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A B S T R A C T   

The Quaternary is characterized by pronounced alterations between cold and warm climatic states, with the Mid- 
Pleistocene Transition marking a strong increase in the intensity of cold-climate conditions. River systems are 
sensitive to environmental perturbation (e.g., climate, tectonics, base level) and are expected to respond to such 
profound changes. This study uses a combination of terrace mapping and analysis of a dense borehole database to 
investigate the Meuse terrace staircase (and its deposits), and gain insight on how it reflects climatic and tectonic 
perturbations during the Quaternary. The lower reaches of the Meuse river, which has both its main water and 
sediment source in the Ardennes displays a well-developed terrace staircase that was sculpted mainly throughout 
the Quaternary. The staircase is located near the cities of Maastricht (southern Netherlands) and Liège (north
western Belgium). About 30 terrace levels reflect signals of environmental perturbations in the lithological 
composition, gradients, thicknesses, and spatial distribution. The terraces are organized in groups, based on their 
morphological position, from old to young; these are the East Meuse terrace group and West Meuse High-, 
Middle- and Low terrace groups. Our findings show a consistent increase in the gravel content from older to 
younger terraces. The sandier composition of the deposits of the oldest terraces (Early Pleistocene) is closely 
related to the supply of the Miocene-Pliocene weathered material from the Ardennes. Younger terraces (Middle 
and Late Pleistocene) are much richer in gravel, evidencing sediment input from fresh or partially weathered 
bedrock. These changes point to a downstream migration of the gravel front throughout the Quaternary. The 
mean thickness of the terrace groups shows a slight increase, even though the same trend is not clear when each 
terrace is analyzed on an individual basis. The anomalous thickness of the Caberg 1 terrace suggests increased 
sediment input during the cold climatic conditions of the Elsterian (MIS 12), the first Quaternary glacial during 
which an ice sheet extended into the northern Netherlands. Reconstruction of terrace gradients reveals that older 
East Meuse terraces show a (reversed) gradient opposite to reconstructed palaeo flow directions, which is 
attributed to a combination of low gradients during terrace formation and footwall back-tilting of the Feldbiss 
Fault Zone. In our analysis we do not see clear evidence for the imprint of the Mid-Pleistocene Transition, which 
suggests that due to its gradual nature, its signal is either buffered or assimilated by the overall climatic signal of 
the Quaternary. This study offers a first complete temporal analysis of the Meuse terrace staircase, providing an 
important basis for better understanding the effects of Quaternary climatic change and tectonics, and their 
resulting effects in other river systems worldwide.  
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1. Introduction 

The Quaternary is marked by strong climatic oscillations that left 
major imprints on both marine and continental environments. 
Compared to the Pliocene, Quaternary climate oscillations were gener
ally of higher amplitude with deeper glacial minima (Lisiecki and 
Raymo, 2005; Head and Gibbard, 2015; Ehlers et al., 2018). During 
several glacial minima, large ice sheets developed, especially in the 
Northern Hemisphere (Ehlers et al., 2018; Rea et al., 2018), mirrored in 
global sea-level cycles with minima between 100 and 140 m below, and 
maxima within 10 m above the present sea-level (Anderson et al., 2013; 
Spratt and Lisiecki, 2016). The Quaternary climate is characterized by a 
significant and pivotal period between ca. 1.25 and ca. 0.65 Ma (Rud
diman et al., 1986; Clark et al., 2006), known as the Mid-Pleistocene 
Transition (MPT). It reflects a transitional phase between a period 
with primarily symmetric 41-kyr cycles during the Early Pleistocene to a 
time interval of strongly asymmetric 100-kyr cycles, with much larger 
climatic amplitudes and substantial intensification of cold-climate con
ditions, during the Middle and Late Pleistocene (Ruddiman et al., 1986; 
Lisiecki and Raymo, 2007). As orbital parameters did not change (Pisias 
and Moore, 1981; Clark et al., 2006), the MPT is regarded as a product of 
internal mechanisms of Earth’s climate system (Maslin and Ridgwell, 
2005). Although the exact causes for this significant change are still 
debated, and different hypotheses are proposed, a combination of CO2 
decrease, and progressive glacial regolith erosion is regarded critical 
(Berends et al., 2021). 

For instance, the gradual (glacial) erosion of regolith in high lati
tudes of the Northern Hemisphere increased basal friction between the 
ice sheets and bedrock, and thus allowed the build-up of increasingly 
thicker ice masses that withstood melting processes over the 41 kyr 
cycles (Clark and Pollard, 1998; Clark et al., 2006; Sosdian and Rosen
thal, 2009; Yehudai et al., 2021). The formation of these extensive ice 
masses may be attributed to a prolonged cooling trend accompanied by 
increase in the climate amplitude during the Quaternary, driven by 
declining sea surface temperatures and changes in oceanic circulation 
(e.g., Herbert et al., 2010; Lawrence et al., 2010; McClymont et al., 
2013). In turn, this cooling trend is often linked to a reduction in at
mospheric CO2 levels, as CO2 solubility increases with decreasing sea 
surface temperatures (Millero, 1995; Clark et al., 2006). Furthermore, 
progressive regolith erosion resulted in the production of substantial 
amounts of glaciogenic dust. The influx of this dust into the oceans 
significantly influenced productivity by fertilizing the waters, leading to 
increased levels of phytoplankton and their subsequent uptake of CO2 
for metabolic purposes (Martin et al., 1990; Martínez-García et al., 2014; 
Müller et al., 2018). Also linked to long-term cooling is the hypothesis of 
Arctic sea-ice growth (Gildor and Tziperman, 2001) and the expansion 
of the East (Raymo et al., 2006) and the West Antarctic ice sheet 
(Lawrence et al., 2010). A thorough review on the MPT and the Qua
ternary climatic change is given by Zachos et al. (2001), Maslin and 
Ridgwell (2005), Head and Gibbard (2015), and Berends et al. (2021). 

Despite the clear identification of the Quaternary climatic changes in 
the marine sedimentary records, the same is not true for the imprint of 
these changes in the terrestrial realm (Bridgland and Westaway, 2008; 
Gibbard and Lewin, 2009; Head and Gibbard, 2015), making, for 
example, coupling of terrestrial sources to (dominantly marine) sinks 
challenging at best. Fluvial terrace staircases are important geomorphic 
and stratigraphic archives of the long- and short-term temporal evolu
tion of fluvial landscapes and therefore can bear critical records of 
terrestrial response to the Quaternary climate changes (Van Balen et al., 
2000; Schaller et al., 2004; Fuller et al., 2009; Vandermaelen et al., 
2022). 

In general, a fluvial terrace is a former river floodplain that is now at 
an elevated position (Bull, 1991; Pazzaglia, 2013). It can occur in a wide 
range of physiographic settings (Pazzaglia, 2013), from lowlands (e.g., 
Van Balen et al., 2000; Van den Berg and Van Hoof, 2001; Boenigk and 
Frechen, 2006) to mountain ranges (e.g., Tofelde et al., 2017). A fluvial 

terrace forms when a river incises, abandons its floodplain, and forms a 
new floodplain at a lower level. A terrace staircase is composed of ter
races at different elevations. They form due to an alternation of down
cutting and aggradation or a reduced downcutting rate during long-term 
incision (Vandenberghe, 2015). In many cases, the long-term incision is 
a result of tectonic uplift, whereas terrace formation is climate 
controlled (e.g., Maddy et al., 2001). Alternative triggers of terrace 
formation are, for example, faulting (Su et al., 2024), and river- 
damming events, such as lava-flows and slope collapse, and associated 
base-level changes (e.g., Maddy et al., 2007; Tost et al., 2015). 

The relation between climate change and terrace formation can be 
complicated. Vandenberghe (2008, 2015) and Bridgland and Westaway 
(2008) propose scenarios for climate-driven terrace formation of low
land rivers based on well-dated late Pleistocene fluvial sequences in 
north-west Europe. Aggradation occurs during cold periods with limited 
vegetation cover and high sediment supply. Vertical incision occurs at 
the cold-warm transition, due to the action of meandering channels (low 
width-depth ratio), thus abandoning cold-period deposits of a previous 
braided system and forming a terrace. Stability prevails during the warm 
period. During the subsequent warm-cold transition, a second and more 
dominant lateral erosion phase by braided channels (high width-depth 
ratio) occurs (Vandenberghe, 2008). This erosion phase is laterally 
pronounced and (partly) removes previous warm-period deposits, and 
therefore the fluvial record is only partly preserved. As a result, cold- 
period deposits dominate the terrace deposits, as evidenced by cold- 
climatic indicators such as fluvial style, periglacial deformations, and 
ice-rafted debris. Thus, terrace deposition ages can be tentatively esti
mated based on correlations with the well constrained marine isotope 
stages (Lisiecki and Raymo, 2005); several examples are presented in 
Bridgland and Westaway (2008) and Van den Berg and Van Hoof (2001). 
Additional age constraints are provided by dating methods like paleo
magnetic dating, cosmogenic nuclide dating, and luminescence dating 
(cf., Van Balen et al., 2000; Rixhon et al., 2017). 

Based on the Quaternary chronological framework, previous studies 
on terraces of NW European rivers, particularly the Meuse and the 
Rhine, suggest that Quaternary climate change, especially the MPT, 
drove a general increase in sediment caliber of terrace deposits. This 
increase was accompanied by higher gravel content and incision rates (e. 
g., Van Balen et al., 2000; Schaller et al., 2004; Boenigk and Frechen, 
2006; Bridgland and Westaway, 2008; Gibbard and Lewin, 2009). The 
increased incision rates are expressed by a slope break bounding an 
inner valley with terrace remnants of smaller widths and larger inci
sional steps compared to the higher terraces. Examples thereof are the 
Middle and Lower Rhine (Van Balen et al., 2000; Meyer and Stets, 2002; 
Boenigk and Frechen, 2006), the Vltava (Tyráček et al., 2004), the 
Dniester (Matoshko et al., 2004), the Thames (Bridgland, 1995, 2006; 
Gibbard and Lewin, 2003) and the Meuse (Van den Berg, 1996; Van 
Balen et al., 2000). However, the MPT is a gradual transition, whereas 
the inner valley formation in the Meuse and Rhine valleys reflects an 
abrupt change. For the Rhine and Meuse systems, the increased incision 
rates have therefore also been explained by increased tectonic uplift 
(Van Balen et al., 2000; Rixhon et al., 2011; Demoulin et al., 2012). 

Despite the general observations that were previously made for these 
systems, quantitative data on the imprint of Quaternary climatic 
changes on fluvial terrace staircases are not available so far. In this 
study, we address the Meuse terrace staircase in the southern 
Netherlands and adjoining areas in Belgium and Germany. We hereby 
quantify changes in gravel-sand ratio, terrace deposit thickness, 
gradient, and incision in order to make a sequential order of events of 
the Meuse terrace staircase evolution, allowing comparison for different 
time periods and assess differences through time. Our analysis is based 
on the terrace formation model proposed by Vandenberghe (2008, 
2015) and the terrace age model proposed by Van den Berg (1996) and 
Van den Berg and Van Hoof (2001). Our methods rely on an updated 
Meuse terrace map using new borehole and morphological data com
bined with a compilation of published maps and a vast database of 
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boreholes from the Netherlands and Belgium. This map supports the 
characterization of composition and geometry of the Meuse terraces, 
which are analyzed individually (per terrace level) and in groups. This 
work presents a first full analysis of the Meuse terrace staircase through 
time, providing an important basis for better understanding the effects 
of Quaternary climatic change and tectonics, and their resulting effects 
in other river systems worldwide. 

