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Faults of the Roer Valley Rift System (RVRS) are characterized by seismicity, scarps and displaced fluvial
terraces, showing that they are active. The Heerlerheide fault is part of the southern boundary fault
system of the RVRS, the Feldbiss fault zone (FFZ). During the late 19th and first half of the 20th century
coal was mined in the subsurface south of the FFZ. As a result, general subsidence, sinkholes, and fault
scarplets appeared on the surface. One of the induced fault scarps coincides with the location of the
Heerlerheide fault, indicating that the upper part of the fault was reactivated by the mining. A trench was
opened across the fault to study the mining-induced fault reactivation as well as the tectonic fault
displacement history.

The Heerlerheide fault offsets a 340 ka Meuse river terrace overlain by loess and loess-like deposits of
Eemian to Late Pleniglacial age, including the Rocourt soil, the Eben/Patina discordance and the Nagel-
beek soil complex. At least three tectonic faulting events were reconstructed, which are most likely
surface rupturing earthquakes. However, the two oldest displacements could represent multiple faulting
events. The age of the youngest event is well constrained between 17 and 15 ka. The duration of the time
interval between the penultimate and youngest events is at least 8 ky (the inter-event time is an
important parameter for assessing seismic hazard). The vertical coseismic displacement of the youngest
event was around ~0.25 m; the estimated moment magnitude is around 6.2. This event is more or less
synchronous with the age of events found in other fault trench studies of the FFZ. The timing is roughly
contemporaneous with surface rupturing earthquakes along the northern boundary fault zone of the
RVRS, the Peel Boundary fault zone (PBFZ), and a phase of volcanism in the nearby Eifel area, suggesting a
common mechanism. The timing also corresponds to the start of the glacio-isostatic forebulge collapse,
which has been invoked before to explain earthquake events in the RVRS, and in northern Germany and
Denmark.

Previous studies provided evidence for a Holocene surface rupturing earthquake with an offset of
about 1 m at the Geleen fault in the Meuse valley on Belgian territory, taking place between 2.5 ± 0.3 and
3.1 ± 0.3 ka. The Geleen and Feldbiss faults on Dutch territory experienced faulting during the Late
Glacial e Holocene. The incision and deposition history of a brook crossing these faults suggests an age
around 7.5 ka for this event. However, in contrast, our results for the Heerlerheide fault show no evidence
for Late Glacial e Holocene tectonic fault activity.

We also observed 0.34 m of vertical displacement of the base of the plough layer, which corresponds to
the amount to what was observed at the surface during the mining in 1936, indicating that no fault
motions have occurred afterwards, despite re-flooding of the mines and consequent surface rebound.
However, the fact that the fault was reactivated by subsurface mining shows that it is a weakness zone in
the subsurface, and therefore fault reactivation might occur due to still ongoing rebound. In contrast to
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Fig. 1. Location of the study area in Northwestern Eur
System, URG ¼ Upper Rhine Graben. Coordinate sys
projection.
the tectonic fault displacement, the mining-induced offset was accompanied by downslope movement of
the upper part of the hanging wall, resulting in splaying of the fault tip and crack formation.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Feldbiss Fault zone (FFZ) is the southern boundary fault
zone of the Roer Valley Rift System (RVRS), located in the southern
part of the Netherlands and neighbouring areas in Belgium and
Germany (Figs. 1 and 2; Geluk et al., 1994; Van Balen et al., 2005). In
the Dutch part of the RVRS, the FFZ consists of three faults, which
are just a few km's apart: the Feldbiss fault in the north, the Geleen
fault in the middle and the Heerlerheide fault in the south (Fig. 2).
The faults are characterized by seismicity, scarps and displaced
fluvial terraces, showing that they are active (Houtgast et al., 2002;
Michon and Van Balen, 2005). The displacement histories of the
Geleen and Feldbiss faults, including their past earthquake activity,
have been studied using trenching in the Netherlands (Houtgast
et al., 2003, 2005) and in Belgium (Camelbeeck et al., 2007;
Vandenberghe et al., 2009; Vanneste et al., 2018). In the past there
have been debates about the nature of tectonic fault displacements
along the faults of the FFZ. Houtgast et al. (2003, 2005) favour a
model of gradual, creep-like displacements. Interpretations in
terms of surface-rupturing earthquakes have been put forward by
Camelbeeck et al. (2007), Vandenberghe et al. (2009) and Vanneste
et al. (2018). However, the details of the recent displacement his-
tory of the Heerlerheide fault are thus far unknown.

In the area south of the Feldbiss fault, coal-bearing Carbonif-
erous strata have been mined in the late 19th and first half of the
20th century. The peak mining period was from 1930 to 1965; the
last mine closed in 1974. The coal was mined using the longwall
shearer technique, which involved the intentional collapse of
abandoned, completed parts of the mines (Yavuz, 2004; Vervoort,
ope. RVRS ¼ Roer Valley Rift.
tem is in lat-lon using UTM
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2016). This was applied on multiple, stacked mining levels. As a
consequence of this method, subsidence occurred, resulting in fault
scarplets (thresholds) and sinkholes at the surface (Heitfeld et al.,
2016; Vis et al., 2020). These collapse features have been mapped
during the mining, and many of them are still visible in the land-
scape, despite the levelling by agricultural land use (Fig. 3a and b).
One of the induced fault scarp lineaments coincides with the
location of the Heerlerheide fault (Fig. 3b and c), indicating that the
upper part of the fault was reactivated by themining. Re-flooding of
the mines after closure caused regional uplift, which is still ongoing
(P€ottgens, 1985; Caro Cuenca et al., 2013; Vervoort, 2016). This
rebound counters only a fraction of mining induced subsidence, is
gradual and not confined to the former mining concessions
(Heitfeld et al., 2016). In 2018, a trench was opened across the
Heerlerheide fault near Geleen (Fig. 3c,d,e), to study the mining-
induced fault re-activation in vertical section. However, the
trench was sufficiently deep (~4 m) to also assess the displacement
history on a geological time-scale. Thus, the main objectives of this
paper are to: 1) determine the Heerlerheide fault's tectonic and
mining-induced displacement history based on trench observa-
tions, 2) compare it to the previous results for the nearby Feldbiss
and Geleen faults of the same fault zone, and 3) to re-address the
seismic or non-seimic nature of the fault displacements.
2. Setting

2.1. Tectonics

The RVRS is situated in the northwestern part of the European
Cenozoic Rift System (ECRIS; Ziegler,1992;Michon et al., 2003). The
last extension phase of the ECRIS started at the Oligocene-Miocene
transition (Ziegler, 1992; Michon et al., 2003) and is still ongoing
(Michon and Van Balen, 2005; Van Balen et al., 2005). The RVRS is
part of a slowly deforming area with occasional earthquakes (e.g.
Camelbeeck et al., 2007; Grützner et al., 2016; Kübler et al., 2017).
The Roer Valley Graben (RVG) is located in the central part of the
RVRS (Fig. 1). It is bounded by the Feldbiss Fault zone (FFZ) in the
southwest and the Peel Boundary Fault zone (PBFZ) in the north-
east. These two fault zones, and the continuation of the PBFZ into
Germany, are at present the seismically most active faults in the rift
system (Camelbeeck et al., 2007). The last damaging earthquake in
the RVRS was the Roermond earthquake of 1992 (ML5.8; MS 5.4). It
probably took place along one of the faults of the PBFZ (Van Eck and
Davenport, 1994). Because of this earthquake, paleoseismological
trenching studies were carried out in the decade following it (Van
den Berg et al., 2002; Houtgast et al., 2003, 2005; Camelbeeck et al.,
2007; Vandenberghe et al., 2009; Vanneste et al., 2018). An
important result of these studies was that the time period around
15 ka, during the transition of the Late Pleniglacial to Late Glacial,
has experienced an enhanced number of fault displacement events
(Houtgast et al., 2003, 2005), many of which have been interpreted
as earthquakes. This finding was recently confirmed by a new
trenching study for the PBFZ (Van Balen et al., 2019). The concen-
tration of fault displacement activity during the Late Pleniglacial to
Late Glacial transition has tentatively been explained by the effects
of glacio-isostatic movements, comparable to similar faulting
events in northern Germany and Scandinavia (Houtgast et al., 2005;
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Fig. 2. Location and overview figures. Coordinate system is the Dutch National Grid (RD). a) Digital elevation model showing the large-scale topography around the study area. The
red lines indicate the faults of the Feldbiss faultzone. Bree ¼ location of Bree fault scarp. The position of a) is indicated in Fig. 1 b) Digital elevation model showing the topography
around the study area. The fault trace of the Heerlerheide (HH), Geleen (GF) and Feldbiss (FB) faults of the Feldbiss fault zone are indicated by red lines. Locations of former trench
studies are indicated by numbers: 1 ¼ Houtgast et al. (2005), 2 ¼ Houtgast et al. (2003), 3 ¼ Vandenberghe et al. (2009). GB is the location of the Geleenbeek study by Ruijters et al.
(2015). The position of b) is indicated in a). .(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Brandes et al., 2018; Van Balen et al., 2019; Müller et al., 2020). An
important exception for the FFZ is a ~1 m surface rupturing event,
dated between 2.5 ± 0.3 and 3.1 ± 0.3 ka, evidenced in a trench
across the Belgian part of the Geleen fault (Fig. 2b; Vandenberghe
et al., 2009; Vanneste et al., 2018).

