessment
of the potential critical behavior of single structures or
2023)
were also analyzed in the AOI (Figure 9A). In the north of

infrastructures, railways (Poreh et al., 2016; Nettis et al.,

Remersdaal (BE), a strong deformation signal has been observed,
especially with DepSI results (Figure 9B). In fact, the maximum
displacement rates are -11.65 and -14.71 mm/year for the
ascending and descending tracks, respectively (Figure 9B; with
mean values of —1.01 and —1.31 mm/yr; Table 3), corresponding
to a downward deformation and potential critical behavior on this
section of the railways. MSBAS results (Figures 9D, E) show an
alteration of positive and negative results on this section of the
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Comparison of INSAR results of railway north of Remersdaal (BE) represented in its geological context (A) with Sentinel-1 (S1) images from 2017/10 to
2022/10 using DepSl (B); S1 images processed in the ascending track between 2021/01/01 and 2021/07/24 and descending between 2020/12/29 and
2021/07/03 using P-SBAS (C); S1 processed with MSBAS between 2016/05 and 2021/08 ascending (D) and descending (E) track.

railways, while the mean LoS value is positive in the descending
track (Table 3). It is also interesting that P-SBAS results (Figure 9C)
barely show any sign of activity over a short time.

3.4 Landslide hazards

An active landslide zone is located southwest of the Einstein
triangle, in the Pays de Herve in the Battice region (Figure 10A),
which is intersected by the HFZ in the Rechain fault. This region is
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located on the Vaals Clay Formation, under which lie the Upper
Cretaceous Aachen Sands. The probable date of landslide initiation
is about AD 150 in the wettest period of the Holocene. However, the
spatial distribution of the deep landslides and their proposed
mechanism strongly suggest a strong seismic influence due to the
activation of a fault related to the HFZ (see lateral extent of HFZ in
Figure 10A) (Demoulin et al., 2003).

InSAR results are shown in Figures 10B-E. For the MSBAS
results on both the ascending and descending tracks, displacement
rates of less than 3 mm/year were observed in the period
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TABLE 3 Comparison of InSAR results observed on railways in the middle of the potential Einstein Telescope site.

RETIWE, DIToN) PSBAS MSBAS
2017/12 to 2022/10 2020/12 to 2021/07 2016/05 to 2022/08
Ascending Descending Ascending Descending Ascending Descending
Mean (mm/year) -1.010 -1.309 0.064 -0.347 ~0.494 1.495
Std. dev. 1.792 2.066 0.494 ‘ 0.998 ‘ 0.385 44.470
No. of values 354 314 25 ‘ 71 ‘ 441 506

2016-2022 and are therefore not significant according to the  and virtual environment prepared with UE seem a good solution to
technique uncertainty and high decorrelation terrain properties  understanding the 3D deformation pattern (Supplementary Figure
(covered by changing grassland and bushes) (Figures 10D, E). SB1). We defined symbols for individual vectors and raster layers
The situation is similar for the DepSI results from both tracks for ~ (Supplementary Figure SBI1A). In addition, we prepared a draft
2017-2022 because the largest number of observations is in the  menu which included the different layers to be selected for
range of —2 to 2 mm/year (Figure 10B). According to this method,  visualization (Supplementary Figure SB1B). The arrows represent
the maximum velocity rates were equal to 28 and —-29 mm/year  LoS displacements, and their color indicates the method by which
(between 2017 and 2022), whereas MSBAS results did not record  the ground deformations were calculated. The length of the arrow
significant observations. The results of the P-SBAS ascending track  characterizes the magnitude of the LoS displacement. The up or
are prevailingly displacement rates below 1 mm/year for 2020-2021  down direction of the arrow signifies uplift or subsidence,
(Figure 10C). In the same places, the displacement velocities range  respectively.
from 16 to 32 mm/year but for the descending track. The PSBAS Although navigating with a proper headset would be more fluid
velocity ranges are higher than the MSBAS and DepSI results. and quicker for locating points of interest, our keyboard allows us to
Two LIDAR DTMs were also analyzed in this area: the first for ~ explore the different tiles showing upward and downward
2013-2014 and the second for 2021-2022. The difference in  deformation vectors which may go in opposite directions
elevation from these LIDAR DTMs showed significant  according to the InSAR results considered (Supplementary Figure
deformation within the Manaihant landslide (Figure 10F). In the = SB1B). The behavior of LoS displacements indicates that most
remaining landslides, we observed no changes in height. The  vectors point east. Preliminary analyses reveal upward LoS
western part of the Manaihant landslide shows accumulated  vectors near the Gueule fault (Supplementary Figure SB1C).
materials with a maximum height of 5m. The material In addition, we analyzed the horizontal displacement EW
accumulates along parallel lines, meaning that the landslide is  component of the deformation based on the MSBAS results for
moving westward. the location of both IGRSs in Plombieres. Ground deformations in a
In summary, the areas covered by the InSAR results do not  predominantly eastward direction were observed.
indicate increased activity (uplift, subsidence) in the Battice region.
The coherence values at the landslide sites were too low (<0.30) to
consider these results reliable. The main reason for this may be that 4 Discussion
landslides are covered by vegetation, which is a limitation of InSAR
methods or too-rapid rates of landslide movement. However, the This research conducted a detailed analysis along the numerous
difference in LIDAR DTMs has identified Earth surface deformation ~ normal (and partly also strike-slip) faults crossing the ET area focused
of up to 56 cm/year, revealing the activity of the Manaihant landslide ~ on the Herve-Aubel-Voeren-Geul region in Belgium and in South
and its surroundings. Limburg, the Netherlands. We focused on the following areas: the
Gueule and Gulp faults in the Pays de Herve (BE), the Heerlerheide fault
(NL) in the RVG, the railway north of Remersdaal (BE), and an active
3.5 Interpretation of ground displacements  landslide zone in the Battice region (BE). In all areas, ground