2. Study area 

2.1. Physiographic and tectonic setting 

The Meuse is a ca. 900 km long rainfed river system with a current 
catchment area of approximately 33,000 km2. It crosses three large-scale 
morphotectonic domains (Fig. 1a). The headwaters are located on the 
northeastern margin of the Paris Basin (mostly Jurassic and Cretaceous 
limestones), close to the Vosges mountains. Subsequently, it crosses the 
western part of the uplifting Ardennes massif in Belgium (mostly 
Paleozoic quartzites, sandstones, shales and carbonates) before reaching 
the Cretaceous and Tertiary sediments of the southern part of the 
Netherlands. The river then crosses the active Roer Valley Rift System 
(RVRS) before joining the Rhine river in the central part of the 
Netherlands and debouching into the North Sea. 

The RVRS is an active extensional structure located in the south
eastern part of the Netherlands and adjoining areas in Germany and 

Belgium. It is part of the Lower Rhine Embayment (LRE), which in turn is 
included in the West European rift system (Ziegler, 1992). From south to 
north the RVRS comprises the uplifting Campine and South Limburg 
Blocks, the subsiding Roer Valley Graben (RVG; Fig. 1b), the uplifting 
Peel Block, and the Venlo Graben (see Van Balen et al., 2005). The 
Feldbiss Fault Zone (FFZ) bounds the RVG in the south, whereas the Peel 
Boundary Fault Zone (PBFZ) marks its northern boundary. The RVRS has 
a long tectonic history that comprises several Mesozoic and Cenozoic 
extension and inversion phases. The most recent extensional phase 
started at the Oligocene–Miocene transition and is still ongoing (Geluk 
et al., 1994; Van Balen et al., 2005). 

Upstream, the Ardennes is the western part of the Rhenish massif, 
which originated during the Variscan orogeny. It experienced moderate 
late Cenozoic uplift continuing up to Present-day, as a response to Alpine 
compression (Ziegler and Dèzes, 2007) and, during the Middle Pleisto
cene, to mantle upwelling (Van Balen et al., 2000; Meyer and Stets, 
2002; Ziegler and Dèzes, 2007; Demoulin and Hallot, 2009). The up
heaval of the Ardennes and Rhenish massifs by Alpine compression and 
plume uplift is evidenced by Mesozoic to Early Cenozoic (up to Miocene) 
planation surfaces, which are now at an elevated position, and are 
deformed (Demoulin et al., 2018). An acceleration of the uplift rates in 
the Rhenish and Ardennes massifs during the Quaternary was identified 
by unraveling the terrace staircases of the Meuse and Rhine rivers and 
their tributaries. This acceleration occurred at the Plio-Pleistocene 
transition and again in the Middle Pleistocene (plume uplift), reaching 

Fig. 1. : Study area location. (a) General view of the Meuse River catchment crossing the NE part of France (Paris Basin), the Ardennes (Western segment of the 
Rhenish Massif), and the Roer Valley Rift System (RVRS). Bold lines represent the estimated amount of uplift in meters since the beginning of the Middle Pleistocene 
(Demoulin and Hallot, 2009; see also Kreemer et al., 2020; Meyer and Stets, 1998; Van Balen et al., 2000); (b) The study area is located immediately downstream of 
the Ardennes and upstream of the Feldbiss Fault Zone, the southern border of the Roer Valley Graben. 
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values of up to ca. 500 mm/ka in the period around 0.75–0.4 Ma (Van 
den Berg, 1996; Van Balen et al., 2000; Boenigk and Frechen, 2006). 
These changes in uplift rates are inferred from fluvial valley 
morphology. In the upper part of these valleys (Pliocene-Early Pleisto
cene in age) the terraces are wide and have small incisional steps, 
whereas in the lower inner-valleys (Middle- and Late-Pleistocene) they 
are narrow and have large steps (Van Balen et al., 2000; Boenigk and 
Frechen, 2006; Rixhon et al., 2011). According to Demoulin and Hallot 
(2009), this last pulse of uplift caused the Ardennes to rise ca. 100–200 
m. Traditionally, the terraces of the wide valley system are called Main 
or High terraces, whereas those of the inner valley are called Middle and 

Lower terraces. 
The study area is located in the area of uplift situated on the northern 

part of the Ardennes and the southern shoulder of the RVRS. It is 
bounded in the north by the FFZ, and it comprises the South Limburg 
and Campine tectonic blocks (Fig. 1b). The uplift has caused long-term 
incision and, in combination with climate change, the formation of a 
terrace staircase by the Meuse river (Van den Berg, 1996; Van Balen 
et al., 2000; Rixhon and Demoulin, 2018). We focus on this uplifting 
area to avoid the effect of terrace stacking, which occurs in the 
subsidence-controlled areas north of the FFZ, in the central RVG of the 
RVRS. 

Fig. 2. Meuse terrace map. The map is based on a synthesis of previously published maps. The extents of some terrace remnants have been updated based on a novel 
high resolution LiDAR DEM. The terrace levels labelling as well as the age span of terrace groups (see Table 1) are after Van den Berg (1996), and Van den Berg and 
Van Hoof (2001). The terraces are separated in four major groups: from older to younger East Meuse Terraces, which belongs to the currently abandoned East Meuse 
Valley; Higher, Middle and Lower Terraces, which belong to the currently active West Meuse Valley. RVG: Roer Valley Graben; FFZ: Feldbiss Fault Zone. 
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2.2. Morphostructural setting and terrace development 

During the Late Pliocene the Meuse occupied the East Meuse valley, a 
currently abandoned valley located in the south-eastern most area of the 
Netherlands and adjoining area in Germany (Fig. 2). The Meuse con
fluenced with the Rhine near Cologne. From there, the Rhine-Meuse 
system continued to flow into the Roer Valley Graben, dictated by the 
tectonic structure of the RVRS. 

During the Early Pleistocene period, the Meuse River shifted from its 
previous route in the East Meuse valley to begin sculpting the West 
Meuse valley (Fig. 2). The exact mechanism responsible for this course 
change remains uncertain, but it is likely associated with factors such as 
the Cretaceous limestone subsurface, triggering karstic processes (e.g., 
Losson and Quinif, 2001) and the effects of tectonic activity on gradients 
(the previous course of the Meuse in the East Meuse valley was oriented 
according to changing tectonic motions in the area). 

During the early Middle Pleistocene (Marine Isotope Stage 16), the 
Rhine permanently abandoned the RVG (Boenigk, 1978; Zagwijn, 1985; 
Boenigk and Frechen, 2006). Finally, also the Meuse left the RVG during 
the late Middle Pleistocene (ca. 250 ka; MIS 8) and began to flow across 
the Peel Block. From the late Saalian (150 ka; MIS 6), the Meuse formed 
terraces at its current location on the Peel Block. Up to the Weichselian 
and Holocene, whereas in the study area the terraces span the whole of 
the Quaternary. 

About thirty different terrace levels were discriminated in the study 
area (Fig. 2; see also Felder and Bosch, 1989; Van den Berg, 1989). The 
number of terraces decreases upstream, likely as a result of the 
decreasing degree of preservation of terrace deposits. For example, 
around ten levels were identified where the Meuse crosses the Ardennes, 
upstream of the study area (Macar, 1938, 1954; Juvigné and Renard, 
1992; Pissart et al., 1997; Van Balen et al., 2000). The larger number of 
terrace levels in the study area is due to its favorable position between 
the RVG (subsidence controlled) and Ardennes (uplift controlled; 
Veldkamp and Van Dijke, 2000). 

The state of preservation of the terraces varies. In general, the older 
terraces are less preserved due to post-formation weathering and erosion 
(Van den Berg, 1996). The thickness of the terrace remnants varies 
considerably, ranging from a few meters up to 25 m (Van den Berg and 
Van Hoof, 2001). They are mostly composed of gravel (mostly Paleozoic 
quartz, quartzite and sandstone, and Cretaceous flint) and coarse sand, 
with rare occurrences of clay deposits and paleosols (Macar, 1938, 1954; 
Breuren, 1945; Van Straaten, 1946; Zonneveld, 1949; Felder and Bosch, 
1989; Van Kolfschoten et al., 1993; Van den Berg and Van Hoof, 2001). 
The gravel and sand deposits contain characteristics of cold-climate 
environments such as ice-wedge casts, cryoturbations, and large, m- 
size boulders, the latter probably transported by ice-rafting (Collard 
et al., 2012; Houbrechts et al., 2018). Alternatively, De Brue et al. (2015) 
propose purely hydraulic transport modes for these large boulders, 
which rely on lowered hydraulic transport thresholds and catastrophic 
floods caused by ice jams and dam collapse. The predominance of coarse 
bedload in a relatively wide area of sheet-like morphology indicates 
braided-style channel deposits (Van den Berg, 1996). 

The age control of the terrace deposits is based on a variety of age- 
dating methods. In general, younger terrace levels were dated by nu
merical dating methods (Huxtable, 1993; Van Kolfschoten et al., 1993; 
Schaller et al., 2004; Houtgast et al., 2005; Meijer and Cleveringa, 2009; 
Rixhon et al., 2011; Woolderink et al., 2019; Van Balen et al., 2021); 
older levels have been dated indirectly by correlation with the marine 
isotopic stage record (assuming deposition during cold stages), 
biostratigraphy, paleomagnetic data, and regional correlations (Felder 
and Bosch, 1989; Van den Berg, 1996; Pissart et al., 1997; Van Balen 
et al., 2000; Westaway, 2001; Houtgast et al., 2002). Table 1 shows an 
overview of the age constraints. 

2.3. The Meuse terraces and their Quaternary climate archive 

The Paleozoic rocks of the Ardennes are the most important source of 
sediment composing the Meuse terrace deposits (Van den Berg and Van 
Hoof, 2001). Its pre-Quaternary morphologic history is marked by 
intense weathering events under (sub) tropical conditions during the 
Early Miocene, and marine transgressions during the Oligocene-Miocene 
(Demoulin, 1995; Demoulin et al., 2018). Thus, most of the sediment 
composing the older Meuse terraces is a product of the quartz-enriched 
weathering overburden of the Ardennes (Tesch, 1941), which started to 
be eroded following the climate changes in the Late Pliocene and Qua
ternary. An important characteristic of the Meuse terraces is the 
decrease in quartz content (Van Straaten, 1946) and stable heavy min
eral content from older to younger terraces (Zonneveld, 1949; Busta
mante-Santa Cruz, 1973; Krook, 1993; Westerhoff et al., 2008). Thus, 
the East Meuse terraces, especially the Kosberg levels, are rich in quartz 
and stable heavy minerals, resembling the composition of Pliocene de
posits of the RVRS (Kieseloolite Formation; see Boenigk and Frechen, 
2006; Westerhoff et al., 2008). On the other hand, younger levels 
gradually become enriched with fresh rock components (Paleozoic 
quartzites and sandstones) and are impoverished in quartz and stable 
heavy mineral contents. These observations testify to increasing incision 
and periglacial weathering processes throughout the Quaternary (Van 
den Berg, 1996). Similar observations are also reported for the Middle 
and Lower Rhine (Boenigk and Frechen, 2006; Kemna, 2008; Westerhoff 
et al., 2008). 