From north to south, the Feldbiss fault zone in the Dutch part of
the RVRS consists of three faults: the Feldbiss, Geleen and Heer-
lerheide faults (Fig. 2b). In the larger study area, the Geleen and
Feldbiss faults behave as overstepping faults: their combined
displacement rate, inferred from fault scarps and displaced Pleis-
tocene fluvial terraces, is constant along strike: Towards the east,
the offset along Geleen fault decreases and the Feldbiss fault
dominates the displacement in the fault zone (Houtgast et al.,
2002). In the western direction, in Belgium, the Geleen fault is at
present the most active fault of the FFZ (Vandenberghe et al., 2009;
Vanneste et al., 2018); it forms the very prominent Bree fault scarp
(Fig. 2a; Camelbeeck et al., 2007). No studies have been performed
yet for the recent tectonic activity of the Heerlerheide fault.
2.2. Coal mining-induced subsidence

Coal has been mined from 1926 to 1967 in the area immediately
surrounding the location of the studied trench. The main mined
areas extended from the south up to the Heerlerheide fault. How-
ever, because of the northward directed dip of the fault, the coal
was also mined in the subsurface north of the surface trace of the
fault, below the fault plane. Mining has taken place at five floor
levels with depths ranging from about 400 to 800 m. The digital
elevation data for the larger study area show NW-SE oriented
scarplets, with offsets in the order of several decimeters (Fig. 3a and
b). These represent surface expressions of relatively small, super-
ficial normal faults caused by the intentional collapse used by the
longwall shearer coal mining technique (Yavuz, 2004; Heitfeld
et al., 2016; Vervoort, 2016; Vis et al., 2020). The most south-
western nearly continuous scarplet spatially coincides with the
location of the Heerlerheide fault. The bundle of scarplets NE of the
Heerlerheide fault scarp, and the also occurring sinkholes, can be
explained by secondary faulting resulting from the combination of
mining at depth and the northward inclination of the fault. The data
on induced scarplets and sinkholes mapped by the engineers dur-
ing the mining have been compiled by Heitfeld et al. (2016). For the
larger study area, the scarplets are indicated in Fig. 4b. Fig. 4c shows
3

the scarplets and sinkholes for the area directly surrounding the
trench site. The Heerlerheide fault experienced a mining-induced
vertical offset of about 0.4 m in 1936 (Heitfeld et al., 2016).
2.3. Stratigraphy

The stratigraphy exposed in the nearby former trenches across
the Geleen and Feldbiss faults consists of fluvial gravel and sand
deposits overlain by reworked loess (Houtgast et al., 2003, 2005).
The fluvial deposits are part of a terrace staircase which has been
carved in to the Mesozoic and Cenozoic bedrock by the Meuse river
(Van den Berg, 1996; Van Balen et al., 2000). In both former
trenches the fluvial deposits are correlated to the Caberg-3 terrace,
which was dated by means of thermoluminescence (TL) to about
250 ka (MIS 8; Huxtable and Aitken, 1985; Van Kolfschoten et al.,
1993; Van den Berg, 1996; Van den Berg and Van Hoof, 2001; Van
Balen et al., 2000). The Heerlerheide fault trench in this study is
located on a next higher terrace level, the Caberg-2 terrace. By
assuming a climatic control on terrace development, the age of this
terrace level is expected to be around 330 ka (Van den Berg, 1996;
Van den Berg and Van Hoof, 2001; Van Balen et al., 2000). Ac-
cording to borehole data available at the geological survey (www.
dinoloket.nl), also this terrace level is overlain by loessic deposits.

The loessic deposits are part of a belt of loessic sediments which
have been lain down in an area extending from northern France,
Belgium, southern Netherlands to the German Rhineland and
beyond (e.g. Meijs, 2002; Schirmer, 2016; Lehmkuhl et al., 2016).
The sources of the loess in the trenches were the nearby flood plain
of the Meuse river, and the then exposed plains of the southern
North Sea and English Channel (Lehmkuhl et al., 2016). After their
deposition, the loess deposits have been reworked by local surface
(runoff) processes such as sheet and shallow channel flow
(Lehmkuhl et al., 2016).

Several studies have shown that within the loessic deposits
major units, paleosols, tephra layers and discordances exist, that are
comparable and contemporaneous over many hundreds of km
(Meijs, 2002; Lehmkuhl et al., 2016; Schirmer, 2016; Zens et al.,
2018). An example of an important and frequently occurring pale-
osol is the Rocourt soil (luvisol) complex which is of Eemian and
EarlyWeichselian age (MIS 5; e.g. Haesaerts et al., 1999, 2016; Meijs
et al., 2012). A second example is the Nagelbeek “tongued” horizon
or Nagelbeek soil complex, which is a humic darkbrown greyish
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Fig. 3. a) Detail of the digital elevation model (with hill shading) showing the area surrounding the fault trench. The topography is characterized by scarplets and depressions
caused by mining. The position of a) is indicated in Fig. 2b) b) Traces of fault scarplets mapped during the coal mining period (Heitfeld et al., 2016). Many of them are still visible in
the present-day topography shown in a). The southern, nearly continuous scarplet coincides with the Heerlerheide fault (HH). Mining-induced sinkholes and an area of subsidence
located in the study area are indicated in light blue. c) Digital elevation model of the study area. Red lines represent scarplets mapped during 1936 and 1941. Offsets and their dates
as measured during the mining operations are indicated. Dots represent the location of drillings. The location of c) is indicated on a) and b). d) Aerial photograph of the study area
presented in c), made after the trench was closed again. The former trench site is visible as a darker coloured rectangular patch. The distinct, NW-SE oriented trace is caused by soil
wetness difference, caused by the Heerlerheide fault. e) Red lines show the locations of scarplets observed during the mining. The grey lines represent the outline of the trench. The
dots are the drillings made before the trench was opened; italic numbers refer to specific drillings 1, 6 and 14 indicated in the profile of Fig. 4; other numbers indicate locations of
Figs. 4 and 8a and b. The location of e) is indicated in c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The panorama photo and drawing of the main trench profile (note that the plough layer was removed before the trench was opened). The profile shows that the Heerlerheide fault was active since the deposition of the sand and
gravel unit up to Present-day. See text for further discussion. The scale shows length along the inclined wall. Hanging wall is on the left, footwall is on the right. The trench wall is inclined by 45� . Red lines represent faults; L1-9 and T1,2,
4 are OSL samples with age results indicted in ka (L2 failed). L7 is not reliable and ignored in further interpretation. T4 has been projected on the section, since it was not taken in this profile. Drillings are indicated by arrows and labelled
with numbers. The dashed orange line on the hanging wall indicates the approximate depth of the top of the sand and gravel unit based on the results of the drillings. A more detailed view of the OSL samples is in S1 and S2. 7 ¼ the
location of Figs. 7 and 8a ¼ location of Fig. 8a. S1, S2a ¼ location of Supplementary Figs. 1 and 2a. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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trundrasol with characteristic cryoturbations at its base (Juvign�e
and Wintle, 1988; Meijs, 2002, 2011, 2012; Pouclet and Juvign�e,
2009; “E4 soil” in Zens et al., 2017, 2018). By correlation to the
GRIP core (Johnsen et al., 2001), the age of the Nagelbeek “tongued”
horizon is suggested to be 21 ± 3ka by Meijs (2011). Using all
available regional age data (e.g. tephra's, 14C, OSL), Zens et al. (2017)
propose an age range of 23.2e25.6 ka for the Eltville tephra un-
derlying the Nagelbeek soil complex, providing a terminus post
quem for the formation of the tongued horizon. Loess deposition
ends at the Late Pleniglacial e Late Glacial transition, and is fol-
lowed by soil formation. Holocene soil formation usually overprints
Bølling- Allerød soils (Lehmkuhl et al., 2016). See Discussion for
further information on the loess stratigraphy in relation to the
studied trench.

