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A B S T R A C T   

The Peel Boundary Fault zone (PBFZ) is the 125 km long, seismically active, northern bounding fault zone of the 
Roer Valley Rift System (RVRS). The last damaging earthquake along the PBFZ was the Roermond earthquake of 
1992. It had a magnitude of Mw 5.3 and no surface rupture. Previous results from two trenching studies located 
in the central and southeastern parts of the PBFZ provided evidence for two surface rupturing paleo-earthquakes. 
The largest earthquake had an estimated magnitude of Mw ~6.8 and a surface rupture length of at least 35 km. 
As it took place around the Late Pleniglacial – Late Glacial transition a link to glacio-isostatic motions is likely. 
Results from a new trench situated at the northwestern part of the PBFZ shows evidence for three to four paleo- 
earthquakes, of which three were surface rupturing. These comprise two normal faulting- and one, younger 
trans-tensional displacement. The normal faulting events have ~1 m vertical displacements each, which translate 
into magnitudes of Mw ~7. Like the previous results, they occurred during the Late Pleniglacial-Late Glacial 
transition, at ~15 ka and ~ 14 ka. The younger trans-tensional event occurred sometime during the Holocene, 
pre-dating an unaffected, 13th century man-made paleo-channel on the hangingwall. The potential fourth, non- 
surface rupturing earthquake is indirectly evidenced by loading deformations of a sand layer and a collapsed 
brick-wall in the infill of the paleo-channel. Comparison of our trenching results to those from the two previous 
studies, which were located farther to the southeast along the PBFZ, shows that for one event a correlation is 
possible. The correlation would indicate a surface rupture length of at least 55 km. Combined, all trenching 
results indicate that the characteristic maximum rupturing displacement is ~1 m, and thus that Mw ~7 is the 
maximum magnitude of paleo-earthquakes along the PBFZ.   

1. Introduction 

The Roer Valley Rift System (RVRS) is located in the southern part of 
the Netherlands and adjoining areas in Belgium and Germany (Fig. 1; 
Geluk et al., 1994). The last rifting phase of the RVRS started during the 
Late Oligocene-Miocene transition and is still ongoing (Geluk et al., 
1994; Michon et al., 2003; Van Balen et al., 2005) as, for example, 
evidenced by earthquakes (e.g. Camelbeeck et al., 2007; Hinzen et al., 
2021). The last damaging earthquake in the RVRS was the Roermond 
earthquake of 1992 (Ml 5.8; Mw 5.3) which took place along the Peel 
Boundary Fault zone (PBFZ) (Fig. 2; Van Eck and Davenport, 1994). 
Surface ruptures have not taken place during historical times, which is 
likely due to the long recurrence interval of large earthquakes in the 

RVRS (Camelbeeck et al., 2007; Vanneste et al., 2013) or, alternatively, 
due to the diminishing glacio-isostatic driving mechanism (see below; 
Van Balen et al., 2019, 2021). 

Pronounced fault scarps, fluvial tectonic geomorphology and results 
from trench studies provide ample evidence for larger, surface rupturing 
earthquakes in pre-historic times (e.g. Camelbeeck et al., 2007; Grützner 
et al., 2016; Van Balen et al., 2019, 2021; Vanneste et al., 2018; Wool
derink et al., 2018, 2019). Results from two previous trench studies at 
the PBFZ, located at the central and southeastern parts (Fig. 2), showed 
that the last large, surface rupturing event occurred during the Late 
Pleniglacial - Late Glacial transition. It had a maximum vertical 
displacement of ~1 m and a rupture length of at least 32 km (the dis
tance between the two trenches; Van Balen et al., 2019). However, the 
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PBFZ has a length of at least 125 km, from the southeast, just across the 
border in Germany (Woolderink et al., 2019) to the northwest, where 
faults of the PBFZ are buried by deposits of the Holocene Rhine-Meuse 
delta (Cohen et al., 2002, 2005; Vanneste et al., 2013). Thus, rupture 
lengths and -offsets may have been larger, and, consequently, the 
maximum magnitude of paleo- earthquakes can have exceeded Mw 
~6.8, as derived from the already available evidence provided by the 
previous trenches. Alternatively, the PBFZ may consists of rupturing 
segments with different earthquake histories. Vanneste et al. (2013), for 
example, consider ~55 km as the longest credible rupture length in the 

RVRS, implying at least 2 rupturing segments. 
The most pronounced and highest fault scarps of the PBFZ are 

located in its northwestern part, near Uden (Figs. 2, 3; Michon and Van 
Balen, 2005; Van Balen et al., 2005). The topographic offset at these 
scarps is 3–5 m, compared to 1–1.5 m scarp height at the previously 
trenched sites (Fig. 2; Michon and Van Balen, 2005). The larger height 
suggests larger and/or more frequent paleo-earthquakes. In addition, 
the scarps near Uden are adjacent to the maximum depth of the base 
Miocene deposits in the RVRS (Fig. 2; Michon et al., 2003), implying that 
the largest total Neogene fault displacement occurs here, and not at the 
two previously trenched sites. However, no information on the paleo- 
seismic history of this part of the fault zone is available yet. The cur
rent study, therefore, focusses on the northwestern part of the PBFZ, and 
has the following objectives: 1) to determine the earthquake history in 
this part of the PBFZ, and 2) to further constrain rupture lengths by 
correlating the results to the previous trenches. 

2. Setting 

2.1. Tectonic setting 

The Roer Valley Rift System (RVRS) is situated in the northwestern 
part of the European Cenozoic Rift System (ECRIS; Ziegler, 1992; 
Michon et al., 2003). The origin of the RVRS dates back to the early 
Carboniferous, when extension affected Avalonia (Smit et al., 2018). 
Faults of the RVRS have been repeatedly reactivated in normal and 
reverse faulting modes during the Mesozoic and Cenozoic (Geluk et al., 
1994) evidencing long lived lithosphere memory. The last extension 
phase of the RVRS started during the Late Oligocene (Ziegler, 1992; 
Michon et al., 2003) and is still ongoing (Houtgast and Van Balen, 2000; 
Michon and Van Balen, 2005; Van Balen et al., 2005) as for example 
evidenced by occasional earthquakes (e.g. Camelbeeck et al., 2007; 
Hinzen et al., 2021). This last extension phase is the effect of Alpine 
compression on its foreland (Ziegler, 1992). Since the Middle Pleisto
cene the southeastern part of the RVRS also experiences uplift as a result 
of a mantle plume centered beneath the volcanic Eifel area (e.g. Van 
Balen et al., 2000; Demoulin and Hallot, 2009). As shown by Gold et al. 
(2017), this uplift caused an increase of fault displacement rates in the 
southeastern part of the RVRS. Most earthquakes in the past 25 years 
occurred within an area corresponding to maximum crustal dilatation 
caused by this still ongoing plume-induced uplift (Kreemer et al., 2020; 
Hinzen et al., 2021). 

Fig. 1. Location of the study area in Northwestern Europe. RVRS = Roer Valley 
Rift System, URG = Upper Rhine Graben, NL = the Netherlands, UK = United 
Kingdom. Red lines represent major fault zones. The rectangle shows the po
sition of Fig. 2. Coordinate system is in lat-lon using UTM projection. The 
asterisk indicates the approximate location of the trench near Uden. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. Location and overview figures. Coordinate system is the Dutch National Grid (RD); axis units are in km’s. 
a) Digital elevation model showing the topography of the Roer Valley Rift System and location of the study area. The ‘N’ denotes the location of the previous Neer 
trench (Van den Berg et al., 2002), and ‘B’ the Bakel trench (Van Balen et al., 2019). Branches of the Rhine-Meuse fluvial system cross the faults of the RVRS. Further 
to the northwest lie the deposits of the Holocene Rhine-Meuse delta. The position of a) is indicated in Fig. 1. 
b) Depth to the base of the Miocene deposits, reflecting the differential neotectonic vertical motions in the rift system (data not available outside the Netherlands). 
PBFZ = Peel Boundary Fault Zone, FFZ = Feldbiss Fault Zone, RVG = Roer Valley Graben, CB = Campine Block, PB = Peel Block. 
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The Feldbiss Fault zone (FFZ) and the Peel Boundary Fault zone 
(PBFZ), the southern- respectively northern bounding fault zones of the 
RVRS, are the seismically most active fault zones (Camelbeeck et al., 
2007; Vanneste et al., 2018). The earthquake history of the PBFZ has 
previously been studied in two trenches. In the Bakel trench, located in 
the central part of the PBFZ (Fig. 2), the oldest surface rupturing event 
occurred during the Older Dryas (~14 ka; Mw 6.8 ± 0.3, estimated 
based on ~1 m fault offset), followed by a smaller event directly after 
the Allerød (0.2–0.1 m; 13.9–12.9 ka; Van Balen et al., 2019). Events 
with a similar (but less precise) age and smaller offset, were recon
structed in the Neer trench in the southeastern part of the PBFZ (oldest 
event 0.55 m offset; last displacement 0.30 m; Van den Berg et al., 2002). 