in a 3D environment deformations were studied based on the results of the InSAR
technique—particularly the PSI, MSBAS, and PSBAS methods.
Representing the InSAR deformation in a 3D environment Significant positive regional deformations were observed in the

(Figure 11) requires a proper projection of the PSI displacement  RVG area, where the displacement velocities were up to 10 mm/yr.
vectors, while raster SBAS results were draped over the basemap to ~ This deformation signal may be related to the numerous geological
give a geospatial overview of the deformation patterns. faults in this area. Cuenca et al. (2013) used SAR data—ERS-1, ERS-

The geolocated and projected data were then integrated into 2, and Envisat—and the PSI technique and observed most of the
Cesium for Unreal Engine (UE; Figure 11D). The data in the virtual ~ graben uplifts with respect to adjacent horsts at velocities of 1 mm/yr
environment enabled larger-scale and smoother resolution of the  in the Roer graben (1992-2010). In addition, they linked the
visualization, according to which the results were interpreted. Whilst ~ appearance of a larger uplift signal of approximately +4 mm/year
interpreting the deformation field often appears difficult when  in space and time with the cessation of pumping in the Erkelenz
considering the one-dimension LoS direction, the 3D geomodel  coalfield, adjacent to the RVG. Camelbeeck and Meghraoui (1998)
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results for the Manaihant landslide zone.
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Comparison of INSAR results of active landslide area (see also lateral extent of HFZ) in the Battice region (Belgium) (A) with Sentinel-1 (S1) images
from 2017/10 to 2022/10 using DepSl (B), S1 images processed in the ascending track between 2021/01/01 and 2021/07/24 and descending between
2020/12/29 and 2021/07/03 using PSBAS (C); S1 processed with MSBAS between 2016/05 and 2022/08 in ascending and descending (D,E) tracks;
difference of elevation LIDAR 2021-2022 and LIDAR 2013-2014 (F). See also insets in (B—F) located by blue rectangle in maps (A—F)] with respective

concluded that tectonic activity in the RVG appears relatively stable,  of the Hambach mine of about —40 mm/yr. In comparison, Tang
atleast in the last 150 kyr. Within the regional scale deformation, we et al. (2020) detected subsidence greater than —500 mm/yr for 1 year
detected maximum negative LoS displacements in the open-pit area  (2017/2018) over reclaimed areas based on the SBAS technique and
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FIGURE 11
3D geomodel construction. Projected 1D LoS velocities from InSAR results (e.g., from DepSl) into a 3D geomodel in Paraview (A); UAV-based 3D

DEM/ortho (B); 3D geomodel update (C) immersive and participative environment using Virtual Reality—Unreal Engine with Cesium (D).

TABLE 4 Comparison of InSAR results observed on extracted benchmarks inside and outside of the potential Einstein Telescope site.

Name of PSBAS DepSI MSBAS
points
Ascending Descending Ascending Descending Ascending Descending

Mean Std. Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.