3. Methods

The position of the Heerlerheide fault was determined using the
subsurface geological model “DGM” of the geological survey,
available via (www.dinoloket.nl), and LiDAR-based digital elevation
data (www.ahn.nl, version 2; e.g. Michon and Van Balen, 2005). As
a third step, 15 drillings, each a few meters deep, were made to
further constrain the exact location of the fault (Fig. 3c,e; Heitfeld
et al., 2018). The drilling results are, however, coarse, and do not
allow for detailed stratigraphic interpretations. Afterwards it
turned out that the determined fault location corresponded to in-
formation from new aerial photographs (soil moisture differences
and former trench position indicated on Fig. 3d) and to historical
data of scarplet mapping by the mining engineers (Fig. 3b,c,e) (this
information was not available to us before the trenching). The
trench is located at the flank of an area of subsidence (Fig. 3b). The
walls of the 30 m long and 4 m deep trench had a 45� slope. The
trench was documented by means of dGPS, photos and drawings.

Away from the fault, on the downthrown block, 102 samples
were taken in a profile with 5 cm resolution on the inclined trench
wall (i.e. 3.54 cm vertical resolution). The samples were analysed
for grain size and organic matter and carbonate content. The grain
size subsamples were chemically pre-treated in order to remove
organic matter and carbonates (Konert and Vandenberghe, 1997).
Laser diffraction grain size analyses within the 0.15e2000 mm size
range were performed with a Sympatec HELOS KR laser diffraction
particle sizer. Organic matter and carbonate contents for sub-
samples were determined using a LECO thermogravimetric analy-
ser 701 (Heiri et al., 2001). Weight loss (loss on ignition) was
measured as a function of temperature from 25 to 1000 �C of 1e2 g
of homogenized material. Because of the vaporized water content
of the matrix, the first weight loss was at 105 �C. At 330 �C the less
resistant organic material was burned; the remaining more resis-
tant organic material was burned at 550 �C. The sum is here re-
ported as total organic matter content. The subsequent heating to
1000 �C resulted in dissociation of carbonates.

3.1. Radiocarbon dating

A sample for 14C dating was wet sieved over a 200 mm mesh in
the laboratory. Subsequently, bulk plant remains were extracted
from the remaining sample material by use of a binocular micro-
scope. The macro remains were (AMS) radiocarbon dated at the
Beta Analytic laboratory (Miami, Florida) and calibrated using the
Intcal13 curve (Reimer et al., 2013).

3.2. OSL dating

Twelve samples were taken to determine depositional ages
using luminescence dating. Nine samples (L1-L9) were in fine-
6

grained loessic deposits on the hanging wall and three samples
(T1, T2, T4) in coarse-grained deposits on the footwall. Samples
were taken by hammering metal tubes horizontally into the
exposure, and transported to the Netherlands Centre for Lumi-
nescence dating at Wageningen University. Under subdued amber
light conditions, samples were split with one part used for dose rate
estimation (using gamma-spectrometry) and the other part for
paleodose estimation. Depositional ages are obtained by dividing
the palaeodose (amount of ionizing radiation absorbed by the
mineral grains since burial, in Gy) by the dose rate (ionizing radi-
ation absorbed by the mineral grains per thousand years, Gy/ka).
Methods for both dose rate and palaoedose estimation are similar
to those we used previously (Van Balen et al., 2019), and not
repeated in detail here. Similar to our previous work, we use a
combination of quartz OSL dating (e.g. Rhodes, 2011) for samples
up to approximately 100 ka (L1-L9), whereas we adopt feldspar
post-IR IRSL dating (Thiel et al., 2011) for older samples where
quartz OSL signals are saturated (L1, L2, T1, T2, T4).

For dose rate estimation, we determined activity concentrations
using gamma-ray spectrometry. Water contents as measured on
the sampled material were used for determining water attenuation
(between 6.6 and 20.9% by weight), and for the quartz OSL dated
samples immediate burial to present depth was assumed for
calculating the cosmic ray contribution. For the feldspar extracts
gradual burial was assumed, and an additional contribution from
internal potassium and rubidium is included following Kars et al.
(2012). The assumed burial histories are based on preliminary
OSL ages, indicating that the upper part of the sequence was
deposited relatively rapidly, while there is a significant hiatus
below.

For paleodose estimation, the quartz fraction of 125e180 mm
was prepared using standard chemical methods, wet-sieving and
magnetic separation (Porat, 2006). Equivalent dose measurements
weremade on small aliquots (1mm, about 50 grains), using the SAR
protocol (Murray and Wintle, 2003) with a preheat/cutheat com-
bination of 260/220 �C and an early background approach
(Cunningham and Wallinga, 2010). With this procedure, a given
dose could be accurately recovered (dose recovery ratio 0.95 ± 0.02,
n¼ 26), while the average D0 value was estimated at 64 ± 7 Gy (D0
is indicative of the onset of saturation, i.e., it characterizes the shape
of the saturating exponential dose response curve). For each sam-
ple, measurements were repeated until at least 26 aliquots passed
standard acceptance criteria. With the exception of sample L7,
equivalent dose distributions showed little scatter (overdispersion
according to the Central Age Model (CAM, Galbraith et al., 1999;
provided in Table 1)) and were normally distributed. Hence we
used a simple mean after rejection of outliers using an iterative
procedure, removing those estimates deviating more than two
standard deviations from the weightedmean. Results for sample L7
indicated a bimodal distribution, with the older component likely
reflecting the time of deposition, and the younger component a
post-depositional disturbance (e.g. mole hole). For samples L1, T1,
T2 and T4 no reliable paleodose estimation was possible as absor-
bed doses were greater than 2*D0.

Potassium-rich feldspar extracts of 125e180 mm (L1) or
212e250 mm (T1, T2, T4) were obtained through standard chemical
methods, wet-sieving, and density separation at r¼ 2.58 kg/dm3. A
post-IR IRSL SAR sequence was used for palaeodose estimation
(Thiel et al., 2011), with Preheat and Cutheat at 320 �C for 60 s, IR
bleach at 50 �C for 100s, and post-IR IRSL readout at 290 �C for 500s.
Other parameters and analysis were identical to those detailed in
Van Balen et al. (2019). Dose recovery was determined to be
1.19 ± 0.04 (n ¼ 12) which was deemed sufficient. No anomalous
fading correction was used, as the post-IR IRSL signal used is ex-
pected to be (near) stable. It should be noted though that even a
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Table 1
Summary of luminescence dating results (FS and Q denote paleodose estimation on feldspar or quartz fraction, respectively).

Sample NCL
code
31180-

Depth
(m)

Paleodose (Gy) Dose rate
(Gy/ka)

Age (ka) Mineral and
reliability

Comments (sub)
unit

L9 09 1.30 45.3 ± 1.4 2.98 ± 0.11 15.2 ± 0.7 OK Iterated De (CAM OD 14 %) III D
L8 08 1.74 51.7 ± 1.8 2.95 ± 0.11 17.5 ± 0.9 Q, Likely OK Iterated De (CAM OD 21 %) III D
L7 07 2.08 47.8 ± 2.0 3.05 ± 0.11 15.7 ± 0.9 Q, Questionable Iterative mean after manual cleaning of dataset (from OD 36 % to OD

15 %), admixture of 8 ka
III D

L6 06 2.39 53.4 ± 2.1 3.08 ± 0.12 17.3 ± 0.9 Q, OK Iterated De (CAM OD 17 %) III D
L5 05 2.67 54.5 ± 1.6 3.00 ± 0.10 18.2 ± 0.8 Q, OK Iterated De (CAM OD 15 %) III D
L4 04 2.94 66.1 ± 2.3 2.80 ± 0.09 23.6 ± 1.1 Q, Likely OK Iterated De (CAM OD 19 %) III C
L3 03 3.17 61.4 ± 1.9 2.76 ± 0.09 22.3 ± 1.0 Q, OK Iterated De (CAM OD 17 %) III C
L2 02 3.39 138.8 ± 6.8 2.91 ± 0.10 47.6 ± 2.9 Q, Questionable Iterated De (CAM OD 46 %; 51 % > 2DO) III B
L2 02 FS, not OK Insufficient material for dating III B
L1 01 3.71 171.8 ± 10.6 2.95 ± 4.2 58.2 ± 4.2 Q, Questionable Iterated De (CAM OD 46 %; 51 % > 2DO) III A
L1 01 414

(�48, þ55)
3.83 ± 0.14 108

(�13,þ15)
FS, Likely OK General order fitting, no fading correction III A

T1 10 3.42 970
(�217, þ338)

2.94 ± 0.11 330
(�74,þ115)

FS, Likely OK General order fitting, no fading correction II

T2 11 2.91 1097
(�139, þ172)

3.20 ± 0.12 343
(�45,þ56)

FS, Likely OK General order fitting, no fading correction II

T4 12 3.66 1494
(�290, þ481)

3.36 ± 0.12 445
(�86,þ146)

FS, Likely OK General order fitting, no fading correction I
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small fading correction assuming a fading rate of 1 % per ‘decade’
would result in 30e50 % higher ages for these samples, with one
sample even beyond the datable age range.

