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Abstract

Geomorphic processes that produce and transport sediment, and incise river valleys
are complex; and often difficult to quantify over longer timescales of 10% to 10° years.
Morphometric indices that describe the topography of hill slopes, valleys and river
channels have commonly been used to compare morphological characteristics be-
tween catchments and to relate them to hydrological and erosion processes. This work
focuses on a wide range of slope and river channel morphometric indices to study their
behavior and strength in regions affected by low to moderate tectonic activity. We se-
lected 10 catchments of about 150 to 250 km? across the Ardennes Massif that cover
various tectonic domains with uplift rates ranging from about 0.06 to 0.20 mm year‘1
since mid-Pleistocene times. The morphometric analysis indicates that the slope and
channel morphology of third-order catchments is not yet in topographic steady-state,
and exhibits clear convexities in slope and river profiles. Our data indicate that the
fluvial system is the main driver of topographic evolution and that the spatial pattern
of uplift rates is reflected in the distribution of channel steepness and convexity. The
spatial variation that we observe in slope and channel morphology between the 10
third-order catchments suggests that the response of the fluvial system was strongly
diachronous, and that a transient signal of adjustment is migrating from the Meuse
valley towards the Ardennian headwaters.

1 Introduction

There is great interest across a broad spectrum of geoscience disciplines in unravelling
the role of tectonic activity in driving erosion processes and landscape evolution (Bur-
bank et al., 1996; Maddy, 1997; Vanacker et al., 2007a). Geomorphic processes that
produce and transport sediment, and incise river valleys are complex; and often diffi-
cult to quantify over longer timescales of 10% to 10° years. Morphometric indices that
describe the topography of hill slopes, valleys and river channels have commonly been
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used to compare morphological characteristics between catchments and to quantify
their potential hydrologic behaviour (Horton, 1932, 1945; Douvinet et al., 2007). The
development and spreading of numerical tools (particularly geographical information
systems) has facilitated the widespread use of morphometric parameters in geoscience
studies. Actually, a whole range of catchment and river parameters exists. Douvinet
et al. (2005) have identified at least 57 reference indices that can be divided into 4
categories: shape (14), volumetric (19), network (9) and mixed indices (15).

More recently, those indices have been related to physical processes and landscape
controls, such as stream-power models (Whipple and Tucker, 2002; Snyder et al., 2003;
Whipple, 2004), stream sediment grain size variation (Surian, 2001; Rice and Church,
1998; Inoue, 1992; Petit et al., 2005), sea level and climate change (Bonnet and Crave,
2003; Roe et al., 2002; Whipple and al., 1999), and recent tectonic activity (Demoulin,
1998; Kirby and Whipple, 2001; Snyder et al., 2000). Most geomorphologic stud-
ies involving tectonic activity were concentrated in regions of high uplift rates and/or
high denudation rates, such as the Himalayas (Burbank et al., 2003; Wobus et al.,
2003; Lague and Davy, 2003), the Andes (Tibaldy and Leon, 2000; Kamp et al., 2005;
Vanacker et al., 2007b), and the Alps (Schneider et al., 2008; Musumeci et al., 2002;
Norton, 2008; Brocard and van der Beek, 2006). The link between tectonics, erosion
and morphology has rarely been analyzed in regions of weak to moderate uplift rates
(0.2—0.01 mm year'1; Tebbens et al., 2000; Demoulin, 1998; Lague et al., 2000).

This work focuses on a wide range of slope and river channel morphometric indices
to study their behavior and strength in regions affected by low to moderate tectonic
activity. We analysed the spatial variation in slope and channel morphology for low
relief terrain, and specifically tested if the present-day morphology can be used as an
indicator of landscape response to tectonic activity. For these low relief landscapes
with low uplift rates, we hypothesize that hill slope processes are the main drivers of
topographic evolution and that the spatial pattern of uplift rates will be reflected in the
distribution of slope steepness and local relief.
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The Ardennes Massif is an excellent field site for studying geomorphic processes.
The area has been subject to differential tectonic movement: the northeastern part of
the Massif is characterized by moderate uplift rates and seismic activity, whereas the
western and southern parts are undergoing only slight epeirogenic upheaval (Pissart,
1974; Demoulin, 1995; Meyer and Stets, 1998; Garcia-Castellanos et al., 2000). Var-
ious morphometric indices were derived to capture the spatial variation in slope and
channel morphology within the Ardennes Massif. We analysed possible correlation
between the rock uplift pattern and slope and river channel indices; and performed
a cluster analysis to explore spatial aggregation of geomorphic response profiles in
relation to the tectonic gradient observed by Demoulin and Hallot (2009).