The inferred ~Mw 6.8 ± 0.3 magnitude is in agreement with the 
maximum earthquake size based on the 25 km thickness of the seis
mogenic layer of the RVRS (Wells and Coppersmith, 1994; Hinzen et al., 
2021), with the inferred maximum magnitude based on the logarithmic 
frequency-magnitude relationship for the RVRS area (Camelbeeck et al., 
2007) and with trenching-based results along the FFZ (Vandenberghe 
et al., 2009; Vanneste et al., 2018; Van Balen et al., 2021). Although also 
older and younger (including Holocene) surface rupturing events have 
been inferred in trench studies in the RVRS (e.g. Camelbeeck et al., 
2007; Vandenberghe et al., 2009; Grützner et al., 2016), the timing of by 
far most of the surface rupturing earthquakes suggests a relation with 
the Weichselian deglaciation of NW Europe (Houtgast et al., 2005). A 
plausible triggering mechanism is the collapse of the glacio-isostatic 
forebulge (e.g. Houtgast et al., 2005; Van Balen et al., 2019, 2021). 
The same triggering mechanism has been proposed for paleo- 

earthquakes along the FFZ (Houtgast et al., 2005; Van Balen et al., 
2021), and for seismic activity of faults and fault zones in northwestern 
Europe located closer to the former glacial margin (Mörner, 1978, 2013; 
Brandes et al., 2012, 2015, 2018; Sandersen and Jørgensen, 2014; 
Steffen et al., 2014; Müller et al., 2020). Modelling of the effect of sur
face loading over a glacial cycle confirm that glacio-isostatic adjust
ments can trigger faulting in the RVRS (Steffen et al., 2014; Craig et al., 
2023; Damon et al., 2023). Dating results on volcanic eruptions related 
to the plume below the Eifel indicate that also they are likely triggered 
by glacio-isostatic motions (Nowell et al., 2006). The youngest series 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). 

2.2. Stratigraphy 

In the wider study area the shallow deposits consist of coarse-grained 
sediments deposited by the Meuse river (Beegden Formation), overlain 
by fine-grained sand and loam deposits, formed in local fluvial, aeolian 
and lacustrine environments (Boxtel Formation; Schokker and Koster, 
2004; Schokker et al., 2007). The uppermost, aeolian part of the Boxtel 
Formation corresponds to the classic Weichselian coversand series (e.g. 
Kasse et al., 2007; Vandenberghe et al., 2013), which occur widespread 
in large parts of NW and Central Europe. 

The general stratigraphy of the current site is similar to the previ
ously studied Bakel trench site, located at a distance of ~25 km, see Van 
Balen et al. (2019). In summary, in that trench, the stratigraphy 

Fig. 3. Detailed maps. Coordinate system is the Dutch National Grid (RD); axis units are in km’s. 
a) Digital elevation map of the fault scarp near Uden; maximum height is 25 m. The location is depicted by a rectangle in Figs. 2a, b. 
b) Aerial photograph of the area corresponding to the outer rectangle on a). The fault trace is marked by crop- and soil marks. 
c) Detailed digital elevation model of the area surrounding the trench site. The position is indicated on a) and b); the maximum height is 15 m. The location of the 
fault (F) is indicated with a white line. 
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consisted of four units, A-D. Unit A consisted of whitish coarse sand beds 
with isolated gravel pockets, thin gravel beds and grayish loam layers, 
representing the Beegden Formation. They have a luminescence age of 
286 ± 25 to 262 ± 24 ka . The overlying Unit B consisted of alternating 
layers of gray sandy loam and yellowish fine sand, containing humic and 
peat intervals. The unit was heavily deformed by meter-scale in
volutions, which were interpreted as cryoturbations. 14C dating com
bined with lithologic characteristics (silt and peat) indicated that this 
unit represents the Lower Loamy Bed of the coversand series, which was 
deposited during the Bølling (~14.7–14.0 ka; Kasse et al., 2018). Unit B 
is overlain by a colluvial wedge Unit C, which consisted of fine and 
coarse gravelly sands, intercalated with thin gravel beds. On the hanging 
wall the unit was wedge-shaped, with a thickness of ~1 m at the fault 
contact and tapering to a thickness of one thin gravel bed away from it. 
The colluvial wedge is one of the important evidences for surface 
rupturing. On the footwall the unit had a thickness of one thin gravel 
bed. Its OSL age is around 14 ka. The uppermost Unit D consists of 
horizontally bedded, well-sorted sand. The sediments of this unit 
correspond to the dry aeolian sand sheet deposits of the Younger Cov
ersands I and II (Kasse et al., 2007; ‘Facies A’ by Schokker and Koster, 
2004). On the hangingwall a ~ 15 cm thick, gray, sandy loam layer was 
present in Unit D. This layer is characterized by charcoal particles and 
burrowing. The overall characteristics and age of this gray sandy loam 
showed strong similarities to the Usselo soil, which developed during 
the Allerød (13.91–12.85 ka Hoek, 2001; Van Hoesel et al., 2012; 
Vandenberghe et al., 2013; Bazelmans et al., 2021). The OSL dating 
constraints were in agreement with this age range (see Van Balen et al., 
2019) . 

3. Methods 

3.1. Trench 

The location of the new trench site near Uden (northwestern PBFZ) 
was selected based on information from fault scarps (Michon and Van 
Balen, 2005), crop- and soil marks (Fig. 3; e.g. Van Balen et al., 2019, 
2021; Lapperre et al., 2019) and drillings. The trench was positioned 
perpendicular to the inferred NW-SE oriented strike of the fault. At the 
surface, the trench had a length of 25 m and a width of 8 m (Fig. 4). The 
~2.5 m depth was just above the artificially lowered groundwater level. 
At the floor level the trench was 14 m long and 1.8 m wide. The trench 
walls were approximately 45 degrees inclined. Suction-drillings and 

temporary pits were used to investigate the stratigraphy below the 
trench floor. The trench walls were documented with abundant photo
graphs, which have been used to make a 3D model using photogram
metry. Lacquer peel profiles were made after studying the trench walls 
stratigraphy and structures. A very large composite lacquer peel of the 
fault zone was used to study the small-scale faulting. A detailed 
archeological study on the infill of a man-made channel was carried-out 
on a small section of the southeastern trench wall (Hiddink, 2019). 