3. Methods 

3.1. Borehole data 

In the Dutch area, we extracted data from the DINO borehole data
base, the national Dutch subsurface database, which is operated by the 
TNO - Geological Survey of the Netherlands (extraction date 08-04- 
2022; www.dinoloket.nl; Van der Meulen et al., 2013). We only 
extracted those borehole logs that contained lithostratigraphically 
coded information referred to as Beegden Formation, which represents 
sediments deposited by the Pleistocene Meuse in the Netherlands. 

For the Belgian area, we extracted data from the Flanders Online Soil 
and Subsoil Database, which is operated by the government of Flanders 
(www.dov.vlaanderen.be). These borehole data were lithologically 
coded, stratigraphically (re)interpreted, and organized in a separate 
database by Van Haren et al. (2016a, 2016b). This borehole data was 
converted into Dutch standard coordinate system (RD New) and eleva
tion reference (NAP), and all lithological and admixture attributes were 
transformed into SBB 5.1 format (Bosch, 2000) as used by TNO - 
Geological Survey of the Netherlands. We only used information from 
those borehole intervals that were assigned the stratigraphic codes 
‘Rafz’, ‘Maasgroep’ and ‘Beegden zg, k1 & k2’ (see Section 4.3 in Van 
Haren et al., 2016b). As the lower part of these intervals locally contains 
mostly finer-grained sediments that occur below the base of the Meuse 
terraces in this area, we only used those intervals that contained a 
gravelly base, thus ensuring stratigraphic synchroneity between the 
Dutch and Belgian datasets. 

The so-called Winterslag Sands (Gullentops et al., 2001; Van Haren 
et al., 2016b; Beerten et al., 2018) were not included in this study. They 
represent an older (final Early Pleistocene) Meuse sand deposit that 
underlie the Meuse terrace gravel accumulation on the Campine plateau 
(Zutendaal Gravels; see Fig. 4 in Van Haren et al., 2016b). Furthermore, 
borehole intervals interpreted as ‘Maasgroep’ but belonging to the 
Lommel or Bocholt Members were excluded due to mixing with Rhine 
sediments (cf. Gullentops et al., 2001; Beerten et al., 2018). 

The synchronized Belgian and Dutch borehole data sets were com
bined into one database. Subsequently, borehole logs with poor or no 
description, with lithological interval(s) thicker than 10 m and/or with 
incorrect location coordinates, were excluded from the dataset. From 
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Table 1 
Overview of the age control for the Lower Meuse Terraces. This table highlights the most important age-dates for this study. More age-dates are available in the literature for the Weichselian and Holocene levels.   

Estimated age (ka) — indirect methods Estimated age (ka) — direct methods 

Terrace 
group 

Terrace level Van den 
Berg, 
1996 

Felder and 
Bosch, 1989 

Van Balen 
et al., 
2000 

Houtgast 
et al., 2002 

Westaway, 
2001 

Pissart 
et al., 
1997 

Rixhon 
et al., 
2011 

Rixhon and 
Demoulin, 
2018 

Huxtable, 
1993 

Van Kolfschoten 
et al., 1993 

Meijer and 
Cleveringa, 
2009 

Schaller et al., 
2004 

Houtgast 
et al., 2005 

Van Balen 
et al. 
(2021) 

Lower 
terraces 

Holocene 
floodplain  

3              

Geistingen  11  13   11           
Mechelen a/ 
d Maas  

14   14  14  14          

Middle 
terraces 

Eisden 
Lanklaar  

130   130  130  130          

Caberg 3  245  250  250  250  245  245   250 ± 203 220 ± 404 340–3005  >89 ± 96  

Caberg 2  330    330  330         343 (− 45, 
+56)7 

Caberg 1  420    420  420          
Rothem 2  510   430  530  470  330         
Rothem 1  620  520   600  510  420         
Gravenvoeren  715   650  650  620  510         

Higher 
terraces 

Pietersberg 3  780    710  700   6252       

Pietersberg 2  870    750  780  620 725 ±
1201      

1060 ± 2601   

Pietersberg 1  955  700  720  780  870  715         
Geertruid 3  1030   850  850  1030          
Geertruid 2  1090    980  1090  870       1720 ± 2201   

Geertruid 1  1280  1050  1110  1100  1280  1100       1690 ± 5001   

Valkenburg 2  1500     1420  1200         
Valkenburg 1  1570  1300    1460  1280         
Sibbe 2  1690     1570  1420         
Sibbe 1  1740  1410/1800  1500   1650  1420         
Margraten  1870     1740  1570         

East Meuse 
terraces 

Simpelveld 2  2060     1820  1820         
Simpelveld 1  2140              
Noorbeek  2440      1930         
Crapoel  2600      2030         
Kosberg 3  2690              
Kosberg 2  2810              
Kosberg 1  2940               

1 Cosmogenic radionuclide. 
2 Reinterpretation of previous results. 
3 Thermo-luminescence. 
4 Electron spin resonance. 
5 Amino-acids. 
6 Optical stimulated luminescence. 
7 Infra-red stimulated luminescence. 
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this resulting dataset, we then excluded those boreholes that were 
positioned too close to the Roer Valley Graben (hereby using a 1-km 
radius buffer zone along the Feldbiss Faultzone), in order to exclude 
the impact of subsidence-driven sediment stacking on our results 
(Fig. 3). 

All steps described above were performed using a combination of 
Python and (Python-steered) ArcMap 10.6 commands and resulted in a 
final database of 2777 boreholes that we used for subsequent investi
gation (Fig. 3). 

3.2. Terrace map 

The terrace map was made by compiling previously published 
terrace maps (Fig. 2; Macar, 1938; Felder and Bosch, 1989; Van den 
Berg, 1989), and updating them with new information from (i) newly 
coded borehole data, (ii) a distribution map of the Beegden Formation 
(TNO-GDN; www.dinoloket.nl) and (iii) morphologic analyzes of rela
tively recent high resolution Digital Elevation Models based on LiDAR 
(AHN, version 2; www.ahn.nl). The terrace map covers the southern 
Netherlands and adjoining areas in northeastern Belgium and western 
Germany. Felder and Bosch (1989) mapped the terraces based on geo
morphology and borehole data, using the terrace base elevation to 
delineate the terrace boundaries. Van den Berg (1989) used the terrace 
top elevation for tracing terrace boundaries, arguing that these vary 
considerably less than the base elevations. 

The Felder and Bosch (1989) map was used as a template for the 
updated map because it covers a larger part of the area of interest south 
of the Feldbiss Fault Zone, especially over the East Meuse terraces. Be
sides, despite its coverage focusing on the Dutch area, the map coverage 
also includes Belgian and German adjoining areas containing Meuse 
terraces. It was then supplemented by the map from Macar (1938), who 
identified patches of terraces between Liège (Belgium) and Maastricht 

(Netherlands), and overlapping terrace remnants were better delin
eated. Next, the mapping results from Van den Berg (1989) were then 
added for additional terraces. 

Afterward, to confirm or modify the extent of each terrace, the 
borehole data were used in combination with the Beegden Formation 
distribution map (TNO-GDN; www.dinoloket.nl). Complementary, three 
cross sections were constructed using TNO’s in-house Excel tools for 
borehole data visualization. The cross-sections illustrate the vertical 
configuration and internal composition of the terraces and support the 
identification of terraces limits. The cross-section locations were based 
on the optimal number of terraces and the availability of good quality 
borehole descriptions. 

The age model used for the terraces is based on Van den Berg (1996) 
and Van den Berg and Van Hoof (2001), which is mainly based on 
correlations of paleomagnetic and pollen-based ages with the Quater
nary climatic curve. 

3.3. Analysis of terrace composition and geometry 

Based on the new database, we subsequently analyzed the (i) gravel, 
gravelly sand, and sand layer thickness ratios (further referred to as 
composition); (ii) terrace thicknesses; and (iii) terrace longitudinal 
gradients for each individual terrace and for terrace groups. We calcu
lated the mean value for the compositional and thickness parameters, 
and associated uncertainties by bootstrapping (see Section 3.3.4). For 
the longitudinal gradients we applied regression analysis, and the un
certainties were constrained by means of standard error. Further detail 
on each analysis is provided in the sections below and in Fig. 4. 

3.3.1. Lithological composition 
We calculated the lithological composition of individual terraces and 

terrace groups based on the thickness ratio of the lithological classes 
reported in the borehole logs (Fig. 4). We use three classes: gravel (≥30 
% gravel content), gravelly sand (<30 % gravel content), and sand 
layers (0 % gravel content). A more detailed subdivision of these classes 
is not possible. 

We first calculated the thickness ratio of each of these three classes in 
each borehole. In order to prevent depth bias and get the best insight of 
general composition at each borehole location, we only used boreholes 
that (i) fully penetrated the terrace sequence (i.e., the base of the 
borehole reached older sediment layers below the Meuse sequence) or 
(ii) contained a minimal thickness of Meuse sediments of 4 m. The latter 
selection criterion was applied as otherwise too many boreholes would 
have to be excluded from the analysis, severely diminishing the general 
spatial distribution. 

Based on the ratios from the individual boreholes, a mean value and 
its 95 % confidence interval (95 CI) of each class were calculated by 
bootstrapping it 10 × 103 times (further details in bootstrapping in 
Section 3.3.4). This process was repeated for both individual terraces 
and terrace groups. 

3.3.2. Terrace thickness 
The mean thickness of each terrace was calculated using only the 

boreholes that fully penetrated the terrace deposits. The terrace thick
ness was calculated by the difference in elevation of the terrace top and 
base as recorded in the borehole logs. Careful differentiation was made 
between terrace deposits and overlying aeolian and colluvial deposits. 
Finally, the mean thickness of each individual terrace and terrace group 
was calculated considering every suitable borehole. The mean thickness 
value and its 95 % confidence interval were calculated by bootstrapping 
it 10 × 103 times. 