(mm/ dev. (mm/ dev. (mm/ dev. (mm/ dev. (mm/ dev. (mm/ dev.
yr) yr) yr) yr) yr) yr)
HE1 595 1.481 1.90 1128 0.34 3217 045 4.483 4.30 8.540 2.02 4479
HE2 8.10 1.844 -245 1.488 2.68 6.048 0.89 2433 526 9.783 2.03 4.788
HE3 7.14 1.807 -0.94 2.000 -0.70 4811 ~L11 5.458 3.10 6.185 0.40 3.763
HE4 -0.07 1.238 -6.52 1.732 112 4953 0.19 4.786 445 7.876 1.50 4126
HE5 3.70 2.094 6.55 1.778 0.99 2.560 0.22 4.699 3.26 6.001 1.30 4.687
HE6 7.95 1.870 7.67 2.489 -0.42 4.009 0.00 2.094 3.46 6.098 1.67 5.100
Hb1 — — — — ~0.40 2.022 -1.08 2917 -0.49 4110 0.16 2.897
Hb2 — — — — ~1.40 5.013 -1.95 5.063 ~1.00 4.594 -1.87 4513
RW1 — — — — -1.38 4385 -3.80 7.491 ~0.67 4220 — 3.922
RW2 — — — — -0.47 4.208 -1.92 5.356 -0.32 4.427 — 3.773
Gel — — — — 0.05 2,653 -0.78 4.097 1.37 5375 -0.13 3.760
Ge3 — — — — -0.81 3.832 -0.15 2.924 -0.20 4452 -0.03 4.021
Ge5 — — — — -0.47 2.203 -0.54 3418 0.97 4707 0.74 4130
Sentinel-1 and TerraSAR-X images. As the main factor of Analysis of InSAR results along the Gulp fault (which could split

subsidence, they indicated a process of compaction of waste in two near the village of Hombourg) showed that points in the
materials. In the ET triangle, we did not observe significant  north are uplifting while points in the south are subsiding. This was
displacement velocities (ie., around 2 mm/yr) and the values also confirmed by the results obtained in the calculation of the
were similar in all InSAR results. double difference made for the benchmarks Hb1l and Hb2, whereas
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the highest positive values were observed to the west of the western
fault branch, possibly indicating a foot wall (Figure 4). Annual
velocity rates of the benchmarks extracted along the Gueule and
Gulp faults were less than -2 mm/yr—an insignificant value.
However, by comparing the velocity values for the extracted
benchmarks along the faults, it can be seen that the Gulp fault
(Hbl and Hb2) near Hombourg is characterized by slightly higher
annual velocities than the Gueule fault (Gel, Ge2, and
Ge5) (Table 4).

A railway line passes through the Gulp fault, from which we
extracted two points for analysis (RW1 and RW2). The
maximum deformation rates were -3.8mm/yr in the
RW1 which  subsided than the
RW2 benchmark (Table 4). Our time series analyses based on
InSAR results along the Heerlerheide fault indicated that its
eastern face is uplifting at a velocity of up to 8 mm/yr (Table 4).

benchmark, faster

In the case of the western wall, the main LoS displacement trend
was not identified. Based on the MSBAS results, we concluded
that the displacement rates decrease towards the south.
According to Van Balen et al. (2021), the vertical coseismic
displacement of the youngest event was around ~0.25m
(17-15ka), while the estimated moment magnitude is around
6.2. Additionally, the Heerlerheide fault experienced a mining-
induced vertical offset of about 0.4 m in 1936 (Heitfeld et al.,
2016). In interpreting the results for the Heerlerheide fault, it
should be emphasized that, from the end of the 19th century to
the first half of the 20th century, coal was mined south of the
Feldbiss fault zone. Van Balen et al. (2021) indicated that the
upper part of the fault was reactivated by deep exploitation. This
phenomenon highlights the fact that a fault is a zone of
structural weakness. Moreover, according to Pottgens (1985),
Caro Cuenca et al. (2013), and Vervoort (2016), re-flooding of
the mines after their closure caused a regional rebound that
continues to the present. The InSAR time series analysis
confirmed the presence of uplifts in the studied region. This
rebound counters only a fraction of the mining which had
induced subsidence, is gradual, and is not confined to the
former mining concessions (Heitfeld et al., 2016). It is worth
noting that the fault has not been reactivated during the re-
flooding of the mines and the resulting surface rebound;
however, this could happen because the rebound is still
ongoing. Considering individual benchmarks along the faults,
we noticed that the Heerlerheide fault is characterized by higher
velocity rates than the Gueule and Hombourg faults when
considering the MSBAS method (Table 4). However, the
DepSI method shows the calculated velocities at a similar
level. The InSAR results obtained are very small and could be
described as insignificant; therefore, we cannot find increased
seismic activity in the analyzed faults, especially Heerlerheide
and Gueule as old mining activity may be responsible for the
observed deformation.