3.2. Luminescence dating 

Twenty samples for luminescence dating were taken from the 
southeastern trench wall by hammering PVC tubes horizontally into the 
exposure (Table 1). Samples HB1–8 (NCL-71118081-088) were taken 
from the footwall, while samples LB9–20 (NCL-71118089-100) were 
obtained from the hangingwall (Fig. 5). After sampling, the sealed 
sample tubes were transported to the darkroom facilities of the 
Netherlands Centre for Luminescence dating, where they were split in 
two parts. The (light-exposed) material from the outer ends of the tubes 
was prepared for dose-rate estimation using gamma-spectrometry, 
through drying, ashing, grinding and mixing with wax to create a Rn- 
retaining puck. Activity concentrations were converted to infinite ma
trix dose rates (Guerin et al., 2011), and from these total environmental 
dose rates were obtained taking into account cosmic radiation, grain- 
size attenuation and attenuation by moisture and organics. For cosmic 
radiation (Prescott and Hutton, 1994) we assumed immediate burial to 
present depth for all samples apart from those obtained from Unit I 
(gradual burial). Organic contents were determined by weighting sam
ples before and after ashing. Average burial time water content was 
based on the lithology: 20 ± 3% by weight for sandy fluvial deposits, 20 
± 5% by weight for sandy aeolian deposits and a higher estimate of 30 
± 6% by weight for silty and loamy deposits to account for their higher 
water holding capacity. For the K-rich feldspar fraction we included the 
internal dose rate from potassium. Following Smedley et al. (2012) we 
assume a K-content of 10 ± 2% for the single grain measurements and 
12.5 ± 0.5% for single-aliquot measurements (Huntley and Baril, 1997). 

Palaeodoses were mainly obtained using quartz optically stimulated 
luminescence (OSL) dating, while additional post-infrared infrared 
stimulated (pIRIR) measurements on K-feldspar fractions were per
formed for samples HB5–7. The quartz grainsize fraction 212–250 μm 
was purified by sieving and chemical treatment with HCl, H2O2, 40% HF 
and rinsing with 30% HCl. To obtain a K-rich feldspar fraction on the 

Fig. 4. Overview photo of the trench. The red dashed line indicates the fault. The prominent dark gray to black deposits on the hangingwall are the organic infill of 
the man-made paleo-channel. The length of the trench is about 25 m and the width 8 m. (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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selected samples, these were density separated at ρ = 2.58 kg/dm3 

before treatment with HF to separate K-rich feldspar (light fraction) 
from other minerals. No HF acid etching was used in the feldspar 
preparation. 

Luminescence measurements were performed on Risoe TL/OSL 
DA15/20 readers. For equivalent dose measurement on the quartz 
fraction a SAR protocol (Murray and Wintle, 2003) with 260 ◦C preheat 
and 220 ◦C cutheat was used. Luminescence measurements were for 20s 
at 125 ◦C with blue LEDs, and at the end of each SAR cycle the lumi
nescence signal was reset by a 40s blue LED bleach at 270 ◦C. An early- 
background approach was adopted to maximize the contribution from 
the most light-sensitive OSL signal (Cunningham and Wallinga, 2010). 
Measurements were made on small aliquots (2 mm, ~50 grains). The 
adopted procedure yielded a dose recovery ratio in excellent agreement 
with unity (0.99 ± 0.01, n = 88). For samples HB6 and HB7 quartz OSL 
signals were too close to saturation to allow reliable equivalent dose 
estimation, at least for part of the aliquots. 

The palaeodose is the best estimate of the true burial dose, and is 
obtained through statistical interpretation of the equivalent dose dis
tribution. Based on a combination of the characteristics of the distri
butions (overdispersion, skewness, outliers) and available information 
on depositional environment and potential post-depositional distur
bances (Wallinga et al., 2019), an appropriate statistical method is 
selected. For most samples, overdispersion as determined with the 
Central Age Model (Galbraith et al., 1999) was in line with expectations 
(<20%). For these samples we based our palaeodose estimate on the 
mean equivalent dose, after iterative removal of outliers (those esti
mates deviating more than two standard deviations from the sample 
mean). For sample HB6 a much broader equivalent dose distribution 
indicated mixing of grains of different age. As we are interested in the 
younger component, we adopted a bootstrapped Minimum Age Model 
(Cunningham and Wallinga, 2012; Galbraith et al., 1999), assuming an 
overdispersion of 15 ± 3% for this population. 

Because quartz OSL signals for two samples (HB6 and HB7) were 
close to saturation, additional single-aliquot and single grain pIRIR an
alyses on the feldspar fraction were performed for these samples, as well 

as single-grain analysis on one additional sample (HB5) for validation. 
The single-aliquot and single-grain approaches adopted a similar SAR 
approach (Wallinga et al., 2000; Brill et al., 2018), with a 60s preheat 
and cutheat at 250 ◦C, IR stimulation at 50 ◦C, pIRIR measurement at 
225 ◦C, and additional bleaching at the end of each SAR cycle by a 
second pIRIR exposure at 225 ◦C. For the single-aliquot measurements, 
200 s stimulation by infrared LEDs was used. Fading was only measured 
for the single-aliquot approach, results indicated an average fading rate 
(g value) of 1.45 ± 0.08% / decade. Results are presented without 
fading correction. Similar to the quartz analysis, we based our palae
odose estimate on the mean equivalent dose after iterative removal of 
outliers. The single-grain approach used 2 s stimulations by IR laser, and 
included an additional bleaching step after readout of the natural and 
regenerative dose. Single-grain dose recovery tests yielded a ratio of 
~0.9 for all three samples, which may indicate palaeodose underesti
mation for this approach. No corrections for this possible underestima
tion were made. Single-grain analysis for sample HB5 showed a 
relatively low overdispersion (19 ± 2%), and provided an age which is 
slightly younger than obtained by quartz OSL. This slight age underes
timation may be caused by anomalous fading or relate to the poor dose 
recovery. Nevertheless, we interpret the similarity of quartz OSL and 
feldspar pIRIR ages as encouraging. For sample HB7, single-grain and 
single-aliquot pIRIR results provided similar age estimates, both slightly 
younger than the (unreliable) quartz OSL age. All results indicate an age 
of >200 ka. For sample HB6 a clear bimodal distribution was observed 
in the single-grain equivalent dose distribution, indicating that this 
sample contains a mix of old sediments (Unit I) and younger deposits 
(Unit II). A minimum age model (with sigmab 19 ± 2%, based on sample 
HB5) was adopted to date the young component. The resulting age is 
much younger than that obtained through quartz OSL, likely due to 
within-aliquot averaging of equivalent doses with quartz. Hence, the 
single-grain pIRIR result is regarded most reliable, although a minor 
underestimation of the age is likely given results on sample HB5. 

Table 1 
Summary of luminescence dating results based on quartz single aliquot OSL dating apart from sample codes with f,SG and f,SA which denote paleodose estimation on 
feldspar pIRIR using single grain and single-aliquot approaches, respectively. Paleodoses obtained from mean equivalent dose after iterative removal of outliers unless 
stated otherwise in comments: BS MAM indicates that bootstrapped minimum age model (Galbraith et al., 1999; Cunningham and Wallinga, 2012) was used for 
paleodose estimation. Overdispersion is determined using the CAM model (Galbraith et al., 1999).  