3.3.3. Terraces longitudinal gradients 
The longitudinal gradient of each terrace was computed relative to 

the point where the Meuse entered the Netherlands (further referred to 
as entry point), in the south of the municipality of Eijsden and where the 

Fig. 3. : Overview of the borehole database used in this study and location of 
cross-section A–A′, B–B′ and C–C′ (Fig. 5). A complete legend for color coded 
terraces is displayed in Fig. 2. RVG: Roer Valley Graben; FFZ: Feldbiss 
Fault Zone. 
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division between East and West Meuse is located (X = 176,400 m; Y =
307,300 m; cf. Van den Berg, 1996). This is the farthest upstream point 
on the study site, and it is within the area where the terraces start to 
diverge between East and West Meuse valleys (Fig. 2). The shortest 
distance from each borehole to the entry point was then calculated. 
Subsequently, a scatter plot of the distance from the entry point versus 
the elevation of top and base terrace surface was made. Linear regression 
was applied to determine a gradient for each terrace. Due to the large 
scatter in the dataset, all the datapoints deviating above 1 standard-error 
from the regression line were excluded from further analyses. Then, a 
new regression line was calculated considering only the datapoints 
within the 1 standard-error range. The criterion used in the analysis of 
the top terrace gradient is that the borehole must have at least pene
trated the top of the terrace deposits; the criterion used for the base 
terrace gradient is that the borehole must have penetrated the entire 
terrace deposit. 

Based on the longitudinal gradients, the morphological steps be
tween terraces were calculated. This was done by taking the maximum 
and minimum height differences between two consecutive top terrace 
longitudinal gradients. The same process was applied for the terrace 
base. With these height values, the mean morphological step was 
calculated. 

3.3.4. Bootstrapping 
Bootstrapping is a statistical approach that involves constructing 

simulated datasets by randomly resampling the original dataset with 
replacement, allowing the possibility of selecting the same data point 
multiple times. In this approach, simulated datasets are created with the 
same size as the original dataset. The process involves repeated resam
pling of the data (typically thousands of times), and, for this study, a 
total of 10 × 103 resampling was applied for each analysis. Then, the 
simulated datasets are analyzed regarding their data distribution, in 
which their central tendency values (e.g., mean, median and mode) and 
confidence intervals can be calculated. This method is appropriate for 
cases where the statistical distribution of the dataset is unknown, or non- 
normal (non-Gaussian) and when dealing with small sample sizes 
(Davison and Hinkley, 1997; Helsel et al., 2020). This approach is 
particularly useful for specific cases where too few samples and large 
data scatter complicates the calculation of the mean values and associ
ated uncertainties for composition and geometry. 

4. Results 

4.1. Terrace distribution 

Fig. 2 shows the updated terrace map of the study area using the 
terrace nomenclature of Van den Berg (1989, 1996). The older and 
highest terrace remnants belong to the East Meuse Terraces Group (red 
polygons in Fig. 2); they represent seven different terrace levels. These 
terraces are SW-NE oriented and are paired in their southwestern rea
ches. In general, they are blanketed by an up to 12-m-thick silty cover 
(see Kuyl, 1980). Post-depositional erosion caused by secondary drain
ages is relatively common and has significantly fragmented the terraces 
remnants, especially the older terraces (i.e., the Kosberg terrace; Fig. 2). 

The Higher Terraces (orange polygons, Fig. 2) are composed of ten 
levels. These terraces belong to the West Meuse Valley and are mostly 
SSW-NNE oriented and are unpaired, meaning the terraces are not found 
at the same elevation at both sides of the valley (see Pazzaglia, 2013). 
The general width of the terraces increases from the upper to the lower 
ones (from East to West). The maximum width is observed in the St. 
Pietersberg 2 terrace over the Campine Block on the western flank of the 
West Meuse valley. The terraces are mostly covered by silt, likely loess 
deposits, in the south and sandy silt or sand in the north (see Van Haren 
et al., 2016a). Post-depositional erosion caused by secondary drainages 
is also common in this group, especially on terraces along the eastern 
side of the West Meuse Valley. On the western side of the valley, the 
protecting gravelly Meuse deposits form the Campine Plateau (Beerten 
et al., 2018). 

The Middle Terraces (green polygons, Fig. 2) contain seven terrace 
levels. These are S-N to SSW-NNE oriented and are also part of the West 
Meuse valley. These terraces are also mostly unpaired, except for the 
lower terrace levels, Rothem 2 and Caberg 3, in the reaches of the central 
and northern part of the study area. In the southern reaches of the 
Meuse, closer to the Ardennes, the Middle Terraces have narrower 
widths. On the other hand, in the northern reaches, closer to the sub
siding Roer Valley Graben and Feldbiss Fault Zone, the Middle Terraces 
are wider. In general, these terraces are also covered by silt (likely loess). 

Lastly, the young Lower Terraces (blue polygons, Fig. 2), have three 
levels which are paired in its northernmost reaches. They are also part of 
the West Meuse valley. The general orientation of these terraces is S-N to 
SSW-NNE. The terraces in the south are relatively narrow; they become 
wider closer to the Feldbiss Fault Zone and Roer Valley Graben. Some 
small patches of Geistingen and Mechelen aan de Maas terraces are 

Fig. 4. Illustration of the criteria for defining suitable boreholes for analysis in this study. Examples of borehole logs were obtained from DINOloket (Data and 
Information on the Dutch Subsurface) in www.dinoloket.nl. Further explanation is found in text (Sections 3.1 and 3.3). 

E. da Silva Guimarães et al.                                                                                                                                                                                                                  

http://www.dinoloket.nl


Geomorphology 459 (2024) 109270

9

found as erosional remnants in the middle of Holocene deposits. The 
terraces of the Lower Terraces group are not covered by silt (loess). 

4.2. Cross-sections 

4.2.1. A–A′ 
Fig. 5a presents a cross-section over the East Meuse Valley and its 

terraces, and a complete figure with the borehole logs and borehole 
numbers is found in Supplementary Section S1. An up to 10 m thick 
cover of silt occurs on top of the terraces (including the oldest Saalian, 
MIS 10, part of the Dutch loess series; Kuyl, 1980). Five different terrace 
levels have been discriminated in this profile, each separated by 5–10 m 
high morphological steps. Below, these terraces are presented from high 
(old) to low (young) with elevation values referring to terrace top. 

Fig. 5. Cross-sections of the terraces according to location in Fig. 3. (a) Cross-section A–A’ across the East Meuse Valley; (b) cross-section B–B′ across the West Meuse 
Valley; (c) cross-section C–C′ across the West Meuse Valley. The question mark (?) in the eastern unit of the Crapoel (CR) terrace, in cross-section A–A′, refers to 
inferred composition and thickness based on observations of surrounding boreholes. The pins on top of each cross-section represent the position of boreholes used 
and can be consulted in Supplementary Figs. S1 and S2. The terrace levels labelling as well as the age span of terrace groups (see Table 1) are after Van den Berg 
(1996), and Van den Berg and Van Hoof (2001). 
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Terrace ages can be found in Table 1. 
The highest and oldest terrace in this cross-section is Kosberg 3 (K3, 

see Fig. 5a), with its top surface lying at around 193 m NAP. The asso
ciated deposits are about 18–19 m thick. The deposits show a fining- 
upward sequence with a ca. 9-m thick gravel base, followed upward 
by a 4–5 m-thick sand layer. They are topped by a 2–3 m-thick fine sand/ 
silty deposit. The next younger terrace is Crapoel (CR; see Fig. 5a), 
which has its top terrace surface at ca. 186 m NAP. This terrace is paired, 
and its deposits have a total thickness of about 20 m, showing two 
fining-upward sequences, in which gravels dominate the total compo
sition. Because there are no borehole data available for the eastern part, 
the composition at that location was extrapolated using the terrace map 
and the mean gravelly composition of the East Meuse terraces (see 
Section 4.3). The next lower terrace level is Noorbeek (NO, see Fig. 5a), 
lying at ca. 178 m NAP. The associated deposits are about 10–11 m 
thick. Their composition is dominated by fine sand and silt with a clayey 
lens within the terrace deposit. The morphological step of 6–7 m sepa
rates it from the adjacent lower terrace. Next, Simpelveld 1 terrace is 
found at ca. 175 m NAP. Its deposits are 10–11 m thick and contain a 
gravel base of ca. 2 m. Above the gravel layer, a sandy-silt unit is present 
which laterally grades into a heterogeneous gravelly-sand unit (ca. 4 m 
thick). The top is composed of gravelly sand. The lowermost and 
youngest terrace is Simpelveld 2 (S2, see Fig. 5a), at ca. 169 m NAP. The 
deposits are about 10-m thick, and they are predominantly composed of 
gravel. 

4.2.2. B–B′ 
Fig. 5b presents a cross section through the southern part of the West 

Meuse Valley. It is about 18 km long. A thick cover of silt is present in the 
entire section, reaching up to 10–12 m thick. Twelve different terraces 
can be discriminated in this profile, separated by morphological steps of 
6–10 m. The different elevation values given in the text below refer to 
the terrace top surface. 

The uppermost and oldest terrace is Margraten (MA) at ca. 155 m 
NAP. The deposits are composed of a 4 m thick gravelly base and 
overlying 6–7 m thick sand and gravelly sand deposits. The next, lower 
terrace is Sibbe (SB), separated by a morphological step of about 16–18 
m and positioned at 136 m NAP. Its deposits are composed of a 6 m thick 
gravel layer. The subsequent terrace, separated by a morphological step 
of about 4 m, is Valkenburg 1 (V1) and is positioned at ca. 132 m NAP. 
The associated deposits consist of a 4 m thick gravel layer. Sint Geertruid 
1 (G1), with a morphological step of about 6 m, follows as the next 
terrace, at 126 m NAP. This terrace is composed of 6 m thick gravel 
accumulation. However, this terrace at this location has no borehole 
data and has been inferred from previous terrace maps and the mean 
gravel composition (see Section 4.3). The next in the sequence is Sint 
Geertruid 2 (G2), with a morphological step of about 2 m, at 124–127 m 
NAP. The terrace deposits are composed of a 6–8 m thick gravel accu
mulation. The lowermost terrace of the Higher Terraces is Sint Geertruid 
3 (G3), with a morphological step of 4–8 m, at ca. 120 m NAP. The 
deposits are composed of an 8–9 m thick gravel accumulation. 

The Middle Terraces is the next group in the sequence. The first 
Middle Terrace in this cross-section is Rothem 1 (R1), located in the west 
on the Campine Block. Its top is positioned at 78 m NAP elevation. It is 
separated from G3 by a steep scarp of ca. 45 m. The terrace deposits are 
ca. 16 m thick. They contain an 8-m thick gravelly base, followed by 
silty-sand, silt, and an expressive 4-m thick clayey unit. The subsequent 
terrace is Rothem 2 (R2), which has its top at ca. 72–75 m NAP. In this 
location, the thickness of the Rothem 2 terrace deposits varies from 10 to 
20 m. It is composed of a gravelly base of 5–9 m thick. The sequences 
above the base vary laterally in composition, from coarse sand to sandy- 
clayey sediments. The next terrace is Caberg 3 (C3) at 56 m NAP, which 
in this section presents an entire 10-m-thick gravel accumulation. On the 
eastern side of the cross-section, the Eijsden-Lanklaar terrace (EL) is 
present at around 48 m NAP. Its deposits are entirely composed of gravel 
and can reach up to 8 m thick. Lastly, the next and lowermost terrace in 

this cross section is Geistingen (GE), and it belongs to the Lower Ter
races. It is positioned at around 46 m NAP, and its deposits are also 
mostly composed of gravel, reaching up to 9 m thickness. 