2 Material and methods
2.1 Study area

The Ardennes Massif corresponds to the western part of the Rhenish shield which ex-
tends into Luxembourg and Germany (Fig. 1). The Cambrian massif consists of early
Paleozoic metamorphic rocks, mostly phyllites and quartzites and is surrounded by Or-
dovician and early Devonian slates mainly to the south and east, and middle and late
Devonian sandstones, shales and limestones in the north and west (Demoulin and Hal-
lot, 2009). In this region, the North-Variscan fold-and-thrust belt has been superposed
on structures from the old Caledonian orogeny. This results in a structurally complex
basement where longitudinal ENE-WSW folds and thrust faults are cut by NW-SE to
NNW-SSE striking normal faults (Demoulin, 1998).

The Variscan folding was followed by an erosional phase (Vandycke, 2002). From
the Permian till the Early Cretaceous, the Ardennes remained almost constantly below
sea level. After the retreat of the upper Cretaceous sea, stepped planation surfaces
developed. Their present-day elevations indicate that the region underwent rock up-
lift of about 450 m, and locally even more than 500 m, since the Oligocene (Demoulin
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and Hallot, 2009). Terrace sequences of rivers draining the Ardennes Massif suggest
that uplift rates accelerated during the Quaternary, with an increase of uplift rates at
the Pliocene-Pleistocene transition and at the beginning of the middle Pleistocene to
reach maximum uplift of 0.5mm year'1 in the Northeast Ardennes (Demoulin et al.,
2009). Geomorphic data derived from terrace sequences of incised fluvial systems
were commonly used to infer the spatial pattern of Quaternary uplift (van Balen et al.,
2000; Garcia-Castellanos et al., 2000). Demoulin and Hallot (2009) recently proposed
a modification of the shape and amount of the Quaternary uplift of the Ardennes based
on a new interpretation of the incision data of intra-massif streams and additional geo-
morphological data. Lithospheric folding in response to intraplate compression in front
of the alpine orogen (Cloetingh et al., 2005; Demoulin and Hallot, 2009) and upwelling
of the Eifel mantel plume (and thermal thinning of the lithospheric mantle, Meyer and
Stets, 1998; Garcia-Castellanos et al., 2000) are commonly cited as the two main
causes of the Quaternary uplift of the Ardennes Massif. Nowadays, the Ardennes-
Rhenish Massif is characterized by a moderate seismic activity driven by intraplate
motions (Camelbeeck, 2000; Cloetingh et al., 2005).

The presence of spatially relatively uniform (but temporally variable) climatic con-
ditions during the Quaternary affords good opportunity to isolate the tectonic imprint
on landscape evolution. We selected 10 catchments of about 150 to 250 km? across
the Ardennes Massif (Fig. 1a: Aisne, Bocq, Hermeton, Hoegne, Hoyoux, Molignée,
Salm, Vierre, Wamme and Warche rivers). Most catchments are third order catch-
ments belonging to the Meuse River basin. Although the development of the Meuse
river system started since the Eocene, the present day fluvial system was mainly es-
tablished during the Pliocene period (Grimbérieux et al., 1995; Pissart, 1974, 1997).
The selected catchments cover various tectonic domains with uplift rates ranging from
about 0.06 to 0.20mm year‘1 since mid-Pleistocene times according to the new map
of post —0.73 Ma uplift by Demoulin and Hallot (2009).

6985

HESSD
7, 6981-7006, 2010

Spatial variability in
channel and slope
morphology

N. Sougnez and
V. Vanacker

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/6981/2010/hessd-7-6981-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/6981/2010/hessd-7-6981-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2.2 Topographic and tectonic uplift data

Our morphometric study is based on the digital elevation model (DEM) provided by the
Belgian National Geographical Institute (IGN). We used the DTM 1:10 000 product that
is developed from photogrammetric derived levelling curves (IGN, 2008a). This product
is a regular grid of data points at 20 m resolution, and is reported to have RMS errors
between 0.5 and 1.25m horizontally and 1 and 1.6 m vertically (IGN, 2008b). Because
of interpolation artefacts in the original dataset, we reconstructed the initial levelling
curves (at 5m equidistance) from the digital elevation data. We interpolated the con-
tour lines using the “Topo to Raster” ArcGis function to obtain a continuously varying
3-D surface. The DEM was then hydrologically corrected using the sink-fill method
presented in Schaulble (2000). The drainage area of each catchment was derived from
this DEM using the “Flow accumulation” ArcGIS function, while the transversal river
and slope profiles were extracted using the “3-D Analyst” ArcGIS extension.

The spatial pattern of tectonic uplift (MU, in m, see Table 1) was derived from the up-
lift isolines presented by Demoulin and Hallot (2009). For each catchment, the average
amount of uplift was calculated.