Sample NCL code 
71,118 

Depth (m) Paleodose (Gy) Dose rate (Gy/ka) Age (ka) Reliability Comments unit 

HB1 081 0.50 13.4 ± 0.4 0.89 ± 0.04 15.0 ± 0.8 OK Overdispersion 13% III 
HB2 082 0.86 13.0 ± 0.4 0.89 ± 0.04 15.0 ± 0.8 OK Overdispersion15% III 
HB3 083 1.20 12.4 ± 0.4 0.89 ± 0.04 14.9 ± 0.8 OK Overdispersion12% III 
HB4 084 1.45 14.9 ± 0.5 1.02 ± 0.03 14.5 ± 0.7 OK Overdispersion13% II 
HB5 085 1.80 25.7 ± 0.8 1.15 ± 0.04 22.6 ± 1.0 OK Overdispersion11% II 
HB5 085f,SG  38.2 ± 0.8 1.92 ± 0.15 19.9 ± 1.6 Likely OK Overdispersion19%  
HB6 086 2.25 36.4 ± 0.8 0.81 ± 0.03 45.1 ± 5.2 Questionable Overdispersion 73%, BS MAM II 
HB6 086f,SA  335 ± 59 1.76 ± 0.10 191 ± 35 Questionable Overdispersion ***  
HB6 086f,SG  403 ± 1.8 1.59 ± 0.15 25.3 ± 2.6 Likely OK Overdispersion 73%, BS MAM  
HB7 087 3.13 241.4 ± 33.6 0.83 ± 0.03 291 ± 42 Doubtful Overdispersion 21% I 
HB7 87f,SA  428 ± 26 1.78 ± 0.10 240 ± 20 Likely OK Overdispersion I 
HB7 87f,SG  353 ± 15 1.62 ± 0.15 218 ± 22 Questionable Overdispersion56% I 
HB8 088 1.37 123 ± 0.3 0.88 ± 0.04 14.7 ± 0.7 OK Overdispersion18% III 
LB9 089 0.73 14.6 ± 0.5 1.14 ± 0.05 12.9 ± 0.7 OK Overdispersion16% IV 
LB10 090 1.31 11.9 ± 0.4 0.90 ± 0.04 13.2 ± 0.7 OK Overdispersion13% IV 
LB11 091 1.82 12.1 ± 0.5 0.80 ± 0.03 15.2 ± 0.9 OK Overdispersion13% III 
LB12 092 2.33 12.9 ± 0.5 0.87 ± 0.04 14.8 ± 0.9 OK Overdispersion16% III 
LB13 093 2.63 19.0 ± 0.9 1.12 ± 0.04 17.0 ± 1.0 Questionable Overdispersion28% III 
LB14 094 0.66 15.3 ± 0.6 1.28 ± 0.05 11.9 ± 0.7 OK Overdispersion13% IV 
LB15 095 0.89 12.5 ± 0.4 1.02 ± 0.04 12.3 ± 0.6 OK Overdispersion11% IV 
LB16 096 1.14 11.3 ± 0.4 0.86 ± 0.04 13.1 ± 0.7 OK Overdispersion14% IV 
LB17 097 1.20 12.7 ± 0.3 0.94 ± 0.04 13.5 ± 0.7 OK Overdispersion21%, due to 1 outlier IV 
LB18 098 1.68 12.9 ± 0.5 0.91 ± 0.04 14.2 ± 0.8 OK Overdispersion23%, due to 1 outlier III 
LB19 099 2.40 14.9 ± 0.6 0.90 ± 0.04 16.6 ± 1.0 OK Overdispersion16% III 
LB20 100 2.74 13.4 ± 0.5 0.96 ± 0.03 13.9 ± 0.7 OK Overdispersion12% III  
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3.3. 14C dating 

Five samples have been analyzed for 14C dating (Table 2). Two 14C 
samples, Gr 17,419 and Gr 17,420, have been analyzed at the center for 
isotope research, Rijks Universiteit Groningen. The 14C ages were cali
brated to calendar years using Oxcal v. 4.3 (Bronk Ramsey, 2017) and 
the calibration curve IntCal13 (Reimer et al., 2013). The probability 
ranges of the calibrated ages are based on the measuring results and the 
measurement uncertainty range. In the upper sample pieces of twigs, 
extracted from the sample material by use of a binocular microscope and 
subsequently pretreated at the VU, were analyzed; in the lower sample 
pieces of wood were analyzed. Three 14C samples, Beta-631,298, Beta- 
631,299 and Beta-631,300, were pretreated and analyzed at the Beta 
Analytic laboratory (Miami, Florida). The first sample was a root 
remnant. Both other samples consisted of humic sand. The root fragment 

was pretreated with acid/alkali/acid. Pretreatment of the humic sand 
samples consisted of acid washes. The humic sand samples were cor
rected for ẟ13C. The results were calibrated using Oxcal v. 4 (Bronk 
Ramsey, 2009) and the calibration curve IntCal20 (Reimer et al., 2020). 

4. Results 

4.1. General overview 

An aerial overview photo of the trench is depicted in Fig. 4. A 
panorama photo of the southeastern trench wall is shown in Fig. 5; the 
northwestern trench wall is depicted in Sup. Fig. 1. At the footwall the 
average groundwater level is very shallow, over a year varying between 
about 0.5 to 1 m below the surface. At the hangingwall the average 
groundwater level varies between 1 and nearly 2 m below surface and 

Fig. 5. Southeastern trench wall photo composite (top) and interpretation (bottom). OSL (HB/LB) and 14C (C) sample numbers are on the upper panel, except C4 and 
C5. Absolute ages are on the lower panel, in ka (OSL) and in calibrated ka BP (14C). Drillings are labeled using large gray numbers; “p” is a larger pit. Red lines 
indicate faults; the purple line is an unconformity. The rectangle on the upper panel shows the location of Fig. 8a. The northwestern trench wall is depicted in 
Supplementary Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Summary of 14C dating results.  

Sample Labcode 14C age (yrBP) ± 1Ϭ δ13C Cal. (95.4% prob.)  Unit 

C1 Gr 17,419 810 20 − 28.75 1191–1266 CE Twigs V 
C2 Gr 17,420 815 30 − 26.84 1168–1266 CE Wood V 
C3 Beta-631,298 9650 30 − 27.5 11,187–11,067 cal BP (54.1%) 

10,960–10,866 cal BP (30.4%) 
10,852–10,800 cal BP (8.4%) 
11,027–11,007 cal BP (2.4%) 

Root II 

C4 Beta-631,299 35,420 300 − 28.2 39,144–37,894 cal BP Humic sand II 
C5 Beta-631,300 36,720 360 − 28.2 42,089–41,110 cal BP Humic sand II  
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deepens rapidly away from the fault, in line with observations at other 
parts of the PBFZ (Lapperre et al., 2019, 2022). Two main issues 
complicate the stratigraphic- and structural interpretations. First, a 
paleo-channel is exposed in the hangingwall in both trench walls; it is 
mainly filled with gyttja. The trench cuts the paleo-channel nearly 
perpendicular, indicating that it is oriented parallel to the fault. The 
shape of the channel cross-section and the traces of scooping visible at 
the channel-base show the channel is man-made. As a result of digging 
the channel, part of the older, pre-channel deposits is missing in the 
hangingwall. The stratigraphic correlations in the sandy deposits of the 
hangingwall across the paleo-channel are guided by bedding informa
tion in the adjoining (lateral) and underlying geological sequences, and 
they are supported by dating results. The second issue is that, compared 
to the sandy deposits exposed in the hangingwall, the corresponding 
sandy sediments in the footwall overall show reduced colors and contain 
less silt and organic matter, and they show less clear bedding. The colour 
difference is explained by differing levels of oxygenation due to differ
ence in groundwater level. The silt and organic matter contents differ
ence is explained by secondary displacement of organic matter and silt 

by groundwater flow (McDowell-Boyer et al., 1986; Gelet and Marot, 
2022). This common observed process is alternatively termed “internal 
erosion”, “migration of fines”, “through-wash”, and “suffusion” (Hori
koshi and Takahashi, 2015; Huggett, 2016; Hicher et al., 2018). The 
displacement of organic matter is illustrated by the decaying Holocene 
Equisetum roots on the footwall, showing transport in an oblique upward 
direction (Fig. 6a, b, c). The displaced silt and organic matter has 
accumulated mainly in and near the main fault zone (Figs. 5, 8; Supp. 
Fig. 1). The accumulations especially occur next to the main faults, on 
their footwall side, but they additionally also occur along deformation 
bands on the hangingwall. The secondary, post-depositional nature of 
the accumulations is illustrated by the overprinting of sedimentary 
stratification (Fig. 6a). The fact that the migration of fines and organic 
matter has mainly occurred on the footwall, and not so much on the 
hangingwall, is discussed further below (see Discussion section). Below 
we describe the stratigraphic sequences, taking into account the 
migration of fines and organic matter. In addition, dating results and 
cryoturbation structures in Unit II are used to support the stratigraphic 
correlation between footwall and hangingwall. 