4. Results

A panorama photo and drawing of the southeastern trench wall
are depicted in Fig. 4. The location of the trench, its topographic
setting and relation to the fault scarplets mapped during the coal
mining are indicated in Fig. 3c, d and e. The trenchwas opened after
removal of the plough layer (Ap-horizon), which had to be pre-
served separately. However, exposures of the plough layer and
underlying silt layer were still available for study next to the trench
(locations indicated in Fig. 3e). Detailed photos and figures of these
exposures are provided in separate figures, see below. In addition to
the exposed stratigraphy, drilling results have been used to corre-
late the top of the two coarse grained units between the hanging
wall and the footwall.

4.1. Trench stratigraphy

Based on texture, the sediments exposed in the trench were
divided into 3 main lithostratigraphic units (Fig. 4). From base to
top: unit I, a grey gravel sequence; unit II, a reddish and yellowish
sand and gravel sequence; and an upper unit III, consisting of red-
brown and yellow-brown silts.

The units I and II were only exposed in the footwall (apart from a
small area immediately next to the fault); information about these
units on the hanging wall was available from drillings (Heitfeld
et al., 2018). Unit III was exposed all along the trench. Based on
the presence of soils, discordances, cryoturbations and sedimen-
tological characteristics (Figs. 5 and 6), this silt unit was subdivided
into subunits A to D. All units and subunits have been sampled for
OSL dating. In addition, silt unit III has been sampled for grain size
and thermogravimetric analyses (TGA).

4.1.1. Unit I
This lowermost unit is a massive, sandy gravel deposit. The base

of the unit was not exposed and not drilled. The top of the unit is at
approximately 7.5 m depth on the hanging wall and 3 m on the
footwall (drilling 6). The minimum thickness inferred in the trench
is around 2 m and in the drillings about 2.7 m. No imbrication and
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no bedding was visible in the trench exposure. One ~10 cm thick
coarse sand layer was present, which was sampled for OSL (sample
T4).

The pebbles consist of quartzite, milky quartz and flint. Most
gravels are sub-rounded; only some are sub-angular (e.g. the flints).
In the trench the unit was fining upwards: at the base the average
gravel sizewas about 10 cm (maximum size was around 40 cm) and
at the top the average size was a few centimeters (maximum size
was around 5 cm). The top of the gravel unit is wavy. At the contact
with the overlying unit II large pebbles (up to ~10 cm) are present.

OSL Sample T-4 was taken from a ~10 cm thick layer of coarse
sand in this unit (Fig. 4, Supplementary Fig. 2). The post-IR IRSL age
for the gravel unit is 445 (�86,þ146) ka (Table 1).
4.1.2. Unit II
This unit consists of a lower, yellow gravelly, silty-sand subunit

and an overlying red gravelly, silty-sand subunit. In the trench the
maximum combined thickness of the unit was about 2 m on the
footwall. On the hanging wall the coarse drilling results indicate an
average thickness of 3 m, with a range of 1.8e3.5 m.

The contact between the two subunits is irregular, wavy, just
like the contacts with under- and overlying units I and III. Both
subunits have a gravel layer at the top; the most pronounced is the
upper one, at the contact with the overlying silty unit III (these
gravel layers have probably resulted in stratigraphic mis-
interpretations for some of the gravel layers in the drillings by
Heitfeld et al. (2018), who assign them to the top of the gravel unit
I). The undulating contacts between the two subunits and to the
over- and underlying units are probably due to periglacial loadings
(Fig. 5f).

OSL Sample T1 was positioned in the middle of the yellow
subunit (Fig. 4, Supplementary Fig. 1). The post-IR IRSL age is 330
(�74, þ115) ka. OSL sample T2 is in the middle of the red subunit.
The post-IR IRSL age of this sample is 343 (�45, þ56) ka.
4.1.3. Unit III
The upper silt unit was well-exposed in the trench. It mainly

consists of fine-grained deposits; the median grain size is
30e50 mm (Fig. 6). Based on erosional unconformities, soil hori-
zons, and differences in colour and texture, the unit is subdivided in
4 subunits, A to D (Fig. 5a).



Fig. 5. Photos the units and subunits. a) overview of the subunits III A, B, C and D, in the middle part of the main trench profile, before the sampling. b) detail of subunits III A, B, and
C along the secondary, antithetic fault. Pencil for scale. c) impression of subunits III C and D, with the Nagelbeek tongued horizon. d) subunits III A, B, and C in the western part of the
main trench profile. e) detail of subunits III A and B at the main gully in the central part of the trench profile, showing small-scale cross-lamination. f) periglacial loadings in unit II.
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4.1.3.1. Subunit III A. This subunit consists of clayey, blueish-grey,
homogenous silt deposits with orange iron-oxide and dark-grey
manganese oxide nodules (Fig. 6b, d and e). The median grain-
size is 30e35 mm. The CaCO3 and Orgtot have fairly low values of
8

0.85 resp. 1.6% weight. The subunit is at least 1.75 m thick (based on
combining trench exposure information with data from drillings).

Subunit III A is interpreted as loess deposits in which a gley soil
developed. These are likely primary (not reworked) loess deposits,



Fig. 6. Median grain size, carbonate and organic matter content for the units depicted in Fig. 4, sampled with 5 cm resolution along a depth profile on the inclined trench wall. The
sampling locations are next to the OSL samples L1 to L9. Details are shown in Supplementary Fig. 1.
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since they are homogeneous and no lamination nor bedding was
observed. The subunit is present on the hanging wall, and in the
fault zone, but it lacks on the footwall. OSL sample L1 yielded an
unreliable quartz OSL result, but could be dated by post-IR IRSL
providing an age of 108 (�13,þ15) ka. The soil likely formed during
the Eemian and EarlyWeichselian (MIS 5). Thus, deposition and soil
formation occurred at the same time.

4.1.3.2. Subunit III B. This subunit also only occurs on the hanging
wall. The base of the unit is gully-shaped, indicating it was formed
by incision in to subunit III A (Fig. 4). The thickness of the subunit
varies from 0 to 0.6 m. The internal, cm-scale layering conforms to
the outline of the base of the subunit. In addition, small-scale cross
lamination (Fig. 5e) was observed in this subunit, indicating (re)
deposition of the loessic sediment by (shallow) flowing water. In
the northern part of the trench a grit bed, i.e. a layer consisting of
loess clasts, occurs. The grit deposit has foresets (~10 cm high),
directed towards the fault (Fig. 5d). Cm-sized gravels occur at the
top and base of the foresets. The median grain size of the silt de-
posits is around 40 mm (Fig. 6). The CaCO3 and Orgtot values are
fairly low, 0.8 resp. 1.4% weight. The top of the subunit is a discor-
dance, characterized by sub-rounded, 3e4 mm size gravels.

One frost crack was present within subunit III B; 2 small frost
cracks occur in the top, extending downward from the upper,
gravelly discordance (Fig. 5a).

Subunit III B is interpreted to represent the infill of an incised
gully with reworked loess that formed during cold climatic
conditions.

OSL sample L2 taken near the central part of this subunit failed
to produce reliable results. Nearly half of the quartz equivalent dose
estimations was beyond the reliable range of 2D0, while there was
insufficient material for feldspar post IR IRSL dating.

4.1.3.3. Subunit III C. This subunit consists of layered silt deposits
with an average thickness of about 1 m on the hanging wall, and
rapidly thinning on the footwall. The lower boundary with subunits
III A and III B is a gravelly, sub-horizontal discordance. The wavy,
cm-scale internal layering of the subunit consists of alternations of
reddish brown, yellowish brown, and grey brown silts (Fig. 5b,c,d).
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A layer of small pebbles occurs in the upper part of the subunit.
However, the gravel layer at the base contains more pebbles which
are also larger. The upper boundary of the subunit is strongly
deformed by cryoturbations. The subunit is coarser than subunit III
B (Fig. 6); the median grain size varies between 40 (top) and 55 mm
(base). The Orgtot and CaCO3 values are similar to those of subunit III
B.