In the Battice area, displacements of less than 3 mm/yr were
observed based on InSAR results for 2016-2022. According to
Preuth et al. (2010), some dormant landslides in this region have
been reactivated by anthropogenic activities such as highway
construction, suburban development, or construction of
industrial sewer pipes. Unfortunately, the inability of InSAR to
analyze ground deformation hazard may be explained by two

Frontiers in Remote Sensing

10.3389/frsen.2024.1366944

reasons. First, it could be due to too-high movement rates, which
the InSAR technique cannot detect because visible steady-state
displacements are limited until 2.8 cm—half the wavelength of
C-band radar wave (Yang et al., 2017). The second reason is the
vegetation coverage (combined with the absence of “stable” built-up
areas) within the landslides, which induces signal temporal
decorrelation.

The first reason is documented by the Manaihant landslide
example, which proved to be active over recent years, while no
meaningful difference in phase values could be obtained.
Moreover, the difference between the LIDAR DTMs indicates
a continuous uplift in the upper (western) part of the landslide
related to a 5 m high (anthropogenic) deposit accumulated over
9 years (2013-2022), corresponding to a displacement rate of
around 56 cm/yr. The Manaihant landslide activity had been
studied by researchers such as Demoulin et al. (2003), who had
also identified earlier partial landslide reactivation with
episodic movements since 1980, at a mean rate of ~20 cm/yr.
Demoulin and Glade (2004) found that most landslides have
been inactive for many years in the Battice area. Only the
Manaihant landslide had been massively reactivated, by
heavy rains on 14 September 1998. This included damage to
two buildings, allocated close to the newly formed 1.5-m-high
scarp above the old head scarp.

5 Conclusion

InSAR techniques allowed us to detect regional and local ground
deformations, revealing trends in the behavior of the LoS velocity
rates. During the study period, velocities of approximately 2 mm/yr
were observed in the ET Triangle area, which are insignificant due to
the measurement uncertainty of the InSAR techniques themselves.
Even the faults crossing this area did not show significant
displacements, which confirms the initial hypothesis of their low
seismotectonic activity. Therefore, we consider the main area of
interest as being relatively stable. Nevertheless, the integrated
geodetic reference stations (IGRSs) installed in February 2023 in
Plombiéres (province of Liége, Belgium) enabled continuous high-
accuracy monitoring of ground deformation to confirm that related
signals are anthropogenic. These two stations are located on either
side of the Gueule fault—one on the library side (PBLB) and the
other on the cemetery side (PBCM). The IGRS was developed and
installed within the
Meteorological, Seismic and Anthropogenic Changes Analysed by
Experiments and  Extended
(Living Planet Fellowship program).

project “Ground Deformation from

Remote  Sensing, Geomatic
Reality—GERMANE”
Additionally, constant monitoring here will enable comparison of
the IGRS results with other measurement methods such as InSAR.
In the case of the RVG-Heerlerheide fault, the detected
deformations seem due to the influence of former mining
activity, probably combined with seismic activity. It should also
be emphasized that, in the Battice area, the main deformation
(proven only by comparison between high-resolution DEMs of
different recent ages with velocities too large for InSAR methods)
is related to the active Manaihant landslide.

Based on our research, we concluded that the main hypothesis
regarding the low seismotectonic activity (of recent and present
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times) of faults located in eastern Belgium has been confirmed using
the PSI and SBAS techniques. InSAR techniques do have some
limitations: 1-D displacement recorded, computational algorithm
and SAR properties, and a lack of results due to the vegetated land
cover and in areas where deformation velocities are too fast (e.g.,
Battice landslide). There are several important aspects to highlight
when comparing PSI and SBAS results. PSI and SBAS measure
different processes: displacements of coherent points at specific
locations vs. spatially distributed deformation, respectively,
revealing homogenous patterns that are less sensitive to
superficial changes due to ground properties varying through
seasons. Permanent (or coherent) scatterers are very rare in the
natural environment (due to missing stable natural reflectors);
this is why the PSI method is most often used in urban areas in
contrast to SBAS. The results of the SBAS method provide a
smoother and more detailed displacement time series, leading to
better representation of the temporal evolution of ground
deformation—also in a natural environment but often less
accurate. Nevertheless, it should be emphasized that both
methods  provide helpful

deformation and can detect

information  about  ground

small displacements (on a
millimeter level) over a relatively long period of time if good
coherence values are maintained.