Fig. 6. Examples of displaced organic matter and silt. For locations see Fig. 8. 
a) The main fault, secondary accumulation of silt and organic matter (interporous loam) against the footwall side of the fault, overprinting sedimentary stratification 
indicated by a deformed gravelly sand bed. 
b) trails of organic matter from decayed Equisetum roots. View at the trench wall, showing a vertical displacements of trails of migrated organic matter by abundant 
faults with cm’s displacement. 
c) trails of organic matter from a decayed Equisetum root. View from above (the coin lies sub-horizontal). Equisetum roots grow vertical. The trails are faulted by one 
of the many dm-scale faults and show ~1 cm right-lateral displacement. 
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4.2. Stratigraphy 

The sedimentary sequence was exposed in the trench walls, pits dug 
in the trench floor, and it was inferred from suctions drillings. Based on 
lithologies, grain-size characteristics, sedimentary stratification 
(bedding), unconformities, deformation features, drilling results, and 
OSL and 14C ages (Tables 1, 2), the sequence can be grouped into five 
units (Fig. 5). 

4.2.1. Unit I 
This lowermost unit was only observed on the footwall. A ~ 0.8 m 

thick sequence of this unit was exposed in a pit in the trench floor. It 
consisted of a 0.5 m thick fining-upward sequence, composed of coarse 
to medium-sized gray sand with 2 cm sized gravels, overlain by 0.3 m 
thick, medium-sized and very coarse gray sand, containing mm-sized 
gravel. A ~ 1.2 m drilled sequence (drilling 1) consisted of coarse to 
very coarse, gray sand, with 0.3–1.5 cm sized gravel. The gravel contains 
pebbles of milky quartz, flint, sandstone and quartzite. OSL dating of 
Unit I (sample HB7; Table 1, Fig. 5) resulted in a likely age of 240 ± 20 
ka. Based on the regional geology (Schokker et al., 2007), the coarseness 
of the deposits, the gravel content, the luminescence age and the overall 
similarity to Unit A of the Bakel trench (see Setting; Van Balen et al., 

Fig. 7. photo panel showing sedimentary and stratigraphic features. 
a) exposure in the larger pit “p” (Fig. 5), showing the unconformity between Units II and III, and cryoturbation of unit II (trowel for scale). 
b) flame structures in the top of unit III at the distal part of the trench wall (near pit “p”). 
c) fluidization in the upper part of unit III, located in between the fault and the infilled man-made paleo-channel. 
d) dung beetle burrows characteristic for the well-bedded upper part of Unit IV. 
e) collapsed brick-wall in the fault-adjacent flank of the infilled man-made paleochannel (Unit V, Fig. 5). On the right the sand layer depicted in f) can be seen 
interfingering with the bricks. 
f) details of loadings in the sand layer embedded in the basal part of Unit V (Fig. 5). The sand layer is in the same stratigraphic position as the collapsed brick wall 
(Fig. 7e). The loading deformation is syn-sedimentary as the top of the sand layer is hardly deformed. 
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2019), we interpret the deposits of Unit I as the Beegden Formation, a 
fluvial deposit formed by the Meuse river. In the Bakel trench the 
Beegden Formation was dated to 286 ± 25 to 262 ± 24 ka. Based on 
core data archived at the geological survey, the top of the unit is located 
at a depth of about 20 m on the hangingwall (www.dinoloket.nl). 

4.2.2. Unit II 
On the footwall, this unit consists of a ~ 1 m thick alternation of 

white-gray fine sand, loamy fine sand, loamy sand, sand with small 
gravels, and gravelly sand (gravel size up to 1 cm). The loam content 
increases upwards. Overall, the unit appeared strongly homogenized; 
stratification occurs near the basal part of the unit, next to the fault, but 
lacks in other parts of the unit. One deformed, layer-like concentration 
of gravel (dispersed in the sand matrix) occurred in the middle of the 
unit (Fig. 6a). The basal 0.2 m consisted of dark brown, humic coarse 
sand (in a trench floor pit and in drilling 1). Next to the fault, the top of 
Unit II is eroded and is onlapped by Unit III. 

On the hanging wall Unit II was not exposed in the trench walls. A 
temporary pit in the trench floor showed a strongly deformed sequence 
of gray loamy fine sand, and dark brown, humic- and gravelly sand 
(Fig. 7a). The overlying Unit III was not deformed. Drilling 2 showed 0.4 
m of dark-brown, humic, coarse sand with gravel. In drilling 5, the unit 
consisted of a 0.65 m thick alternation of layered, brown, humic sand 
and gray sand; at the base of the drilling parts of peat were drilled-up. In 
drilling 4, the 1.75 m thick drilled sequence consisted of gray, medium 
sized humic sand, with some gravel and, at the base, very dark brown, 
humic, medium sized sand. In drilling 3, a 0.5 m thick humic medium 
sized sand with gravel (size 3 mm) was found. In summary, on the 
hangingwall Unit II consisted of an at least 1.75 m thick alternation of 
dark brown humic and non-humic sand, with 3 mm sized gravel and 
organics (humic sand and peat). 

An age of ~40 ka is inferred for the base of the unit, based on14C ages 
for humic sand from the hangingwall (base of drilling 4; lab. Numbers 
Beta-631,299 and -631,300; Table 2). Note that these dates approach the 
limit of the 14C method. Luminescence ages (Table 1, Fig. 5) in the 
middle part of the unit on the footwall are ~25–22 ka (samples HB6 and 
HB5), whereas the top (sample HB4) is ~14.5 ka. The luminescence age 
of sample HB4 seems relatively young, which hints at bioturbation or 
another kind of disturbance in the top of the unit. There are however no 
indications for soil formation nor signs of imperfect bleaching or mixing 
of sediment. In addition, the concentrations of radionuclides in samples 
HB4 and HB5 are similar, indicating that they indeed belong to the same 
depositional unit. According to the 14C ages, the basal sediments of Unit 
II on the hangingwall are of Weichselian Middle Pleniglacial age. 
Luminescence ages show that the main part of Unit II, however, corre
lates to the Weichselian Upper Pleniglacial Older Coversand I deposits 
(Kasse et al., 2007). 

4.2.3. Unit III 
This unit is composed of a coarse grained lower part and a finer 

grained upper part. On the footwall, the coarse lower part consists of a 
layer of cm-sized gravels. Close to the fault it lies unconformably on Unit 
II. On the hangingwall, the coarse lower part was not exposed. In dril
lings and in a pit in the trench floor it consisted of coarse and medium 
sized sand with large gravels (2.5 cm). The thickness decreased from 
0.60 m to 0.20 m in the direction away from the fault, indicating a 
wedge shape. 

On the hanging wall, the finer upper part is about 1.5 m thick; the 
thickness decreases slightly in the direction away from the fault. It 
comprised an alternation of gray and whitish coarse gravelly sand, 
medium-sized sand, fine sand and loamy fine sand, with an overall 
fining upward trend. Stratification is at mm and cm scale. Beds of small 
(mm) gravels occurred throughout this part of the unit. Near the base, 
small gravel concentrations occur in troughs and ripples. On the footwall 
the fine upper part of Unit III was around 1 m thick. Here the unit 
showed much less stratification, due to the groundwater erosion/ 

suffusion process. It consisted of an alternation of layers of fine and 
coarse sand and beds of gravel (mm). 

Luminescence samples taken on the footwall resulted in ages of 
around 15 ka (Table 1, Fig. 5). Samples from the hangingwall taken close 
to the fault (LB11, − 12, − 13) and at the distal part of the trench (LB18, 
− 19, and − 20) resulted in similar ages. Based on the age, facies and 
lithologies, Unit III corresponds to the Upper Pleniglacial Older Cover
sand II unit (Kasse et al., 2007). 

4.2.4. Unit IV 
This unit is exposed on the hangingwall and does not occur on the 

footwall. It consists of cm’s thick loamy sand and sand beds; the thick
nesses of the beds increases upwards. In contrast to underlying Unit III, 
the deposits of this unit lack gravel. Another important contrast with 
underlying Unit III is that the sand and loam beds are much thicker, 
which indicates bioturbation. In some loamy sand beds dung beetle 
burrows were encountered (Fig. 7d). The sand bed overlying the up
permost loamy sand bed is bleached, likely due to a soil formation 
process. 