The subunit is interpreted as reworked loess deposits, because
of the larger grain size and laminated character.

OSL samples have been taken near the base (L3) and top of the
subunit (L4). They resulted in ages of 22.3 ± 1.0 ka and 23.6 ± 1.1 ka,
respectively, indicating that the subunit was deposited quite
rapidly during the Late Pleniglacial (MIS 2).
4.1.3.4. Subunit III D. This fine-grained subunit consists of three
parts. At the base it consists of strongly deformed silt deposits, with
a dark grey colour (Fig. 5a and c). These deposits transition into the
second, main part of the subunit, consisting of light grey -yellowish
silts without stratification (only some vague large scale banding
was observed), andwith lower Orgtot and CaCO3 values, and slightly
larger median grain size (Fig. 6). Towards the top the colour
changes to dark reddish brown and dark grey. In this part, the
median grain size is around 35 mm, and the Orgtot and CaCO3 values
are around 2.0 and 0.9 wt %. The top of the subunit is the present-
day surface. The maximum thickness of the subunit is around 3 m,
being thickest on the hanging wall.

The basal part of subunit III D is strongly deformed, including
the contact with subunit III C (Figs. 4 and 5a and c). The intensity of
the deformations rapidly decreases upwards. The tongue-shaped,
downslope (to the NE) directed deformations are best explained
by cryoturbation (involutions). The lower median grain size values,
the dark colour and the higher organic carbon content indicate that
the basal part of subunit III D represents a soil. The overlying main
part of the subunit is interpreted as aeolian silt deposits, i.e. pri-
mary loess (¼ not reworked) because of its homogeneous and
massive character. The increase in organic content and change in
colour in the upper part of the subunit is interpreted to be the Late
Glacial - Holocene luvisol (Bt horizon). Note that the plough layer
was not sampled and, therefore, not depicted in Figs. 4e6, because
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this layer was removed before opening of the trench.
Five OSL samples were analysed for this subunit. Sample L5 at

the base, in the lower part of a tongue, has an age of 18.2 ± 0.8 ka.
Sample L6, and L8 in the middle of the subunit resulted in
respectively 17.3 ± 0.9 ka, and 17.5 ± 0.9 ka. Dating of sample L7, in
between L6 and L8, was problematic due to a bimodal equivalent
dose distribution. Interpretation results in apparent ages of around
16 ka for time of deposition, and a bioturbated component of
around 8 ka. However, both ages are regarded as not reliable and
ignored in further interpretation. The highest sample, L9, near the
base of the luvisol resulted in an age of 15.2 ± 0.7 ka. All together,
the OSL results show that the subunit was deposited in a short time
interval during the Late Pleniglacial. A14C sample from bulk organic
material from the basal part of a cryoturbation tongue resulted in
a14C age of 31790±180 BP (corresponding to an Intcal13 calibrated
age of 36149e35242 cal BP). This result shows that the organic
material in the tongue-shaped cryoturbations consists of reworked
organic deposits, and is not derived from contemporaneous
vegetation.

4.2. Faults

The main fault offsets all stratigraphic units, and can be traced
up to the surface of the trench (Figs. 4 and 7). In a separate exposure
next to the trench, the fault was found in the base of the plough
layer (Fig. 8a). The average fault dip is 75� towards the northeast
(050/75). At the base of the trench wall the fault is a single plane.
Further upwards it splays, offsetting subunit III A, and juxtaposing
it against the gravel and sand unit II on the footwall. Here the fault
consists of multiple branches and the fault core is thicker. At the
level of subunit III C and the base of subunit III D the fault has a
single plane. At approximately 1 m below the original surface
(0.6 m below the top of the trench surface) the fault splays again
(Fig. 7). One splay has the same dip and offset as the fault at larger
depth. The other splay dips and offsets in the opposite direction
(Figs. 7 and 8a). These upper fault-splays offset the plough layer by
about 0.35m. Awedge-shaped part of the plough layer is present in
the top of the profile enclosed by these fault-splays (Figs. 7 and 8).

In the hanging wall, a small antithetic fault offsets the subunits
III A, B, and C (Figs. 4 and 5b). This fault could not be traced towards
the surface (despite the stratification) nor towards the base of the
trench.

5. Discussion

5.1. Correlation to the regional stratigraphy

The massive sandy gravel deposits in unit I are fining upwards.
According to regional drillings (www.dinoloket.nl), the deposits are
regionally extensive, with a fairly constant thickness. The unit
contains sub-rounded pebbles consisting of (Revinien) quartzite
and flint, which are characteristic for deposits formed by theMeuse
river. Based on these characteristics, the unit is interpreted as a
Meuse terrace deposit (e.g. Van den Berg, 1996), comparable to the
former trenches across the Geleen and Feldbiss faults (Fig. 2b;
Houtgast et al., 2003, 2005) and in line with the geomorphological
data, see below. The overlying unit II consists of gravelly, silty-sand
deposits. This unit is also regionally extensive; it is present in the
trench (exposed and in drillings) and in the regional drillings,
indicating that it is not a local colluvial or slope deposit. The gravel
beds in this unit indicate that the (original) depositional environ-
ment of this unit is also fluvial. In addition, the occurrence of this
unit on top of the gravelly unit I is in agreement with the fining
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upward trend of pebbles observed in the latter. Therefore, we
interpret unit II to essentially represent the upper part of Meuse
river terrace deposits. However, unit II is clearly multi-genetic: It is
characterized by peri-glacial loadings (Fig. 5f; also internally), thin
gravel beds are present, indicating erosional phases, and clear
fluvial stratification is lacking. Based on geomorphological position,
units I and II can be correlated to the Caberg-2 terrace (Van den
Berg, 1996; Houtgast et al., 2003), which, by correlation to MIS
10, has an estimated age of around 330 ka (Van den Berg, 1996; Van
Balen et al., 2000). Taking into account the uncertainty in the OSL
ages, the age ranges for the OSL samples in the units I and II are in
agreement with this age estimate. We interpret the red colour of
the upper part of unit II to be the result of (multiple cycles of) soil
formation. This hypothesis is supported by the large age difference
with the overlying silt unit III, indicating a long period of non-
deposition and/or erosion.

The silt unit III overlying the terrace is much younger. The blue-
ish grey fine silt subunit III A can, because of its characteristics and
OSL age constraints, be interpreted as a soil of Eemian and Early
Weichselian age (MIS 5), which can be correlated to the Rocourt soil
(Meijs, 2002; Schirmer, 2016; Lehmkuhl et al., 2016). At our study
site the soil is a gleysol, whereas the Rocourt soil is typically a
luvisol. This difference can be explained by wet conditions at our
study site.

Subunit III B, the infilled gully, could not be dated, and cannot be
correlated to previously described loess units. Based on the small
gravels and frost cracks and on the OSL ages of overlying subunit III
C, the discordance situated at the top of subunit III B, and locally,
where B is absent, on top of subunit III A, can be tentatively
correlated to the regional Patina discordance (named after wind-
polished, patinated pebbles; Meijs et al., 2012). This discordance
is also known as the Eben discordance (Schirmer, 2016); its age is
slightly younger than the Eltville tephra (Zens et al., 2017). Sedi-
ments surrounding this tephra have been dated many times at
many localities in Western Europe, using different techniques (e.g.
Juvign�e and Wintle, 1988; Pouclet and Juvign�e, 2009; Schirmer,
2016; Zens et al., 2017). Bayesian age modeling yields a tephra
deposition age between 23.2 and 25.6 ka (Zens et al., 2017). How-
ever, we did not encounter the characteristic Eltville tephra in the
trench.

Subunit III C resembles the Kesselt layer of Schirmer (2016),
which is described as an up to 1m thick unit consisting of reworked
loess deposits, redeposited as a variegated mixture of loess,
decalcified loess and soil material, with sand and gravel. Elsewhere,
the Kesselt layer overlies the Eltville tephra, see above. The OSL
dates of c. 23 ka of subunit III C are in agreement with this corre-
lation. Nearby, in Romont, the reworked sediments of the Kesselt
layer were OSL dated to 25.0±2.1 ka (Zens et al., 2018).

The basal part of subunit III D, a soil characterized by tongue-
shaped cryogenic deformations, can be correlated to the regional
soil complex of the Nagelbeek “tongued” horizon. Our OSL age re-
sults, 18.2±0.8 ka (L5) at the base,17.3±0.9 ka (L6) in themiddle and
17.5±0.9 ka (L8) just above this subunit, are in agreement with the
proposed ages for the horizon (e.g. Meijs, 2011; Zens et al., 2017).