Finally, the prepared virtual environment containing InSAR
results and geological data enables a better understanding of the
three-dimensional deformation pattern, which may appear very
complex in relation to the actual geological context of the area.
In addition, our research adds value to the ongoing Interreg E-TEST
project (investigating the site for an ET in the area of interest shown
here) and may be of use when the final location of the Einstein
Telescope is determined.

We formulated answers to the research questions presented at
the beginning of the paper.

Can both PSI and SBAS techniques differentiate local and
regional ground uplift, and sub-regional subsidence, possibly
enhanced across fault structures?

PSI results over long time series of acquisitions have not
known any regional ground deformation, only punctual spots
(natural or anthropogenic permanent scatters) corresponding to
mining. On the other hand, SBAS results give additional
information about regional ground deformation observed
inside and around the AOI due to the denser coverage of the
area with points. We did not observe a significant increase in
deformation across fault structures.

Do old mining activities also influence the observed
displacement patterns?

No evidence has revealed that old mining activity influences the
patterns of the observed displacements. The spatial deformation
analysis shows an inhomogeneous subsidence of up to 4 mm/year
for the old galleries in the Plombieres region (BE).

Are faults observed in the AOI aseismic or the SAR sensor
resolution unable to detect such small displacements?

InSAR results give us good insights for understanding the full
deformation picture over the AOI, but limitations in terms of
technicality and deformation significance of the displacements
are very small.
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P-SBAS results for ascending #88 track between 2021/01/01 and 2021/07/
24 (A) and descending #37 between 2020/12/29 and 2021/07/03 (B) with a
coherence threshold of 0.4. Possible Einstein Telescope location

shown in red.

SUPPLEMENTARY FIGURE SA2

DepSl results for ascending #88 track between 2017/10/04 and 2022/10/
26 (A) and descending #37 between 2017/10/01 and 2022/10/29 (B).
Possible Einstein Telescope location shown in red.

SUPPLEMENTARY FIGURE SB1

Preliminary virtual environment including InSAR results presented over
Plombieres (BE) with Unreal Engine software. Visible layers: fault lines,
DepSlI, and SNAPPING results in the ascending mode with basemap from
Cesium plugin. Symbols for individual layers , (A) representation of selection
menu (B), 3D model tiles and vectors (C), and around the Mergelhof street
crossed by the Gueule fault (D).
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Glossary
SBAS Small Baseline Subset
StaMPS Stanford Method for Persistent Scatterers
AOI area of interest
UAV Unmanned Aerial Vehicle
BE Belgium
UE Unreal Engine
BIC Bayesian information criterion
ULiege Liege University
CIS CSL InSAR Suite
WGS84 World Geodetic System ’84
DePSI Delft PS-InSAR processing package
yr year
DInSAR Differential Interferometric Synthetic Aperture Radar
DTM Digital Terrain Model
EGMS European Ground Motion Service
ESA European Space Agency
ET Einstein Telescope
EU European Union
FFZ Feldbiss Fault Zone
Ge Gueule fault
GE Germany
GEP Geohazards platform

GERMANE  Ground Deformation from Meteorological, Seismic and
Anthropogenic Changes Analysed by Remote Sensing, Geomatic
Experiments and Extended Reality

GNSS Global Navigation Satellite System

GPR Ground penetrating radar

Hb Hombourg fault

HE Heerlerheide fault

HFZ Hockai Fault Zone

IGRS Integrated Geodetic Reference Stations
InSAR Synthetic Aperture Radar Interferometry
w Interferometric Wide Swath mode
LIDAR Light Detection and Ranging

LoS Line of Sight

MasTer InSAR automated Mass Processing toolbox for Multidimensional

Time Series

MSBAS Multidimensional Small Baseline Subset

NL Netherlands

PBCM Integrated Geodetic Reference Stations in Plombieres Cemetry
PBLB Integrated Geodetic Reference Stations in Plombieres Library
P-SBAS Parallel Small BAseline Subset

PSI Persistent Scatterer Interferometry

RDD relative double difference

RVG Roer Valley Graben

RW railway

S1 Sentinel-1A/B

SAR Synthetic Aperture Radar
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