4.2.3. C–C′ 
Fig. 5c presents a cross section across the northern part of the West 

Meuse Valley. It is about 30 km long. A thick cover of silt (loess) is 
present throughout the entire section, reaching up to 10–12 m thick and 
overlying the terraces. In this section, eight different terraces were 
identified, which are separated by morphological steps varying from 6 to 
8 m. The different elevation values given in the text below refer to the 
terrace top surface. 

The highest terrace is Sint Geertruid 2 (G2), which belongs to the 
Higher Terraces, and lies at 112 m NAP. In this location, the terrace 
deposits are 6–8 m thick, and they are composed mainly of sand, with a 
few admixtures of gravel and silt. Next in sequence comes Sint Pieters
berg 1 (P1), which is positioned at 100–105 m NAP. It is mainly 
composed of gravel and can reach up to 18 m thick. Intercalations of 
gravel and gravelly sand are observed throughout the terrace sequence. 
Sint Pietersberg 2 (P2) is the most extensive terrace in this cross section, 
covering about 9–10 km of the total section length. It is located on the 
Campine Block at an elevation of around 80–85 m NAP. Its deposits are 
about 12–14 m thick. They have a gravel base of about 4–5 m thick, but 
in places the gravel accumulation can reach up to 10 m thickness. A 
considerable lateral variation in lithology is observed, where the 
commonly occurring basal gravel gives in to more sandy and gravelly- 
sandy sequences in the central part of this terrace section, as evi
denced by most boreholes in this specific location. The sandy and 
gravelly-sandy sequences can vary from 1 to 5 m thick. A scarp of about 
40 m height bounds this terrace to lower ones within the inner valley. 

The next terrace is Caberg 1 (C1) and belongs to the Middle Terraces. 
It is positioned at 60 m NAP, and it is composed of up to 20 m thick 
gravels. The deposits show distinct lateral variation in lithology, 
changing from gravel to gravelly sand towards the west. Next is the 
Caberg 2 terrace (C2), which lies at about 50–54 m NAP, and reaches up 
to 22 m in thickness. It contains a gravelly base of 8–16 m thickness, 
whereas the upper parts of the deposits are composed of gravelly sand, 
sand, and some silt near the terrace top. Caberg 3 (C3) is positioned at 
40–44 m NAP and its deposits are 10–14 m thick. They are mainly 
composed of gravel, which can reach up to 10 m thick, but gravelly sand 
is also present in the upper sequences, reaching up to 8 m thick. Some 
fine sand and silt are also present. The next terrace belongs to the Lower 
Terraces and is called Mechelen aan de Maas (MM). It nests part of the 
Holocene (HO) deposits and is positioned at around 32 m NAP in this 
location. The base of its deposits is composed of gravel that can reach up 
to 10 m thick. 

4.3. Mean lithological content 

4.3.1. Mean gravel content 
An increasing trend in the mean gravel content was noticed within 

the terrace groups (Fig. 6, Table 2). It initially displays a consistent range 
of around 53 %, within a 95 % confidence interval (CI) between 44 and 
61 % (this is referred to as 53 [44–61]%) to 55 [50–60]%, from East 
Meuse to Higher Terraces. This is followed by a notable increase to 76 
[73–79]% within the Middle Terraces, which then progresses to even 
higher values of 80 [77–84]% in the subsequent Lower Terraces. 

Regarding the analysis of individual terraces, a first stage of 
decreasing mean gravel content is observed in the terraces Kosberg 3 
and Crapoel to Noorbeek and Simpelveld 1, from ca. 50 % to ca. 25 % 
(see Fig. 6 and Table 2 for associated uncertainties). This is followed by a 
strong increase in the gravel component to ca. 70 % in the terraces 
Margraten, Sibbe, and Valkenburg 1, followed by a significant decrease 
to ca. 38 % in Valkenburg 2. Another increase is observed from Sint 
Geertruid 1 to Sint Geertruid 3, reaching up to and stabilizing around ca. 
60 %, and further increasing to up to 83 % in Sint Pietersberg 1. A 
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subsequent decrease to ca. 52 % follows for Sint Pietersberg 2. A gap in 
the data comes next for terraces Sint Pietersberg 3 and ’s Gravenvoeren, 
due to insufficient borehole data. A relatively steady increase up to ca. 
78 % in the gravel content occurs from Rothem 1 to Holocene, with some 
variability in the Caberg 1–3 terrace series. 

4.3.2. Mean gravelly sand content 
Terrace group analysis shows a modest increase in the mean gravelly 

sand content from East Meuse to Higher Terraces, shifting from 30 
[22–38]% to 37 [32–42]%. Subsequently, there is a significant decline 
to 15 [13–18]% and 15 [12–19]% observed for the Middle and Lower 
Terraces, respectively. 

Regarding the analysis of individual terraces, an increase in the 
gravelly sand component is observed from terraces Kosberg 3 and 

Crapoel to Noorbeek and Simpelveld 1, from ca. 19 % to ca. 57 %. A 
substantial decrease to about 24 % follows, represented by the terraces 
Simpelveld 2, Margraten, Sibbe, and Valkenburg 1. This is intercalated 
with a slight increase to ca. 40 % in Valkenburg 2, and decreases again 
up to ca. 14 %, from Sint Geertruid 1 to Sint Pietersberg 1. A gap in the 
analysis is present due to lack of data for the Sint Pietersberg 3 and ’s 
Gravenvoeren terraces. A relatively stable gravelly sand content of about 
15 % is present from Rothem 1 to the current Holocene floodplain. 

4.3.3. Mean sand content 
The mean sand content is relatively low for all terrace groups. It 

drops from 17 [12− 23]% for the East Meuse Terraces to 8 [5–10]% and 
8 [7–10]% for the Higher and Middle Terraces, respectively. This value 
then decreases even further to approximately 4 [3–6]% for the Lower 

Fig. 6. Boxplot of terraces mean lithological composition and respective 95 % confidence interval (grey shaded area). The plot on the left side represents the mean 
composition of the terrace groups; dark grey boxes represent gravel content, whilst mid-grey and light-grey boxes represent gravelly-sand and sand contents, 
respectively. The three other plots each represent litho-class (gravel, gravelly sand, and sand), and display the mean content for each terrace level. Please note that 
the lines representing the start and end of the MPT are approximations, since these ages vary in the literature (see Clark et al., 2006) Levels Sint Pietersberg 3 (P3) 
and ’s Gravenvoeren (GR) are not included due to lack of data. Complete results are displayed in Table 2. 
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Terraces. 
The sand component decreases substantially from Kosberg 3 to 

Valkenburg 1, from ca 35 % to 0 %. It then shows a more oscillatory 
behavior, abruptly increasing to up to ca. 20 % in Valkenburg 2, and 
alternating between ca. 17 and 3 %, from Sint Geertruid 1 to Sint Pie
tersberg 2. A gap in the data follows due to the lack of available data for 
terraces Sint Pietersberg 3 and ’s Gravenvoeren, subsequently present
ing a more stable mean sand content of around 7 %, from terrace level 
Rothem 1 to the current Holocene floodplain. 

4.4. Mean terrace thickness 

The terrace groups analysis shows a slight increasing trend in 
thickness. The terraces display an initial and minimum mean thickness 
of 6.9 [6.0–7.9] m for the East Meuse, which subsequently rises to 9.2 
[8.5–9.9] m for the Middle Terraces. Then, it modestly decreases to 8.3 
[7.9–8.7] m for the Lower Terraces. The analysis of individual terrace 
thicknesses does not display any clear long-term trend. Furthermore, the 
individual terraces yielded significant variations (Fig. 7, Table 3). The 
mean thickness of the individual terraces varies between 5.4 [4.0–7.0] m 
(Sibbe terrace) and 13.1 [11.7–14.4] m (Caberg 1 terrace). The confi
dence intervals are larger for the older terraces due to the limited 
number of observations (Table 3). Despite the rather large uncertainties, 
a steady but very slight decreasing trend of the mean terrace thickness is 
observed from Simpelveld 1 to Valkenburg 1, which shows a decrease of 
about 3 m. Then, an “abrupt” increase of about 4–5 m follows in the level 
Valkenburg 2, reaching a thickness of 10.1 [7.2–13.0] m. Subsequently, 
the mean thickness decreases and becomes rather steady around 8 m 
from terraces Sint Geertruid 1 to Rothem 2. Another “abrupt” increase is 
observed reaching a maximum mean thickness of 13.1 [11.7–14.4] m for 
Caberg 1. It then decreases to 10.3 [7.8–12.8] m for Caberg 2 and rea
ches a certain stability of around 8 m thick, from Caberg 3 to Mechelen 
aan de Maas. Finally, a slight increase to 9.3 [8.8–9.7] m in the level 
Geistingen is observed and followed by a decrease to 6.6 [5.9–7.2] m for 

the current Holocene floodplain. 

4.5. Gradients of the terraces 

Both the terrace top and terrace base gradients of each terrace level 
were calculated (Fig. 8 and Table 4). Fig. 9 a and b display the longi
tudinal profiles of the reconstructed gradients for terraces top and base. 
A more detailed explanation about these gradients is found in Supple
mentary Section S2, Fig. S3, and Table S1. 

In general, longitudinal profiles of the East Meuse terraces and some 
of the Higher Terraces have a more limited length, ranging from 3 to 15 
km. The longest profile is Sint Pietersberg 2, which is about 35 km long, 
due to its extension over the Campine Block (see Figs. 1 and 2). How
ever, the Lower Terraces, especially the Holocene level, are the most 
continuous in extension. 

Overall, the East Meuse Terraces present reversed gradients, whereas 
the other (younger) groups present normal gradients dipping towards 
the current flow direction of the Meuse, although a few exceptions are 
present (Figs. 8, 9, and Table 4). A maximum terrace top reversed 
gradient of 6.80 ± 0.33 m/km (uncertainty equal to one standard error) 
was found for the Noorbeek terrace, and a minimum of 0.11 ± 0.18 m/ 
km for the Simpelveld 2 terrace. The normal gradients of the terrace tops 
show a maximum of 4.18 ± 0.89 m/km for the Valkenburg 2 terrace, 
and a minimum of 0.04 ± 0.15 m/km for the Eijsden-Lanklaar level. 
Overall, the levels of the Middle and Lower Terraces are sub-parallel to 
each other, except for Eijsden-Lanklaar due to its nearly flat gradient. 

Regarding the terrace base reversed gradients, terrace Noorbeek 
presents the maximum value of 23.56 ± 6.24 m/km, and Sint Geertruid 
3 has the minimum value of 0.18 ± 0.67 m/km. For the normal base 
gradients, Crapoel holds the maximum of 12.26 ± 14.56 m/km 
(Table 4), while Eijsden-Lanklaar displays the minimum of 0.39 ± 0.16 
m/km (Figs. 8 and 9, and Table 4). 