The main part of subunit III D consists of aeolian, unstratified
loess, and can therefore be correlated to the Brabant loess (Meijs,
2002, 2011, 2011; Schirmer, 2016; Zens et al., 2017),
which is in agreement with the age of 15.2±0.7 ka for OSL sample
L9. Like elsewhere, the upper part of the Brabant loess, and thus
subunit III D, has been altered by Late Glacial - Holocene luvisol
formation. According to Jongmans et al. (2013), clay illuviation was
only possible in the Netherlands during the Late Glacial; the Ho-
locene climatic conditions are less suitable for the clay-illuviation

http://www.dinoloket.nl


Fig. 7. Detailed photo and drawing of the main fault (note that the plough layer was removed). The dashed line represents the base of the Late Glacial - Holocene luvisol and the full
line corresponds to the top of the Nagelbeek soil horizon (could not be determined for the rest of the trench profile). The Heerlerheide fault splays in the lower part and in the
uppermost part.
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Fig. 8. Photos and drawings presenting the fault in and just below the plough layer, showing displacement of the Late Glacial - Holocene luvisol and the base of the plough layer.
The locations of the subfigures are shown in Fig. 3e a) The base of the plough layer (Ap-horizon) is displaced by about 0.35 m. A crack opened in the top of the fault; it is filled with
plough layer sediment. Pieces of cokes (product of heated coal) and a pebble were present in the crack filling. Location indicated by 8a in Figs. 3e and 4. The section is vertical. b)
Similar situation as in a), on the opposite side of the trench (northwestern trench wall). In the foreground is the trace of the crack on the horizontal section. Location indicated by 8 b
in Fig. 3e c) View of the study area after removal of most of the plough layer, but before opening of the trench. Darker colours delineate part of the plough layer that subsided in
between the main fault (left) and a secondary fault. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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process.
5.2. Sequence of events

Based on the reconstructed depositional environments and the
observed fault offsets of the different stratigraphic units, we are
able to reconstruct the sequence of events (Fig. 9). The event history
was derived by considering Fig. 7 as the end eresult, i.e. the accu-
mulation of all depositional and faulting events starting from
terrace deposition. We have been able to make the reconstruction
by stepwise removing the deposits and by un-displacing them,
starting from Fig. 9i (based on Fig. 7). However, we present the
results forward in time. Below we first summarize important ob-
servations and their implications for the reconstruction.

1) the top of the fluvial terrace deposits (units I and II) is sub-
horizontal, except on the hanging wall directly next to the fault.
12
This exception could indicate either a fault splay (not visible),
fault propagation folding, or a colluvial wedge. If it is a colluvial
wedge, then this implies a paleo-fault scarp.

2) subunit III A is present on the hanging wall and in the fault core,
but not on the footwall. This could imply complete erosion of
this subunit on the footwall. But on the other hand, it could also
imply that the subunit was not deposited on the footwall. In that
case, subunit Awas deposited on the hangingwall against a fault
scarp. In this scenario the soil in this subunit can be correlated to
the soil in the top of unit II on the footwall (although that soil is
the result of many soil-formation cycles). This seems to us the
most likely hypothesis, as it is in agreement with observation 1).
In addition, if subunit III A would have been completely eroded
from the footwall, wewould expect to find abundant loess clasts
as erosion products in the overlying sedimentary units III B and
III C. Although such clasts do occur, the small quantities make it
unlikely that large-scale erosion took place.
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3) because subunit III A is present in the fault core, the fault must
have displaced and splayed after deposition and soil formation
in this subunit, but before deposition of subunit III C, as that
subunit is not present in the fault core.

4) the thickness of subunit III C gradually decreases from hanging
wall to footwall. This implies the unit was deposited on a slightly
sloping levelled surface and no fault displacement took place
during deposition.

5) the basal part of subunit III D, the Nagelbeek soil complex, has a
nearly constant thickness. This implies the unit was deposited
on a nearly levelled surface and no fault displacement took place
during deposition.

6) the top of the Nagelbeek soil complex has more vertical
displacement (0.60 m) than the base of the Late Glacial - Ho-
locene luvisol (0.34 m). The base of the Late Glacial-Holocene
soil has nearly the same displacement as the base of the
plough layer (0.35 m, Fig. 8a), which in turn has about the same
magnitude as what has been measured during the mining
(0.4 m, Fig. 3c). The implication is that about 0.25 m tectonic
fault displacement occurred after the Nagelbeek soil complex
was formed, but before the Late Glacial e Holocene soil
formation.

The reconstruction starts with the last stage of the deposition of
fluvial terrace deposits at about 340 ka (MIS 10), shown in Fig. 9a.
This should be close to the abandonment age of the terrace. During
the next long time step, between 340 and 130 ka (from MIS 10 to
the transition of MIS 6e5), depicted in Fig. 9b, the fault has dis-
placed and a colluvial wedge was deposited against the paleo-
scarp. The formation of the colluvial wedge implies some erosion
on the footwall occurring at the same time. The coarse drilling re-
sults on the hanging wall provide a variable depth to the top of unit
II of about 4.5m and a thickness of around 3m. On the hanging wall
the thickness of unit II is about 2 m, implying ~1 m of erosion. The
reconstructed vertical offset of ~2.7 m (Table 2) is based on the
height difference between the top of unit II on the hanging wall and
the restored top on the footwall, corrected for younger
displacements.

During the next step, during MIS 5 and shown in Fig. 9c, subunit
III Awas deposited against the fault scarp. Soil formation took place
in this subunit and in unit II on the footwall. Because of the gravelly
discordance with subunit III C and the incision by subunit III B, the
top of subunit III A must have been higher than what is preserved.

Subsequently, fault displacement takes place after deposition of
subunit III A, but before formation of the Patina discordance and
deposition of subunit III C (Fig. 9d). The new steep branch devel-
oping in this stage could be either a result of the new free surface
(reset by erosion) or of the presence of the colluvial wedge. The
vertical offset of ~0.5 m is based on the offset of unit III A, corrected
for younger displacements. Because subunit III C has a gradually
decreasing thickness no fault scarp and also no faulting occurred
during its deposition (25e20 ka; Fig. 9e).

The basal part of subunit III D, the Nagelbeek soil complex, has a
constant thickness on the footwall and hanging wall, implying no
faulting and hardly any relief during this time period (Fig. 9f).
However, the cryogenic tongues are clearly directed towards the
NE, implying at least several degrees of slope during periglacial
conditions.

During deposition of the remainder of subunit III D, 0.25 m of
tectonic displacement occurred (Fig. 9g). Late Glacial - Holocene
soil formation took place afterwards (Fig. 9h) and was followed in
recent times (1936) by 0.34 me0.4 m mining-induced faulting
(Fig. 9i). Afterwards, the fault scarplet was levelled by ploughing.
The amount of displacement is the same as what has been mapped
during the mining, showing that in the past decades no fault
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displacement has occurred. The mining-induced offset was
accompanied by downslope movement of the upper part of the
hanging wall, resulting in splaying of the fault tip and crack for-
mation. A slope is still present in the landscape (Fig. 3a,c).

A summary of determined fault offsets is listed in Table 2.

5.3. Paleoseismological implications

The oldest reconstructed faulting episode is not very well con-
strained in time, it occurs somewhere between 340 and 130 ka. In
addition, there is not much evidence for the type of fault move-
ment. The colluvial wedge and paleo-fault scarp indicate that
displacement likely has been abrupt, but it does not provide in-
dications for the number of events. The base of the colluvial wedge
would represent the event layer of the oldest displacement. But it
was not exposed. The timing of the next faulting episode in our
trench is slightly better constrained, between 110 and 25 ka. The
sharp fault strands through the part of subunit III A in the fault core
are indicative of abrupt fault displacement, favouring an interpre-
tation as one or more surface rupturing earthquakes. But unfortu-
nately, due to strong erosion by the base of subunit III C, it cannot be
established that the observed offset is the result of one or multiple
events. Other displacement type indicators (e.g. a colluvial wedge)
are lacking. The event layer corresponds to the boundary between
subunits IIIA/B and subunit C, the regional Patina discordance.
Erosion during formation of this discordance can explain the lack of
other displacement indicators. The reconstructed amount of offset
is ~0.5 m (Table 2), which, if it was one event, would imply a
moment magnitude of about 6.5 (Wells and Coppersmith, 1994).
The final tectonic fault displacement is reconstructed to amount to
~0.25 m and is well constrained to the period 17e15 ka (Table 2).
This short period of time suggests that it was a surface rupturing
earthquake, and based on the offset it indicates a moment magni-
tude of about 6.2. Unfortunately it was not possible to identify the
event horizon or possibly associated colluvial wedge in the massive
and pedogenized loess of subunit III D. The larger amounts of offset
for the two oldest events compared to the youngest indicates that
the older ones might represent multiple faulting events. The results
do not allow determining precise inter-event times, which is an
important parameter for assessing seismic hazard. Only aminimum
duration of the time-interval separating the last and penultimate
events can be concluded, which is 8 ky (25e17). In the future, a new
trench situated on a youngerMeuse terrace might give such results.