Close to the fault, Unit IV overlies Unit III discordantly (Fig. 5; Supp. 
Figs. 1, 2). In addition, the concave upward bedding towards the fault 
suggests that it has been deposited against a paleo-fault scarp, which is 
furthermore indicated by the decreasing thickness away from the fault, 
from at least 1.0 m (top eroded) to 0.70 m. In the southwestern distal 
part of the trench Unit IV overlies Unit III concordantly and flame 
structures are present near their contact in underlying Unit III (Fig. 7b). 

Luminescence ages of Unit IV vary between ~14 and 12 ka (samples 
LB9, − 10, − 14, − 15, − 16 and − 17; Table 1, Fig. 5). Unit IV has ages 
and facies characteristics indicating that it can be correlated to the Late 
Glacial Younger Coversand I and II series (Kasse et al., 2007). The 
bleached horizon and burrows could indicate the Allerød Usselo soil, 
which usually separates these series. However, the characteristic char
coal particles of this soil (Van Hoesel et al., 2012) have not been 
encountered in this trench. 

4.2.5. Unit V 
This unit consist of the infill of a paleo-channel. Because of its cross- 

sectional shape and the scoop traces at the bottom, the channel is man- 
made. The channel is located on the hangingwall, while an associated 
smaller ditch feature overlies the fault zone. The main channel-filling 
component is gyttja. The fill contains siderite concretions, vivianite, 
and abundant archeological remains, like pottery, bricks, iron slags and 
parts of a shoe sole (Hiddink, 2019). Part of the bricks occur inter
connected; they represent the remnants of a wall (Fig. 7e). 

At the base of the fill sequence the gyttja is layered: greenish and 
whitish gyttja layers occur interbedded with a massive dark gray gyttja 
layer. These basal gyttja deposits contain abundant leaf and twig frag
ments. A ~ 25 cm thick coarse sand layer with humic fragments overlies 
the basal gyttja. This sand layer shows loading structures (Fig. 7f), which 
must have formed while the sand layer was deposited, since the top of 
the layer is less deformed than the base. A second, darker colored and 
more massive gyttja overlies the sand layer. This gyttja layer is in turn 
overlain by orange colored, medium sized sand. All the gyttja layers 
transition laterally into sand at the sides of the paleo-channel. 

The pollen assemblage of the gyttja is dominated by Alnus (Van der 
Woude and Van Leeuwen, 2020). The presence of wheat pollen (espe
cially Fagopyrum, buckwheat) points at a Medieval age (1250–1500 CE). 
The calibrated 14C dating results for the upper part of the fill (sample Gr 
17,419, twig) is 1191–1266 CE; the lower part of the fill (sample Gr 
17,420, wood fragment) is dated to 1168–1266 CE (Table 2; Hiddink, 
2019). The channel fill thus dates from the first half of 13th century. The 
pottery remains and brick type roughly have a 14th century age. Since 
they are younger, they must have become part of the channel fill at a 
later stage, as waste (Van der Woude and Van Leeuwen, 2020). How
ever, the bricks of the wall remnant are related to the loadings of the 
coarse sand layer, and thus have the same age as the channel fill. 
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4.2.6. Holocene roots 
Units II and III on the footwall contain the remains of decaying roots. 

Judged from their shape and length these are likely Equisetum roots. 
These roots have grown vertically, but are now displaced by a bundle of 
minor faults. The organic matter produced by the decay process is pre
sent in the pores of two zones diverging away from the root remains 
(Fig. 6b,c). As presented before, this evidences organic matter transport 
through the pores by oblique upward directed groundwater flow. 

14C dating of the root remnants results in an age range of 11,187 to 
10,800 cal BP (95.4% probability; sample number Beta-631298; 
Table 2). 

4.3. Structural observations 

In the trench a ~ 3 m wide fault zone was exposed, consisting of a 
fault core and a damage zone composed of multiple minor faults. The 
fault zone is asymmetric; the largest width (~2 m) occurs on the foot
wall (Fig. 5). The displacement is mainly concentrated at one, sharply 
delineated fault core. This core has a width varying between 3 and 15 
cm’s and consists of sediment (silt, sand, and a few small gravels) mixed 
by displacement, lacking sedimentary stratification, thus presenting a 
fault gouge in non-consolidated sediment. The faulting displaces Units I 
to IV, but the base and the infill of the man-made paleo-channel, Unit V, 
is not faulted (Fig. 5; Supp. Fig. 3). In the southeastern trench wall the 
fault core dips 210/60 (steepening upward; the apparent dip on Fig. 5 is 
due to photographic distortion). At the northwestern trench wall (Supp. 
Fig. 1), the upper part of the fault core is overturned and it is splayed; 
dips vary between 030/80 to 035/85. Overturning is a common feature 
observed in many trenches in the RVRS (Houtgast et al., 2005; Camel
beeck et al., 2007; Vanneste et al., 2013; Grützner et al., 2016; Verbeeck 
et al., 2017; Van Balen et al., 2019). It is explained by a decrease of 
confining pressure towards the surface during a rupturing event in 

unconsolidated sediments (McCalpin, 2009; Vanneste et al., 2013; 
Verbeeck et al., 2017). Earthquake focal mechanism data show that, at 
depth, the PBFZ has a southwestern dip of around 60 degrees (Vanneste 
et al., 2013; Hinzen et al., 2021). 

The minor faults in the ~3 m wide fault zone consist of syn- and 
antithetic faults with cm’s displacement (Figs. 5, 8; Supp. Figs. 1, 2, 3), 
which affect all pre-channel deposits. Synthetic faults dominate, and 
result in a total offset across the fault zone of about 0.2 m. They show no 
evidence for growth faulting, implying there has been only one single 
faulting episode for these minor faults. The Holocene Equisetum roots, 
situated in Units II and III on the footwall, are offset by the minor faults, 
with dm’s displacement (Fig. 6 b, c). In addition to the normal faulting 
component, the roots are offset with a right-lateral displacement 
component, with cm’s displacement (Fig. 6c). The 13th century man- 
made paleo-channel (Unit V), is not affected and thus post-dates the 
minor faulting. 

Flame structures (i.e. upward-directed, intraformational, cm-scale 
fold structures) occur in the upper part of Unit III (Fig. 7b), near the 
contact with Unit IV, in the southeastern trench wall, on both sides of the 
man-made paleo-channel. Close to the fault zone other fluidizations 
occur at the same stratigraphic level (Fig. 7c). The vertical displacement 
of the top of Unit III is at least 1.25 m, whereas the vertical offset of the 
top of underlying Unit II is 2.45 m. Units III and II show no evidence for 
growth faulting. 

5. Discussion 

5.1. Migration mechanism 

The sediments on the footwall have experienced migration of silt and 
organic matter by groundwater flow. The migration process requires 
sufficient pore space, which in turn depends on the size of the grains, 