The base terrace longitudinal profiles present a similar pattern as the 
top terrace longitudinal profiles (Figs. 8, 9 and Table 4). The East Meuse 

Table 2 
Terrace mean composition and 95 % confidence interval (CI). Values in bold represent calculations for a terrace group. Terraces Sint Pietersberg 3 (P3) and ’s 
Gravenvoeren (GR) are not included due to lack of data; n = number of observations.  

Terrace Mean composition (%) 

Group Level Gravel Lower 95 CI Upper 95 CI Gravelly Sand Lower 95 CI Upper 95 CI Sand Lower 95 CI Upper 95 CI n 

Lower HO 74.2 67.7 80.0 21.2 15.3 27.3 4.7 3.0 6.5 129 
GE 85.6 80.5 90.1 9.5 5.5 14.0 4.9 2.8 7.4 152 
MM 82.6 71.2 92.4 17.2 7.1 28.4 0.3 0.0 0.8 33 
Lower 80.5 76.8 84.0 15.1 11.6 18.6 4.4 3.1 5.7 314 

Middle EL 84.0 73.3 93.3 10.2 2.7 19.0 5.8 0.7 12.7 42 
C3 74.8 67.3 81.8 20.0 13.6 26.7 5.3 3.0 7.9 85 
C2 88.0 83.6 92.1 4.6 2.5 6.9 7.4 4.2 10.9 41 
C1 62.7 53.5 71.5 22.4 16.1 29.3 14.9 9.0 21.5 47 
R2 77.5 71.7 82.7 14.3 9.8 19.4 8.2 5.6 11.2 103 
R1 72.6 65.1 79.4 16.0 10.8 21.9 11.4 7.4 15.8 54 
GR – – – – – – – – – – 
Middle 76.2 73.0 79.1 15.3 12.8 17.9 8.5 6.9 10.2 372 

Higher P3 – – – – – – – – – – 
P2 51.9 44.6 58.9 43.4 36.3 50.4 4.8 2.5 7.5 136 
P1 83.5 67.7 95.8 14.0 2.5 28.1 2.4 0.4 4.8 18 
G3 63.5 36.5 86.7 31.3 3.6 61.3 5.5 0.7 11.2 7 
G2 56.6 41.6 71.1 26.5 14.3 40.0 16.9 8.0 27.3 30 
G1 59.8 43.9 73.8 33.2 18.4 49.2 7.0 3.0 11.6 26 
V2 37.6 19.3 56.6 41.1 24.8 58.3 21.5 8.1 36.4 18 
V1 76.4 48.2 97.9 23.6 0.0 51.8 0.0 0.0 0.0 8 
SB 67.0 50.7 82.2 25.0 10.1 41.2 7.9 2.1 15.2 17 
M 74.5 46.4 95.4 20.7 0.0 46.8 4.5 0.3 9.7 9 
Higher 55.2 49.7 60.6 37.1 31.9 42.2 7.7 5.4 10.1 269 

East Meuse S2 49.2 28.2 68.7 27.9 9.8 48.3 22.7 8.1 39.5 16 
S1 21.8 4.3 42.0 59.9 37.4 80.0 18.3 6.1 32.0 11 
NO 27.2 8.1 48.3 53.3 33.4 73.2 19.4 2.6 38.5 5 
CR 56.3 23.2 86.6 18.2 0.0 50.0 25.7 0.8 52.3 6 
K3 45.0 24.0 66.6 20.2 6.9 35.0 34.8 18.7 50.6 13 
East Meuse 53.0 44.2 61.5 29.9 22.2 37.8 17.0 11.7 22.7 51  
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Terraces are mostly reversed, except for Simpelveld 1 and Crapoel. The 
Higher Terraces present normal gradients, except for Margraten, Val
kenburg 1 and Sint Geertruid 3. The Middle and Lower terraces also 
present a parallel to sub-parallel setting, except for Rothem 1, which is 
reversed. 

Morphological steps between terraces were calculated from the 
longitudinal profile (Fig. 9c). The maximum step from top terrace to top 
terrace of ca. 16 m was identified between the Sibbe and Valkenburg 1 
terrace levels, whereas the minimum step of ca. 1 m is between terraces 
Mechelen aan de Maas and Geistingen. 

5. Discussion 

In Fig. 10 we show a synthesis of our analysis results on gravel-sand 
ratios, terrace deposit thickness, gradient and incision plotted next to the 
northwest European Quaternary chronostratigraphic scheme and 
paleomagnetic record (Cohen and Gibbard, 2019), and the deep-ocean 
oxygen isotope record (Marine Isotope Stages — MIS; Lisiecki and 
Raymo, 2005). We plotted our results using the Meuse terrace age 
framework of Van den Berg (1996) and Van den Berg and Van Hoof 
(2001). Although there are dating limitations and uncertainties for this 
age model (especially for the older terraces), which complicate direct 
correlations of specific terraces to MIS stages, (see Table 1) our results 
show clear overall temporal trends. Below we discuss our results in 
relation to the long-term climatic developments shown in Fig. 10. 

5.1. Tectonic control 

At least three different tectonic processes control the tectonic mo
tions in the study area: Alpine folding since the start of the Neogene, 
domal plume uplift since the Middle Pleistocene centered around the 
volcanic Eifel area, and vertical motions associated with faulting along 
the southern boundary faults of the Roer Valley Rift System (Van Balen 

Fig. 7. Boxplot of terrace mean thicknesses and respective 95 % confidence 
interval (grey shaded area). The plot on the left side represents the mean 
thickness of each terrace group. The plot on the right side represents the mean 
thickness of each terrace level. Please note that the lines representing the start 
and end of the MPT are approximations, since these ages vary in the literature 
(see Clark et al., 2006) Levels Sint Pietersberg 3 (P3) and ’s Gravenvoeren (GR) 
are not included due to lack of data. Complete results are displayed in Table 3. 

Table 3 
Mean terrace thickness and 95 % confidence interval (CI). Values in bold 
represent calculations for a terrace group. Terraces Sint Pietersberg 3 (P3) and ’s 
Gravenvoeren (GR) are not included due to lack of data; n = number of 
observations.  

Terrace Mean thickness (m) 

Group Level Thickness Lower 95 CI Upper 95 CI n 

Lower HO 6.6 5.9 7.2 63 
GE 9.3 8.8 9.7 127 
MM 7.2 5.7 8.4 16 
Lower 8.3 7.9 8.7 206 

Middle EL 7.7 6.7 8.8 40 
C3 7.0 5.7 8.3 26 
C2 10.3 7.8 12.8 20 
C1 13.1 11.7 14.4 45 
R2 7.5 6.2 8.7 40 
R1 8.3 6.0 10.6 10 
GR – – – – 
Middle 9.2 8.5 9.9 181 

Higher P3 – – – – 
P2 7.3 5.9 8.8 59 
P1 8.1 6.0 10.3 16 
G3 7.7 5.1 10.1 7 
G2 9.0 7.3 10.7 29 
G1 8.0 6.1 9.9 22 
V2 10.1 7.2 13.0 15 
V1 5.5 3.7 7.3 10 
SB 5.4 4.0 7.0 17 
M 6.1 4.6 7.5 9 
Higher 8.1 7.3 9.0 184 

East Meuse S2 7.2 5.3 9.8 17 
S1 8.8 6.1 11.5 10 
NO 8.8 3.7 14.0 6 
CR 6.4 3.0 10.2 5 
K3 8.2 5.6 11.1 11 
East Meuse 6.9 6.0 7.9 49  
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et al., 2000; Michon and Van Balen, 2005; Demoulin and Hallot, 2009). 
Our analysis indicates that the East Meuse terrace gradients are low or 
reversed (Figs. 8 and 9), opposite to the paleo-flow direction. In addi
tion, the terraces in the East Meuse valley are paired, indicating a lack of 
substantial tilting in a northern direction during their formation. Alpine 
folding thus had limited impact. Therefore, the most likely tilting 
mechanism affecting the terrace gradients seems to be footwall back- 
tilting in response to faulting along the Feldbiss Fault Zone (see Fig. 1; 
Leeder and Gawthorpe, 1987; Thompson and Parsons, 2016). 

The East Meuse valley was abandoned during the late Tiglian 

regional stage in favor of the West Meuse Valley (Kuyl, 1980; Van den 
Berg and Van Hoof, 2001), although a younger age of abandonment was 
also suggested (Westerhoff et al., 2008). In addition to footwall back 
tilting, capturing by a local south-north drainage system, which were 
common during the Early-Pleistocene in the southern Netherlands 
(Stramproy Formation; Kasse, 1988; Westerhoff et al., 2008) is plau
sible. The capture indicates a steeper gradient towards the north, which 
is an indication for northward tectonic tilting, in line with the Alpine 
folding uplift. Furthermore, the observed increase in gravel content at 
the transition from East Meuse to West Meuse Higher Terraces (Figs. 6 
and 10) could be related to this capture event. The new and steeper path 
would likely increase the Meuse transport capacity enhancing transport 
of gravel-sized particles. A possibly contributing factor to the capture is 
karstic processes, as the shallow subsurface lithology consists predom
inantly of Cretaceous limestone. Similarly, the capture of the headwaters 
of the Meuse by the Moselle river (northeastern part of the Paris Basin) 
has been explained by karstic processes (Losson and Quinif, 2001). 

In the West Meuse Valley, the Meuse gradually migrated westward, 
indicated by the asymmetry of the terraces and by unpaired terraces 
preserved on the eastern flank of the valley. This pattern of migration 
can be attributed to the folding by Alpine compression and by plume- 
induced uplift, producing the general northwestward tilting observed 
in the region. The oldest part of the Higher Terrace record shows that 
significant incision occurred (M/SB and SB/V1 morphological steps in 
Fig. 9). Westward lateral migration culminated during deposition of the 
Sint Pietersberg 2 terrace that formed around ca. 0.9 Ma (the late 
Bavelian regional stage; Fig. 10). 

Following the formation of the Sint Pietersberg 2 terrace, the Meuse 
(re)established a course towards the central part of the West Meuse 
valley. It strongly incised, with a maximum incision occurring between 
the formation of the Sint Pietersberg 3 and ’s Gravenvoeren terraces (see 
Van Balen et al., 2000; Schaller et al., 2004; Rixhon and Demoulin, 
2018), hereby forming the Middle and Lower Terraces (Fig. 10). This 
course direction and onset of strong incision is linked to the effect of 
plume-induced domal uplift (Van Balen et al., 2000) and to enhanced 
fault displacement in the Roer Valley Graben (see Kasse, 1988; Houtgast 
and Van Balen, 2000; Gold et al., 2017). The incision is partially re
flected in the morphological steps displayed in Fig. 9c and marks the 
transition between the High and Middle terraces. The cross sections B–B′ 
and C–C′ (Fig. 5b and c) indicate that incision during formation of the 
Middle and Lower Terraces accelerated and reached a total of ca. 40 m. 
The inferred lateral migration and incision are accompanied by an 
overall decrease of terrace gradients of the Higher to the Middle/Lower 
Terraces with the exception being the levels Caberg 2 and 3, which are 
relatively steep (Figs. 8 and 9). The general decrease in the gradient 
shows that tilting occurred during terrace staircase formation, steep
ening the older terrace gradients. 