5.3.1. Paleoseismological correlation to other trenches

The FFZ has been active since at least Early Mesozoic time,
during several rifting and inversion episodes of the RVG (e.g. Geluk
et al., 1994; Deckers et al., 2021). Therefore, considered at a crustal
scale, the FFZ is a prominent weakness zone, whereby the different
constituting faults represent its branching towards the surface. In
the Dutch part, the FFZ comprises from north to south the Feldbiss-,
Geleen and Heerlerheide faults (Fig. 2a and b). Further west, in the
Meuse valley, the continuation of the Geleen fault in Belgium is the
Neeroeteren fault; the Heerlerheide fault continues as the Rotem
fault (Vandenberghe et al., 2009; Vanneste et al., 2018; Deckers
et al., 2021). The two faults join to form the Bree fault scarp
further west (Fig. 2a). All these faults have been studied in the past
using trenches (Figs. 2b and 10), except for the Heerlerheide/Rotem
fault. Our study allows for the first time a comparison.

The one or more earthquake events during the time-period
between 340 and 130 ka found in the Heerlerheide trench are
synchronous with the oldest event documented in trench 4 near
Bree (Fig. 10; Camelbeeck et al., 2007; Vanneste et al., 2018) and in
the Geleen fault trench of Houtgast et al. (2003). However, the age



Fig. 9. The reconstructed sequence of events. The schematic reconstructions are based on Fig. 7. The thick black line represent the surface. a) deposition of the terrace sand and
gravel deposits (units I and II) by the Meuse river at 340 ka. b) after abandonment by the Meuse, down faulting of the terrace, erosion of the footwall and deposition of a colluvial
wedge against the scarp occurred. The formation of the colluvial wedge likely indicates sudden, abrupt fault movement. c) Following deposition of the colluvial wedge, loess-like
fine-grained sediments are deposited against the scarp (subunit III A), in which a luvisol is formed. Soil formation also affected the upper part of the fluvial terrace deposits. d) the
top of subunit A is incised. Subunit B, consisting of reworked loess elike sediments, is deposited in the incised gully. A next phase of erosion erodes the top of the gully fill, subunit B,
and again, the top of subunit A, forming one levelled surface characterized by small pebbles, the Patina/Eben discordance. Sometime before the erosion, before or after deposition of
subunit III B, fault displacement created a steep, new branch in the upper part of the fault; a part of subunit III A is from now in the core of the fault zone. Surface offset is levelled by
erosion. Faulting might have been abrupt, because of the straight and clear fault traces, but no colluvial wedge has been preserved. e) Subunit C is deposited on a slightly sloping
surface as evidenced by the gradual thinning from hanging wall to footwall. During deposition it was not affected by faulting. f) the basal part of unit D was deposited and cry-
oturbated (Nagelbeek soil complex), with similar thickness on hanging wall and footwall. This implies no fault movement during its deposition. g) the upper part of subunit D is
thinner on the footwall then on the hanging wall, indicating a fault displacement event occurring during deposition. A colluvial wedge associated with this displacement could not
be identified in the massive and pedogenized loess. h) the Late Glacial- Holocene luvisol is formed. i) the plough layer is displaced by mining-induced faulting, and a small crack
formed in the tip of the fault, indicating sliding of the plough layer. Afterwards, the scarp is levelled by ploughing and soil erosion. The base of the Late Glacial- Holocene luvisol is as
much displaced as the plough layer is.

Table 2
Fault displacement episodes. Vertical displacements are corrected for
younger offsets.

Time interval Vertical displacement

1936 0.34 (trench) - 0.4 m (surface)
17e15 ka 0.25 m
110- 25 ka ~0.5 m
340-130 ka ~2.7 m
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constraints are not good enough to make a detailed correlation.
For the inferred event(s) between 110 and 25 ka a detailed

correlation to other trenches is also not possible due to the large
time interval. Nevertheless it seems likely that there have been
multiple events: Houtgast et al. (2005) found two mass wasting
events (solifluction) dating from this time period; indicating two
earthquake events for the Feldbiss fault. For the Geleen fault,
Houtgast et al. (2003) documented three potential earthquake
events, the oldest evidenced by a colluvial wedge, and the younger
two by mass wasting (solifluction). For the Geleen fault at the Bree
scarp, three consecutive colluvial wedges were formed after
101 ± 10 ka and before the Last Glacial Maximum, indicating in-
dividual displacements between 0.3 and 1m (Vanneste et al., 2018).

The surface rupturing event during the 17e15 ka time interval is
well correlatable: it also occurs in the results of every trench study
for the FFZ (Fig. 10). For the Felbiss fault near Born (Fig. 10), a 0.21 m
offset occurred during the deposition of a unit dated between
22.8 ± 1.6 and 13.5 ± 1.0 (Houtgast et al., 2005). For the Geleen fault
near Born (Fig. 10) an earthquake during this period is evidenced by
fluidization structures (dikes, flames) dated at about 15 ka
(Houtgast et al., 2003). According to Houtgast et al. (2003), no fault
offset occurred during this event. Instead, the sequence with
14
fluidization structures is covered by a new sequence lacking flu-
idizations, but with a similar, slightly younger, age. Because the two
sequences are faulted by the same amount, Houtgast et al. (2003)
conclude that a small time-interval occurred between earthquake
fluidization and surface rupture, during which the thin, non-
fluidized sediment sequence was deposited. However, from their
profiles it is clear that some fault splays terminate exactly at the
boundary between the two sequences, which indicates that this
boundary could represent an event horizon, evidencing that a
surface rupture occurred during fluidization. The faulting affecting
both sequences would then represent a younger event. In the
Meuse valley, the penultimate event at the Geleen fault (Rotem-2,
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Fig. 10) is dated between 18.2 ± 1.3 ka and 15.9 ± 1.1, its offset is
about 0.4 m (Vandenberghe et al., 2009; Vanneste et al., 2018). For
the trenches along the Geleen fault at the Bree scarp, Vanneste et al.
(2018) suggest an age close to the last Glacial Maximum (19e14 ka)
for the penultimate event, with an offset of 0.33 m.

We did not find evidence in the Heerlerheide trench for tectonic
Late Glacial or Holocene displacement at the Heerlerheide fault,
because the base of the Late Glacial-Holocene luvisol and the base
of the plough layer show the same amount of displacement. This
contrasts with the results of the trenches at the Feldbiss and Geleen
faults. In the Meuse valley trenches across the Geleen fault, the age
of the youngest events was well constrained. The last event was
between 2.5 ± 0.3 and 3.1 ± 0.3 ka and had an offset of about 1 m
(Vanneste et al., 2018). The age of the youngest event for the Geleen
fault along the Bree scarp is not well constrained, but should have
occurred during the later part of the Holocene because of displaced
soil horizons. At the fault the offset is 0.12 m, but at the larger scale
displacement is 0.8 m if flexuring is taken into account (Vanneste
et al., 2018). At the Feldbiss fault near Born a vertical displace-
ment of 0.63 m has taken place, postdating the youngest loess
deposit (dated at 13.8± 1.0 ka; Houtgast et al., 2005). For the Geleen
fault at Born, the base of the primary loess deposits (the upper part
of our unit III D) is flexed (Houtgast et al., 2003), but no faults could
be discerned, which might be due to the homogeneous character of
the deposits, or the limited amount of displacement (i.e., flexing as
an effect of fault-propagation folding). These Late Glacial-Holocene
displacements at the Feldbiss and Geleen faults cannot be attrib-
uted to mining-induced reactivation, because they are located
outside the former coal mining area. Further constraints for the
timing of these fault displacements can potentially be derived from
an incision and infilling event by the Geleen-beek, a brook which
crosses these faults (Fig. 2b), just downstream of the Feldbiss fault.
The incision and infilling of this brook were OSL-dated. The 1e3 m
deep incision into loamy alluvial fan deposits postdates 8.1 ± 0.7 ka,
the subsequent fluvial sand infilling started before 7.0 ± 0.5 ka (an
additional sample resulting in 7.7 ± 0.6 ka is also available, but is
not preferred because of archeological arguments; Ruijters et al.,
2015). The rapid incision followed by sedimentation, and the
slightly higher fluvial energetic conditions implied by the increase
in grain size, cannot be attributed to human impacts or to climate
change, leaving the effects of an earthquake around 7.5 ka as the
most likely explanation (Ruijters et al., 2015).