Fig. 8. Close-up of the fault zone. 
a) Fault core and damage zone of the southeastern trench wall. The position of this figure is shown by a rectangle in Fig. 5, upper panel. Rectangle 1) indicates the 
location of the lacquer peel depicted in Supplementary Fig. 3. Rectangle 2) depicts the location of Fig. 6b; rectangle 3) positions Fig. 6a. “C3” is a 14C sample, dating a 
decayed root (also indicated on Fig. 5). 
b) interpretation of a). Red lines are faults, the thicker one is the main fault. 
The main fault has affected all units, except the infill of the man-made paleochannel, Unit V. The minor faults have been mapped using also Supplementary Fig. 3. 
The minor faults postdate Unit IV and the organic matter trails, but predate Unit V. The minor faults occur in synthetic and antithetic directions, have small individual 
displacements, and a small total vertical offset despite their large number. 
Silt and organic matter has migrated towards the fault and towards a few prominent (litho-)stratigraphic boundaries. These accumulations are indicted with a light 
gray colour on Fig. 8b. For other items see legend of Fig. 5. Small parabolic marks in Units II and III on the footwall represent organic matter trails from decayed 
Equisetum roots, indicating oblique upward groundwater flow. These trails are faulted (Fig. 6). (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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their form, and the fabric (Horikoshi and Takahashi, 2015; Hicher et al., 
2018; Gelet and Marot, 2022). Originally, these sediment properties 
were the same at the footwall and hangingwall, and thus they cannot 
explain the difference in internal erosion between the two sides of the 
fault. Groundwater flow rate differences can also not explain the dif
ference in internal erosion, as the groundwater flow system across the 
fault zone is essentially two-dimensional, and the flow rates at both sides 
of the fault are similar (Lapperre et al., 2022). The main hydrological 
difference between the footwall and hangingwall is the average 
groundwater level (Lapperre et al., 2019, 2022): At the footwall the 
groundwater level is near the surface, with sometimes even seepage 
occurring, whereas on the hangingwall it is located at depth. This dif
ference is important during past cold-climatic conditions, because the 
higher groundwater level causes the footwall to be more susceptible to 
cryogenic alteration due to formation and melting of ice-lenses, ice 
needles, etc. (French, 2017; Zhong et al., 2020). Thus, the silt and 
organic matter mobilization can potentially be explained by the com
bined effects of freezing and melting processes (the latter lead to fluid
ization of the active layer sediments upon melting). The transport of silt 
and organic matter by groundwater is towards the hangingwall, in the 
direction of the topographic gradient, but it is blocked by the fault 
structures due to their low permeability, as a result of clay smear, grain- 
reorientation, juxtaposition, and iron-oxide precipitation (Lapperre 
et al., 2019, 2022). This causes accumulations of silt and organic matter 
in the sediment pores, mainly at the footwall side of the fault structures, 
which further reduces fault permeability, and causes more trapping of 
silt and organic matter. 

5.2. Minor fault structures 

Apart from a principal fault, the fault zone contains abundant, 
distributed minor faults in the damage zone at both sides of the main 
fault. They represent the youngest deformation event, which has taken 
place during the Holocene, because of the displaced Equisetum roots, and 
before the excavation of the 13th century man-made channel (Unit V). 
The numerous faults have synthetic and antithetic orientations, and 
their individual displacements are only a few centimeters (Figs. 5, 8; 
Supp. Fig. 1). The net vertical displacement of the dozens of minor faults 
across the fault zone is only in the order of 0.2 m and the fault core is 
hardly affected by them. Such a distributed faulting has not been 
observed in previous trenches in the RVRS, and in this trench it only 
occurred during the latest time-interval, since all units except Unit V, the 
infilled man-made channel, are affected by it by the same amount. 

Digging of the channel cannot explain the faulting, because the 
channel is unaffected and the depth-extent of the faults is well below the 
base of the man-made channel. Gravitational collapse of the fault scarp 
can also not explain the minor faulting, because there is hardly any net 
vertical displacement, the faults are straight and not concave, slump- 
like, and thrusts evidencing mass-movement are lacking further down
slope (e.g. Houtgast et al., 2005). The minor faults could, however, 
represent a negative flower structure created by transtensional motions 
along this segment of the PBFZ, which is indicated by the right-lateral 
displaced Equisetum roots (Fig. 6c). Although the dominant displace
ment mode in the RVRS is normal faulting, strike-slip motions do occur, 
as evidenced by earthquakes in the RVRS: About one third of the focal 
mechanisms have nodal planes with a strike-slip motion (Hinzen et al., 
2021).The displacement style for faults in the RVRS inferred from tec
tonic morphology and trenching results is pure normal faulting (Van 
Balen et al., 2005, 2019, 2021; Michon and Van Balen, 2005; Wool
derink et al., 2019). However, according to Vanneste et al. (2013), the 
faulting mode inferred from trenching results might be biased by the 
orientation of the faults studied in trenches thus far. Furthermore, strike- 
slip motions can be expected because the extension direction in the 
RVRS is (slightly) oblique (Michon et al., 2003; Worum et al., 2004, 
2005; Vanneste et al., 2013). However, because of its orientation with 
respect to the NW-SE directed maximum horizontal stress direction 

(Müller et al., 1992), the displacement along the PBFZ should have a 
left-lateral shear component, which contrasts with the right-lateral 
displacement of the roots. As an alternative, the right-lateral displace
ment can be explained by local conditions. For example, it could be the 
effect of the tip of a (normal faulting) rupture segment (Choi et al., 2016) 
with an epicenter located to the NW. Or it could be the result of a change 
in fault strike. However, we have no further indications to constrain 
these hypotheses. Finally, the lateral faulting component can potentially 
be explained by the glacio-isostatic triggering mechanism for faulting 
events, see section 5.3.2. The asymmetry of the width of the damage 
zone, which is ~2 m wide on the footwall and ~ 1 wide on the hang
ingwall, can be explained different sediment properties across the fault 
(Choi et al., 2016), since the coarse grained and therefore relatively 
strong unit I observed in the trench at the footwall is buried at ~20 m 
depth at the hangingwall. 

5.3. Displacements, (paleo-)scarps and wedges 

All units except Unit V are effected by the 0.2 m net displacement of 
the most recent, possibly trans-tensional event. The preceding dis
placements events can be inferred using stratigraphy, inferred paleo- 
topography, and fluidization features. 

Aeolian Unit IV was deposited against a scarp, because this unit is not 
present on the footwall, its internal stratification is directed upwards 
towards the fault, and its thickness decreases away from the fault. 
However, there was no scarp during deposition of the upper part of 
underlying Unit III, because its internal stratification on both the foot
wall and hangingwall shows no evidence for it (Fig. 5). The scarp was 
thus created in the short time span between deposition of Units III and 
IV, around ~14 ka. Furthermore, fluidization features occur in the top of 
Unit III, on the hangingwall, close to the contact with overlying Unit IV. 
The contact between Units III and IV is thus an event layer. The top of 
Unit III has an offset of 1.25 m. Due to potential erosion on the footwall 
and/or uptake in the plough layer, the fault displacement of the top of 
Unit III can in theory have been larger. However, the unit is only 0.5 m 
thicker on the hangingwall, which can be explained by the onlapping 
nature of Unit III on the footwall (Unit III drapes a scarp created by an 
older event, see below), resulting in less total thickness at the footwall. 
The Recent footwall erosion and or ploughing effects are thus minor. The 
fault displacement resulting in the scarp against which Unit IV was 
deposited was thus about 1.25 m minus the 0.2 m offset of the younger 
event, resulting in ~1.05 m. The displacement indicates a surface 
rupturing earthquake with a magnitude Mw of about 7 (Wells and 
Coppersmith, 1994; Trippetta et al., 2019). 

The coarse grained basal part of Unit III on the hangingwall is 
interpreted to be a colluvial wedge. On the footwall it corresponds to the 
erosional unconformity between Units II and III. The base of Unit III is 
thus interpreted to be an event layer. Unit II consists of sand, silt and 
peat, which indicate low energetic conditions during deposition. This 
suggests that no significant fault scarp was present at this site during 
formation of Unit II. The total offset of the base of Unit III/top of Unit II 
is 2.45 m, which is the sum of the two younger events and the fault 
displacement taking place following the deposition of Unit II (and before 
deposition of Unit III). This fault displacement event was thus 1.2 m 
(2.45–1.25). The reconstructed fault displacement was likely abrupt, 
because evidence for growth faulting is lacking and the combination of 
an erosional unconformity with a colluvial wedge, both with energetic 
conditions sufficiently large for transport of 2.5 cm sized pebbles, evi
dence abrupt relief. The displacement indicates a similar surface 
rupturing earthquake like the younger event, with a magnitude Mw of 
about 7. The timing of this event is ~15 ka, based on the OSL dating 
results of Units II and III and considering that deposition of Unit III 
should take more time than 500 years, we use the upper limit of the 
dating result of OSL sample HB4. 