5.2. Climatic control 

The increase in the mean gravel content and decrease in gravelly 
sand and sand content in the terrace sequence is in line with the 
enhanced physical weathering and erosional processes in the Meuse 
catchment resulting from the Quaternary climate cooling and associated 
increase of the climate cycle amplitude (Figs. 6 and 10). However, 
surprisingly, our findings show only a small increase in the mean 
thickness of the terraces in the terrace groups (Figs. 7 and 10). 

5.2.1. East Meuse 
A significant compositional difference is present between the East 

Meuse Terraces and the Higher, Middle and Lower Terraces of the West 
Meuse (Figs. 6 and 10). A higher amount of sand and gravelly sand is 
present compared to the younger terrace groups. A potential explanation 
is the erosion of the Ardennes weathering mantle (Tesch, 1941; 
Demoulin et al., 2018). This overburden consists of fine-grained mate
rial, probably a product of the Early Miocene (sub)tropical weathering 

Fig. 8. Terrace top and base gradients and their respective standard errors. 
Gradients <0 km⋅m− 1 are dipping downstream, whereas gradients >0 m⋅km− 1 

are reversed. Please note that the lines representing the start and end of the 
MPT are approximations, since these ages vary in the literature (see Clark et al., 
2006). Levels Sint Pietersberg 3 (P3) and ’s Gravenvoeren (GR) are not included 
due to lack of data. The following terraces are not included due to sparse data or 
implausible gradients: top terraces Noorbeek (NO) and Valkenburg (V2), and 
base terraces Crapoel (CR), Noorbeek (NO), Valkenburg 2 (V2), Sint Geertruid 3 
(G3) and Rothem 1 (R1); The complete result of the gradient analysis is found in 
Table 4. Further information on this dataset is found on the Supplementary 
Material Section S2, Fig. S3 and Table S1. 
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in the Ardennes and sediments deposited by the Oligocene and Miocene 
marine transgressions over the Ardennes massif (Demoulin, 1995; 
Demoulin et al., 2018). Therefore, the East Meuse terraces also have a 
high quartz and stable heavy mineral content, which decreases with 
time (Van Straaten, 1946; Zonneveld, 1949; Bustamante-Santa Cruz, 
1973). 

5.2.2. West Meuse 
The increased gravel content observed in the Higher Terraces, and 

particularly in the Middle and Lower Terraces (Figs. 6 and 10), can be 
attributed to the increased erosion in the Ardennes and enhanced 
transport capacity. As climate deteriorated during the Pleistocene with 
longer and deeper glacial cycles, fresh and/or partially weathered rocks 
were exposed and eroded during the cold periods. In addition, peak 
discharges were likely higher, especially during the snow-melt water 
season, sustaining increased capacity to erode and transport gravelly 
sediments. Another potential explanation for the gravel content increase 
over time concerns the gradual progradation of the Meuse gravel front 
(see Section 5.4.). 

Regarding the mean terrace thickness of the terrace groups, a slight 
increasing trend is observed from East Meuse Terraces to Middle Ter
races, from 6.9 [6.0, 7.9] m to 9.2 [8.5, 9.9] m (Fig. 7 and Table 3). 
However, this trend is not clear in the mean thickness of individual 
terraces. The general trend may be in line with the Quaternary climate 
cooling and associated increase of the climate cycle amplitude, leading 
to enhanced erosion and periglacial weathering, which likely increased 
sediment production in the Ardennes. Schaller et al. (2004) demon
strated that catchment-averaged paleo erosion rates of the Meuse were 
rather stable around 25–35 mm/kyr from ca. 1.3 to 0.7 Ma but increased 
to 30–80 mm/kyr after 0.7 Ma. The increased paleo erosion rates may be 
reflected in the increase in thickness as observed in the Middle Terraces 
(9.2 [8.5, 9.9] m). However, this value is significantly influenced by the 
Caberg 1 mean thickness of 13.1 [11.7, 14.4] m. Excluding this data 
from analysis, the Middle Terraces mean thickness is around 8.2 m, 
which is as thick as the Higher and Lower Terraces. 

The large thickness values observed in the terraces Caberg 1 (13.1 
[11.7, 14.4] m) and, to some extent, Caberg 2 (10.3 [7.8, 12.8] m), point 

towards exceptional conditions (Figs. 7 and 10, Table 3). Based on the 
age model employed in this study, Caberg 1 was likely formed during the 
Elsterian glaciation (MIS 12), a major glacial period marked by the 
substantial advance of ice sheets into the European continent and the 
northern Netherlands (Ehlers et al., 2018). The Elsterian stage presents 
one of the largest climatic oscillations according to the oxygen isotope 
record for the Quaternary (Fig. 10). Following the findings of Yuan et al. 
(2022), this could mean that the amplitude of the cold-climate oscilla
tion was maximal and the uplift rates in the source area were high 
enough to increase sediment input, particularly of coarse-grained 
sediment. 

5.3. Imprints of the Mid-Pleistocene Transition 

Our findings show that during the Mid-Pleistocene Transition (MPT) 
the mean gravel content increased, while mean terrace thickness shows 
a weak increase (Fig. 10). These long-term trends seem to be more 
reasonably related to the overall Quaternary climate cooling than the 
MPT. Figs. 6 and 10 show that the gravel content increase starts to be 
noticeable around 2.0 Ma with the formation of the Simpelveld 2 
terrace, and consolidates around 0.6 Ma (Mid-Cromerian, MIS 16), 
evidenced by the Rothem 1 terrace. In other words, the increase in 
gravel content started ca. 0.8 Myr before and ended ca. 0.1 Myr after the 
MPT. 

However, if we consider the MPT as part of the general Quaternary 
climate cooling, a correlation is reasonable. Similarly, the peaks 
observed in mean terrace thickness of the levels Valkenburg 2 and 
Caberg 1 (Figs. 6 and 10) are respectively older and younger than the 
time interval of the MPT, whereas the mean thickness of syn-MPT ter
races is relatively constant. 

Alternatively, if the discernible increase in the gravel content during 
the transition from East Meuse to Higher Terraces is due to a capture 
event (see Section 5.1), it becomes plausible that the oscillations in 
gravel content observed in some of the syn-MPT terraces (G2, G3, P1, 
and P2 in Fig. 10) may represent a transient period. This assumption is 
based on the gradual nature of the MPT, where a transient signal 
indicative of the changes from 40-ky to 100-ky cycles could plausibly be 

Table 4 
Terraces top and base gradients and respective uncertainties. Gradients <0 km⋅m− 1 are dipping downstream, whereas gradients >0 m⋅km− 1 are reversed. Terraces Sint 
Pietersberg 3 (P3) and ’s Gravenvoeren (GR) are not included due to lack of data; n = number of observations.  

Terrace Top gradient Base gradient 

Group Level Gradient 
(m⋅km− 1) 

Gradient std. error 
(m⋅km− 1) 

Regression line std. 
error (m) 

R2 n Gradient 
(m⋅km− 1) 

Gradient std. error 
(m⋅km− 1) 

Regression line std. 
error (m) 

R2 n 

Lower HO − 0.66 0.01 1.14 0.95 211 − 0.65 0.02 1.16 0.97 45 
GE − 0.51 0.02 0.99 0.87 161 − 0.62 0.03 1.24 0.84 100 
MM − 0.68 0.02 1.24 0.96 55 − 0.41 0.06 0.58 0.86 10 

Middle EL − 0.04 0.15 2.25 0.00 32 − 0.39 0.16 2.35 0.19 26 
C3 − 0.83 0.04 2.34 0.83 115 − 1.05 0.11 2.00 0.91 11 
C2 − 0.61 0.08 2.13 0.77 18 − 0.83 0.13 2.37 0.80 12 
C1 − 0.35 0.08 2.90 0.35 34 − 0.63 0.13 2.81 0.43 33 
R2 − 0.24 0.17 3.04 0.02 84 − 0.96 0.16 3.05 0.63 20 
R1 − 0.55 0.18 2.25 0.18 48 1.62 0.11 0.41 0.99 5 
GR – – – – – – – – – – 

Higher P3 – – – – – – – – – – 
P2 − 0.89 0.05 4.93 0.53 345 − 0.52 0.14 3.26 0.36 27 
P1 − 0.98 0.12 2.10 0.86 13 − 1.05 0.17 2.61 0.80 11 
G3 − 1.24 0.31 2.01 0.84 5 0.18 0.67 2.69 0.02 5 
G2 − 0.51 0.07 2.57 0.70 27 − 1.07 0.11 2.38 0.88 16 
G1 − 0.37 0.17 3.65 0.21 19 − 0.76 0.40 5.51 0.27 12 
V2 − 4.18 0.89 3.57 0.65 14 − 5.31 1.85 5.68 0.54 9 
V1 − 0.65 0.43 1.85 0.31 7 0.24 0.58 2.39 0.04 6 
SB − 1.52 0.23 2.01 0.80 13 − 2.10 0.24 1.45 0.92 9 
M 0.16 0.71 2.01 0.01 7 1.00 0.35 0.75 0.73 5 

East 
Meuse 

S2 0.11 0.18 3.38 0.03 14 0.23 0.24 4.09 0.10 11 
S1 − 0.52 0.23 3.86 0.43 9 − 0.81 0.22 3.01 0.77 6 
NO 6.80 0.33 0.36 1.00 4 23.56 6.24 1.80 0.93 3 
CR 0.62 0.57 4.92 0.28 5 − 12.26 14.56 10.17 0.41 3 
K3 0.76 0.13 2.92 0.78 12 0.86 0.21 3.20 0.85 5  
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translated into an oscillating signal of gravel content. Once the 100-ky 
cycle finally consolidates, indicating the end of the MPT, the high 
gravel content stabilizes, as observed in the Middle and Lower Terraces. 

Gibbard and Lewin (2009) attributed enhanced valley incision of 
several European rivers systems to the MPT. Increased incision is 
observed in the Meuse terrace record at the transition from the Higher to 
the Middle Terraces, marked by a large-scale morphological convexity in 
the West Meuse valley (see Fig. 5). However, the MPT (ca. 1.25–0.65 
Ma) started well before the incision phase after Sint Pietersberg 3 (0.78 
Ma). In addition, the transition from Higher to Middle Terraces is 
abrupt, whereas the MPT is gradual. Also, this increased incision has 
been explained by plume-induced uplift in the Eifel region, for which 
independent evidence exists (Van Balen et al., 2000; Schaller et al., 
2004). 