5.3.2. The impact of glacio-isostasy on faulting during the Late
Pleniglacial-Late Glacial transition

A concentration of fault displacements in the RVRS during the
Late Pleniglacial-Late Glacial transition determined in trenches was
already noted by Houtgast et al. (2005). They attributed it to the
effects of glacio-isostatic movements. Fault movements for this
time-period were also found in later trench studies by
Vandenberghe et al. (2009) for the Geleen fault, and by Van Balen
et al. (2019) for the Peel Boundary fault zone at Bakel (Fig. 10),
the northern boundary fault zone of the RVG. The timing of these
faulting events is in agreement with independent evidence for a
forebulge and its collapse based on sea-level data (Kiden et al.,
2002), fluvial response of the Rhine river (Busschers et al., 2007)
and glacio-isostatic modeling (e.g. Vink et al., 2007). Forebulge
decay causes bending stresses which may stimulate the slip of
faults, depending on their orientation and on the ambient plate-
tectonic stress conditions (Muir-Wood, 2000; Hampel et al., 2009).

Glacio-isostatic movements have also been invoked before to
explain earthquake events in northern Germany and Denmark
(Sandersen and Jørgensen, 2014; Brandes et al., 2012, 2015, 2018,
2015; Müller et al., 2020). Remarkably, the glacio-isostatic effects
on faulting did not occur during the phase of early deglaciation of
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the Scandinavian ice sheet (SIS) at ~19.0 ka. Instead, the timing of
the faulting events is co-eval with the large-scale recession of the
southern SIS margin at about 14.6 ka, which is likely a response to
the abrupt onset of the Bølling-Allerødwarm interval (Rinterknecht
et al., 2006; Cuzzone et al., 2016; Stroeven et al., 2016). Glacio-
isostasy not only impacted the timing of earthquakes. Dating re-
sults on volcanic eruptions in the nearby Eifel show that also these
events are triggered by glacio-isostatic motions. The youngest se-
ries of eruptions started at around 15.5 ± 1.1 ka ago, the last event
occurred 10.940 ± 90 cal BP (note, the famous Laacher See Volcano
eruption dates at 12.960 ± 140 cal BP; Schmidt et al., 2017).

In addition to glacio-isostasy also plume-induced uplift likely
has contributed to fault activity. Ahorner (1962) and Houtgast and
Van Balen (2000) showed that fault displacement and subsidence
rates in the RVRS increased during the Pleistocene. Recently, Gold
et al. (2017) showed that fault displacement rates in the eastern
part of the RVRS have increased since 700e800 ka, which is coeval
with increased uplift rate in the adjoining Ardennes-Eifel area. This
domal uplift in the Ardennes-Eifel has been attributed to the rise of
a mantle plume centred at the Eifel volcanic area (Van Balen et al.,
2000; Demoulin and Hallot, 2009). Recently, the link between
plume-induced uplift and increased faulting activity has been evi-
denced by Kreemer et al. (2020) using GPS data. They were able to
show that the eastern part of the RVRS experiences horizontal
extension as a result of the uplift. The uplift-induced extension can
thus explain the concentration of present-day seismic activity in
the eastern part of the RVRS. The impact of glacio-isostatic motions
on the volcanism and seismic activity is superimposed on these
plume-induced effects.

5.3.3. Implications of mining-induced fault reactivation

Coal mining at depth has reactivated the upper part of the
Heerlerheide fault. This implies that the fault is a zone of structural
weakness. The fault has not been reactivated during reflooding of
the mines and consequent surface rebound. However, that still
might happen, as the rebound is still ongoing.

Our results show that not taking into account potential
anthropogenic causes for fault motion could lead to erroneous in-
terpretations. If we would not have known about the mining-
induced subsidence, we would have interpreted the youngest,
0.35 m displacement as a magnitude 6.5, sub-Recent tectonic
earthquake. Coal mining has taken part over a large area in the
southeastern part of the RVRS, on Belgian, Dutch and German ter-
ritory, and mining-induced fault reactivation is likely widespread.
In addition, in the German section of the RVRS, brown-coal mining
still takes place in up to 370m deep open pit mines, which requires
lowering groundwater level several hundred meters regionally and
thus causing compaction subsidence and fault reactivation over
large areas. In this respect, our observations for themining-induced
fault reactivation show striking similarities to the Holocene fault
and fractures presented by Grützner et al. (2016) for a trench across
the Rurrand fault, which they interpreted as a Holocene surface
rupturing earthquake event. Their results show a fault which
branches in the upper part, where colluvium with charcoal parti-
cles and ceramic fragments fill a crack, similar to our results.
Because the overlying ~0.4 m thick plough zone was not affected by
faulting, Grützner et al. (2016) conclude that this implies a very
young tectonic displacement event. However, because normally a
plough zone is continuously reworked by farmers, a continuation of
the fault towards the surface could have been destroyed by
ploughing.

The Holocene surface ruptures and fault displacements
concluded for the Feldbiss fault and the Geleen fault trenches (see
above) are likely not affected by coal mining, since the nearest mine



Fig. 10. The location of trenches in the RVRS where paleoearthquakes have been identified which occurred in the time window between 15 and 17 ka. PBFZ ¼ Peel Boundary fault
zone. For trenches 1, 2, 3, 4 and 5 see Vanneste et al. (2018). Trench 6 is described by Van den Berg et al. (2002), trench 7 by Houtgast et al. (2003), trench 8 by Houtgast et al. (2005),
trench 9 by Van Balen et al. (2019) and trench 10 is presented in this paper. Trenches 6 and 9 are located at the Peel Boundary Fault zone, the northern boundary fault of the RVRS.
All other trenches are at faults of the FFZ. See text for discussion.
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shafts were more than 5 km to the south.
6. Conclusions

A trench was studied across the Heerlerheide fault of the Feld-
biss fault zone. The oldest units are part of the Caberg-2 terrace, and
dated at about 340 ka. The subunits of the overlying silt unit are
correlated to the regional Eemian-Weichselian loess stratigraphy in
western Europe. The sequence contains the well-known Eemian-
Early Weichselian Rocourt soil, Kesselt layer (reworked sandy
loess), Nagelbeek tongued horizon or esoil complex, and the pri-
mary Brabant loess.

The reconstructed displacement history of the Heerlerheide
fault consists of at least three tectonic events and one final, more
recent mining-induced displacement, see Table 2 for amounts and
ages of displacements. The tectonic faulting events may have been
surface rupturing earthquakes of magnitude 6.2 or more: the oldest
16
is associated with a colluvial wedge on the terrace, the penultimate
cuts sharply through the Rocourt soil, whereas the last one offsets
the Late Pleniglacial loess, during the 17 to 15 ka time-interval.
However, the two oldest displacements also could represent mul-
tiple faulting events. The time interval between the two youngest
events is at least 8 ky. The relatively well-constrained age of the last
tectonic event is correlatable to previous results for other trenches
across faults of the Feldbiss fault zone in the Netherlands and in
Belgium. In addition, also the most recent major surface rupturing
event along the Peel Boundary fault zone has the same age. The
timing is roughly contemporaneous with surface rupturing earth-
quakes in northern Germany and Denmark and the youngest phase
of volcanism in the nearby Eifel area, indicating a common mech-
anism. The ages suggest that they have glacio-isostatic movements
as the common driver.

Remarkably, the studied trench showed that the Heerlerheide
fault experienced no Late Glacial and Holocene displacement. This
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contrasts with other faults in the FFZ: The Feldbiss and Geleen fault
in the Dutch part of the FFZ likely experienced 0.6 m surface
rupturing, possibly between 8.1 ± 0.7 ka and 7.0 ± 0.5 ka, where in
the Belgian part of the Geleen fault a ~1 m surface rupture occurred
between 2.5 ± 0.3 and 3.1 ± 0.3 ka.

The coal mining-induced fault reactivation took place during the
mining, and not afterwards, despite the still ongoing surface
rebound after abandonment and re-flooding of the mines. In
addition to faulting, the mining subsidence on the hanging wall
also caused a surface gradient which, in turn, caused minor
downslopemovement, resulting in a crack-like splaying of the tip of
the Heerlerheide fault, filled-in by plough layer material.
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