The total offset observed in this trench, 2.45 m, is larger than in the 
previously studied trenches at the PBFZ. However, it is in agreement 
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with the larger present-day scarp height and the thicker Miocene to 
recent syn-rift deposits at this location, which both indicate a larger fault 
offset compared to other locations along the PBFZ (Fig. 2b). In addition, 
the total offset of 2.45 m is in line with the 2.30 m displacement of the 
Late Pleniglacial terrace, buried by Holocene Rhine-Meuse deposits, in 
the adjoining area located northwest of the study site (Cohen et al., 
2002). The timing of the major surface rupturing events (~15 ka and ~ 
14 ka) suggests a close relation to glacio-isostatic movements in the 
RVRS, like in the previous trenching studies (Houtgast et al., 2005; Van 
Balen et al., 2019, 2021). 

The oldest unit on the footwall (Unit I, ~240 ka) is located at a depth 
of about 20 m on the hangingwall (see 4.1.1). The long time interval 
between deposition of Units I and II precludes assessment of faulting 
events. The long term fault displacement rate since the deposition of this 
unit is about 20 m / 240 ky = 0.08 mm/y. 

5.3.1. Reconstruction of events 
Based on the inferences above, the following reconstruction can be 

made: During the deposition of Unit II no scarp was present (Fig. 9a). 
The first prominent scarp formed at the transition from Unit II to III, at 
~15 ka (Fig. 9b). The scarp was subsequently eroded and a colluvial 
wedge formed at the hangingwall. The scarp and wedge were blanketed 
by the rest of Unit III (Fig. 9c). Following deposition of Unit III, a new 
scarp was formed at ~14 ka (Fig. 9d). We find no evidence for erosion of 
this scarp and also a colluvial wedge on the hangingwall is lacking. 

Instead, the scarp relief is levelled by deposition of Unit IV on the 
hangingwall (Fig. 9e). This unit was formed by dry aeolian sedimenta
tion. Therefore, absence of surface runoff may explain the lack of scarp 
erosion. Following this phase of deposition, the third event caused the 
abundant cm-scale faulting (Fig. 9f). The inferred transtensional faulting 
event took place during the Holocene, before the construction of the 
man-made channel in the 13th century (Fig. 9g). Indications for a fourth, 
non-surface rupturing event are found in the infill of the man-made 
paleo-channel. They consist of a collapsed brick wall, and additional 
separated bricks, which suggest, given the context of a seismically active 
fault, collapse by seismic shaking (Fig. 9g). Loadings in a coarse sand 
layer embedded in Unit V will have been triggered by the same shaking 
event, as the intensity of loading deformations decreases away from the 
brick wall. Age constraints available for the gyttja deposits can be used 
to situate this earthquake event in the first half of the 13th century. After 
this event, the man-made channel became completely filled (Fig. 9h). 
We have not been able to find this earthquake event in records of historic 
earthquakes (e.g. Houtgast, 1991; Alexandre, 1994). 

5.3.2. Triggering mechanism 
Like in previous trenching results in the RVRS (Houtgast et al., 2005; 

Van Balen et al., 2019, 2021), the timing of the two oldest, large events, 
~15 ka and ~ 14 ka suggests a relation with glacio-isostatic adjustment 
(GIA). The timing of these faulting events is in agreement with inde
pendent evidence for a forebulge and its collapse based on sea-level data 

Fig. 9. Schematic reconstruction of events. 
a) Following the deposition of Unit I by the Meuse river, loamy Unit II was formed, with one or more cycles of sedimentation, erosion, soil formation and cry
oturbation. b) Around 15 ka, a first large surface rupturing event took place, subsequently followed by footwall erosion, and deposition of a clastic wedge at the 
hangingwall. c) The landscape was blanketed by (mainly aeolian) deposition of sandy and loamy Unit III. d) This unit was faulted by a second surface rupturing event 
at ~14 ka. e) deposition of sandy aeolian Unit IV against the scarp. f) minor faulting by distributed faults during the Holocene, pre-dating the infill of the man-made 
channel. This event was also surface rupturing, but the total vertical displacement was limited to ~0.2 m. Laterally displaced trails of organic matter (resulting from 
decayed roots) indicate transtensional faulting. g) Finally, a likely fourth event is witnessed by a collapsed brick-wall and loadings in a sand deposit embedded in the 
organic infill of a man-made channel (Unit V). 
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(Kiden et al., 2002), fluvial response of the Rhine river (Busschers et al., 
2007) and GIA-modelling (e.g. Craig et al., 2023). Forebulge decay 
causes additional stresses which may stimulate the slip of faults, 
depending on their orientation and on the ambient plate-tectonic stress 
conditions (Hampel et al., 2009; Craig et al., 2023; Damon et al., 2023). 
According to the modelling results of Craig et al. (2023), GIA may be 
another alternative to explain the right-lateral displacement of the Ho
locene surface rupturing event (their Fig. 4e, f). 

5.4. Rupture lengths 

The maximum rupture length of surface rupturing earthquakes at the 
PBFZ can be calculated theoretically based on the seismogenic thickness 
of the crust. The ratio of surface rupture length to rupture width (the 
thickness of seismogenic layer) is similar for all earthquake sizes; It 
ranges from 1 to 3, averaging around 1.6 (Stock and Smith, 2000; 
Thingbaijam et al., 2017). Because the maximum rupture width equals 
the thickness of the seismogenic layer, which is around 25 km in the 
RVRS (Vanneste et al., 2013; Grützner et al., 2016; Hinzen et al., 2021), 
the theoretical maximum rupture length is 25–75 km, and averages at 
about 40 km. This in agreement with a rupture length of about 55 km 
inferred for the Erft/Swift fault (located in the German part of the RVRS; 
Vanneste et al., 2013); and a rupture length of 11.5 to 28 km for part of 
the Feldbiss Fault zone (FFZ) (based on trenching results; Camelbeeck 
et al., 2007). 

A maximum rupture length of 25–75 km is much shorter than the 
125 km length of the PBFZ, indicating that it likely consists of multiple 
rupture segments. Also the structural complexity of the PBFZ, consisting 
of fault bifurcations, fault orientation changes and step-overs (e.g. 
Michon and Van Balen, 2005)., indicates that multiple rupture segments 
are likely present (Wesnousky, 2006; Vanneste et al., 2013). Previously 
we have estimated a minimum length of 35 km for the oldest surface 
rupture event in the Bakel and Neer trenches (Van Balen et al., 2019). 
The results from the Uden trench show that this event can also be 
correlated (Table 3), resulting in a minimum rupture length of 55 km 
(the distance between the Uden and Neer trenches). 

6. Conclusions 

The paleoseismic activity of the Peel Boundary Fault zone has been 
studied in a new trench, located at the maximum syn-rift depocenter and 
scarp heights. Three to four earthquake events were reconstructed. The 
oldest event occurred around 15 ka, and had 1.2 m displacement, 
translating into Mw ~7. A second, similar magnitude event, with 1.05 m 
displacement, occurred at about 14 ka. Both events were surface 
rupturing, normal faulting earthquake events, as furthermore evidenced 
by (colluvial) wedges and fluidizations and a lack of growth faulting. 
The timing of both events suggest that glacio-isostatic adjustment is the 
triggering mechanism. The third event occurred during the Holocene. In 
contrast to the two older events, it is characterized by numerous, small- 
scale syn- and antithetic faulting. It causes the fault zone to be 3 m wide. 
Despite the abundance of small faults, the net vertical displacement 
during this event was only about 0.2 m. It is interpreted as a trans- 
tensional event, which is supported by the observed right lateral 
displacement of trails of organic matter from decayed roots. A likely 
fourth event took place during the first half of the 13th century. It is 
inferred from loading deformations and a collapsed brick wall preserved 
in the infill of a man-made channel on the hanging wall. A minimum 
rupture length of 55 km for one of the older events is inferred from a 
correlation to previous trenching results. This rupture length and the 
fault offset in agreement with findings elsewhere in the RVRS and the 
theoretical maximum earthquake magnitude based on the seismogenic 
thickness of the crust, and with the magnitude-frequency distribution of 
instrumental earthquakes. The timing of the first two main events sug
gests a relation to glacio-isostatic motions. 
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