Despite the major impact on sea-level related to the Quaternary 

climate changes, base-level changes probably did not affect or had 
limited influence on the formation and preservation of the Meuse ter
races due to the large distance to the coastline. According to Van Balen 
et al. (2000), the approximate distance from the coastline to the Ard
ennes front (study area) is, respectively, about 200 km and 1000 km 
during sea level high- and low-stands. Also, the Meuse longitudinal 
gradient between this 200 and 1000 km is not much different from the 
current lower Meuse. Furthermore, as demonstrated by Tebbens et al. 
(2000), the sea-level changes during the Holocene and Eemian may have 
affected fluvial dynamics up to the Meuse reaches on the Venlo Block 
and downstream part of Roer Valley Graben (ca. 110 km from the cur
rent coastline). This suggests that the Meuse terraces in the study area 
(ca. 200 km from the current coastline) are rather insensitive to sea-level 
changes. 

In summary, our findings indicate that a clear MPT signal in the 

Fig. 9. Longitudinal profile and morphological steps of top and base terraces. (a) Longitudinal profile reconstructed using the elevation of the top terrace for each 
terrace level; (b) Longitudinal profile reconstructed using the elevation of the base terrace for each terrace level; (c) Morphological steps calculated from the dif
ference from top terrace to the immediate next top terrace (e.g., K3/CR, from Kosberg 3 to Crapoel) and from base terrace to the next base terrace; Terrace Sint 
Pietersberg 3 (P3) and ’s Gravenvoeren (GR) are not included due to lack of data. The following terraces are not included due to sparse data or implausible gradients: 
top terraces Noorbeek (NO) and Valkenburg (V2), and base terraces Crapoel (CR), Noorbeek (NO), Valkenburg 2 (V2), Sint Geertruid 3 (G3) and Rothem 1 (R1); Note 
that there is no crosscutting relationship between the terraces; the apparent crosscutting is due to the regression statistics applied and to the considerable un
certainties. The complete result of this analysis, including data not showed in this figure, is found in Table 4. Further information on this dataset is found on the 
Supplementary Material Section S2, Fig. S3 and Table S1. 
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Meuse terrace record is not apparent. This can be attributed to its 
gradual nature, leading to a signal that might be dampened or assimi
lated by the broader signal generated by the overall changes in Qua
ternary climate. Another explanation could be related to the lag time 

between the moment of a climatic/tectonic perturbation in the source 
and the formation of a terrace (e.g., Van Balen et al., 2010; Tofelde et al., 
2019). However, the terraces are positioned immediately in front of the 
Ardennes. This fact combined with the gradually increasing, climate- 

Fig. 10. Diagram summarizing the findings and correlating them with the Quaternary climate record and Meuse Terraces age model by Van den Berg (1996). Please 
note that the lines representing the start and end of the MPT are approximations, since these ages vary in the literature (see Clark et al., 2006); Chronostratigraphy 
after Cohen and Gibbard (2019); Oxygen isotope curve after Lisiecki and Raymo (2005); Terrace characteristics, this study. Levels Sint Pietersberg 3 (P3) and ’s 
Gravenvoeren (GR) are not included due to lack of data. Gradients <0 km⋅m− 1 are dipping downstream, whereas gradients >0 m⋅km− 1 are reversed. The following 
terraces are not included in the gradient plot due to sparse data or implausible gradients: top terraces Noorbeek (NO) and Valkenburg (V2), and base terraces Crapoel 
(CR), Noorbeek (NO), Valkenburg 2 (V2), Sint Geertruid 3 (G3) and Rothem 1 (R1); Levels Crapoel (CR), Noorbeek (NO), and Valkenburg 2 (V2) are not included in 
the gradient plot due to extremely large uncertainties. 
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controlled transport capacity of the Meuse over the Quaternary indicates 
that the lag-time was probably short, so that a potential MPT signal 
should be effectively captured. 

5.4. Gravel front migration 

The gravel front in a fluvial system can be a reliable indicator of 
changes in boundary conditions (Allen, 2017), and its mobility is 
dependent on key factors such as local base level, degree of particle 
abrasion/break-down, sediment input, and river belt deposition width 
(i.e., Sambrook Smith and Ferguson, 1995; Murillo-Muñoz and Klaassen, 
2006). The gravel content increase of the terrace record (Figs. 6 and 10) 
demonstrates how the Meuse gravel front gradually migrated down
stream during the Quaternary. At the beginning of the Quaternary, the 
gravel front was most likely located south of Eijsden (location of the 
divergent point between East and West Meuse), since the East Meuse 
terraces are dominated by sand and gravelly sand (Fig. 10). Currently, 
the gravel front is located near the Peel Boundary Fault Zone at the 
northern limit of the Roer Valley Graben (about 80 km north of Maas
tricht; Murillo-Muñoz and Klaassen, 2006). The front migration can be 
explained by a combination of three factors: changing sediment source 
upstream, reworking of older terrace deposits and increasing incision 
and transport capacity of the river with time. Initially, the gravel was 
derived from the pre-Quaternary weathering mantle of the Ardennes. 
Subsequently, as incision into the bedrock ensued, the newly generated 
gravel gradually became coarser as a result of deeper incision into fresh 
or slightly weathered bedrock (see De Brue et al., 2015; Houbrechts 
et al., 2018). 

The second factor is the reworking of older terrace deposits and se
lective transport of the fine-grained component during the incision and 
valley widening episode forming a new terrace level (Veldkamp and Van 
Dijke, 2000). The end-result of this process is a concentration of gravel, 
which is a mixture of gravel derived from older terraces and gravel 
freshly transported from upstream. This winnowing process during the 
formation of subsequent terrace levels results in a gradual rise in the 
proportion of gravel. It can be considered an autogenic process. In line 
with this, Van den Berg and Van Hoof (2001) suggested that the Meuse 
terraces deposits in the study area are part of an incised fan-like struc
ture of which the apex migrated downstream during the Quaternary (see 
Fig. 2). 

The third factor of gravel content increase is increasing transport 
capacity. Over the Quaternary, increased peak discharges can be 
attributed to longer and colder climatic conditions during the glacials 
(see Fig. 10). Seasonal snowmelt, frozen soils or permafrost, and sparse 
vegetation cover caused higher peak discharges during cold climatic 
conditions. This, in turn, led to a high transport capacity and the 
transportation of large amounts of gravel from the source area, accom
panied by an increase in the general size of the transported gravel. In this 
line, modeling by Armitage et al. (2018) demonstrates that the gravel 
front responds well to cyclical changes in precipitation rates (and thus 
discharge and transport capacity). Despite significant lagged responses 
of the gravel front for longer periods of precipitation changes (over 200 
ka), the response does not become buffered, demonstrating that the 
movement of the gravel front can be a reliable tool to diagnose climatic 
forcing (Armitage et al., 2018). 

The increased river incision associated with the mid-Pleistocene 
uplift pulse in the Ardennes (around 0.78 Ma) is not evident in the 
gravel content increase, indicating that it did not significantly contribute 
to the migration of the gravel front by providing substantial amounts of 
gravel. A plausible explanation for this discrepancy could be the 
deceleration of upstream migration rates of knickpoints following this 
uplift episode (Rixhon et al., 2011; Sougnez and Vanacker, 2011; Rixhon 
and Demoulin, 2018). 

6. Conclusions 

This study demonstrates the response of the Meuse river to the 
Quaternary climatic changes and to an episode of increased tectonic 
uplift during the Mid-Pleistocene. The signals of such disturbances are 
(partially) preserved in the Meuse terrace deposits in front of the Ard
ennes (the source area) and are retrieved through systematic analysis of 
a large borehole database, supported by a detailed and updated terrace 
map. 

Our analysis suggests that footwall back-tilting along the Feldbiss 
Fault Zone is reflected in the upstream dip of the East Meuse terraces, 
which likely had a low-gradient initially. The abandonment of the East 
Meuse valley in the late Tiglian is related to a combination of footwall 
back-tilting and increase of northward tectonic tilting, karstic processes, 
and capture by a local south-north drainage system. 

Regarding the Quaternary climatic changes, our findings show that 
the increase in mean gravel content and weak increase in terrace 
thickness align with enhanced physical weathering and erosional pro
cesses in the Ardennes. This finding is corroborated by the low gravel 
content in the Early Pleistocene East Meuse terraces and relative high 
gravelly-sand and sand contents, which are explained by the erosion of 
the Neogene weathering mantle and sediments on the Ardennes. The 
increased gravel content of the West Meuse terraces is attributed to 
ongoing incision of the Meuse and erosion of fresh or partially weath
ered bedrock in the Ardennes, in combination with an enhanced trans
port capacity due to Pleistocene climate cooling and associated increase 
in the climate cycle amplitude. The gravel content analysis indicates a 
downstream migration of the Meuse gravel front during the Quaternary, 
driven by changes in the source upstream, local reworking and win
nowing of older terrace deposits, and increasing transport capacity. 

Surprisingly, the MPT, a gradual but major climatic transition, does 
not display a clear separate signal in the Meuse terrace record, although 
the gravel content does increase during the Quaternary. Enhanced valley 
incision, often proposed as an MPT response by other authors, did occur 
in the Meuse system, and is reflected by the transition from High to 
Middle terraces. However, the timing of this morphological transition 
shows that it can be linked to plume-induced uplift of the Ardennes, 
rather than the MPT. 

Our findings are relevant to understanding the response of fluvial 
systems to the climate changes of the Quaternary, especially in NW 
Europe. However, the interpretation of our results is highly reliant on 
the age models proposed for these terraces, which bear significant un
certainties due to direct correlation of terrace levels to marine isotopic 
stages. Therefore, we suggest that more numerical ages for targeted 
terraces are key for unraveling the development of the Meuse terrace 
staircase and its response to environmental perturbations during the 
Quaternary. Also, future attempts to improve spatial correlation of ter
races should consider their mineral content. 
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A unique boulder-bed reach of the Amblève River, Ardenne, at Fonds de Quarreux: 
modes of boulder transport. In: Demoulin, A. (Ed.), Landscapes and Landforms of 
Belgium and Luxembourg. Springer Science and Business Media B.V., pp. 85–99. 
https://doi.org/10.1007/978-3-319-58239-9_6 

Houtgast, R.F., Van Balen, R.T., 2000. Neotectonics of the Roer Valley Rift System, the 
Netherlands. Global Planet. Change 27, 131–146. https://doi.org/10.1016/S0921- 
8181(01)00063-7. 

Houtgast, R.F., Van Balen, R.T., Bouwer, L.M., Brand, G.B.M., Brijker, J.M., 2002. Late 
Quaternary activity of the Feldbiss Fault Zone, Roer Valley Rift System, the 
Netherlands, based on displaced fluvial terrace fragments. Tectonophysics 352, 
295–315. https://doi.org/10.1016/S0040-1951(02)00219-6. 

Houtgast, R.F., Van Balen, R.T., Kasse, C., 2005. Late Quaternary evolution of the 
Feldbiss Fault (Roer Valley Rift System, the Netherlands) based on trenching, and its 
potential relation to glacial unloading. Quat. Sci. Rev. 24, 489–508. https://doi.org/ 
10.1016/j.quascirev.2004.01.012. 

Huxtable, J., 1993. Further thermoluminescence dates for burnt flints from Maastricht- 
Belvédère and a finalized themolumiscence age for Unit IV Middle Palaeolithic sites. 
Meded. Rijks Geol. D 41–44. 
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