2.3 Morphometric parameters

First, simple morphometric indices that capture the overall slope morphology were de-
rived. Classical morphometric indices (index of Gravelius, Schumm and Horton) were
extracted to compare the overall 2-D geometrical shape between the catchments (Ta-
ble 1). The indices of Schumm (Sc, in mm‘1) and Horton (Ho, in mm‘1) have the
advantage of not being scale-dependent, which is not the case for the index of Grav-
elius (Gr, in m m‘1) that proved to be highly raster resolution dependent (Senadeera
et al., 2004). To get an insight in the spatial distribution of the slope morphology within
the catchments, slope and local relief maps were made (with local relief here defined
as the relief in a 100 m range moving window). A local relief index (LRel, in m) was
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computed on the basis of the local relief map, and consists of the median value of all
local relief values within the catchment.

Second, we focused on the river channel morphology. For each catchment we
extracted the river longitudinal profiles and several transversal profiles based on the
original levelling curves. The transversal topographic profiles were extracted perpen-
dicularly to the river channel at sections that are not affected by local morphological
changes related to river confluences. For each river, more than 20 transversal profiles
were extracted. The eight most representative transversal profiles with minimal effect
of anthropogenic artefacts (such as roads, reservoirs, or villages) were then selected
for further analysis. Stream proximal slope (S;, in %) and curvature (C;, in m‘1) were
calculated using the following equations:

(Yic1) = Wis1) P

(X/—1) = (Xi41)

((n;g—0ﬂ>__ v)-(vi-2)
(Xis2)=(X;) (x)-(x;_2)
Ci= )

(Xis2) = (Xi_2)

with x; = distance to source (m), and y; = altitude (m) at point /.

Slope-Area diagrams were constructed to identify knick zones. Those knick zones
are sections of the river channel that display an important increase in slope gradient,
resulting from a difference in erosional power. Knickpoints can be created by different
processes like lithological contrasts along the channel, heterogeneous sedimentary
load, base level drops following sea level changes, and tectonic activity that can in-
crease the relief locally or even regionally (Snyder et al., 2000; Whipple, 2004). The
knickpoints with tectonic origin have been identified in the selected river channels using
geologic maps and Slope-Area diagrams. For each river, we fitted an inverse power
law equation (so-called Flint law) between the drainage area (A, in m) and the river

S; = 00 (1)
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channel gradient (S, in m2):
S=k,A™ (3)

The empirically derived parameters k; and @ are indicators of respectively the steep-
ness and concavity of the river longitudinal profile (Flint, 1974; Hack, 1973; Whipple,
2004). Under steady-state conditions, a balance exists between local channel steep-
ness and the upstream drainage area. The overall channel steepness k; represents
the relationship between net uplift and net erosion (Howard, 1994; Whipple and Tucker,
1999). A comparison of the observed Slope-Area relationships for the 10 rivers in the
Ardennes Massif allows us to compare the channel morphology of rivers draining highly
different tectonic regimes. As the empirically derived value of the steepness index (k)
has been proved to be dependent on the profile concavity, we normalised the steep-
ness values (kg,) to a reference concavity, 8,, of 0.45 following Snyder et al. (2000)
and Kirby et al. (2000). The normalised steepness values, k,,, can then be used to
compare the steepness between different river systems; with larger values of kg, rep-
resenting steeper rivers.

In addition to these parameters, we derived an area-normalized stream concavity
index (SCI) of each river channel as defined by Demoulin (1998) and Zaprowski et
al. (2005). The form of the river channels in the Ardennes Massif is highly variable, and
some rivers display clear convexities (also called knick zones). Figure 1b illustrates the
longitudinal profile of all the studied rivers including the location of the main knickpoint.
The SCl is a measure of the surface between the normalised longitudinal profile and a
straight line joining the source and the outlet of the catchment (Eq. 4):

1
SCli=1- 2 (X = Xj:1) Vi + ¥i11)) (4)
i=0
with x; = distance to source (m), and y; = altitude (m) at point /. If the stream profile
is above the reference line, the area between the two is considered negative. A river
profile with positive SCI value will be considered as concave up, and a negative value
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is an indicator of a convex up river profile (Zaprowski et al., 2005). We slightly modified
the initial formulation of the index so that the values are comprised between +1, with
an equilibrium concave up longitudinal profile having a SCI of about 0.5. Obviously, the
behaviour of the index remains similar.

Third, we analysed the hypsometry of the catchments to get a measure of the over-
all slope and channel morphology. The hypsometric integral, HI, was calculated as
follows:

1
z (y/+1 +y/ Xit+1 _X/) (5)

where x; = distance to source (m), and y; = altitude (m). The hypsometric integral is
a measure of the distribution of landmass volume above a basal reference plane, and
can be interpreted in terms of relative landform age (Strahler, 1952). Differences in
the shape of the hypsometric curve have been related to differences in erosive and
tectonic processes (Weissel et al., 1994), and the value of the hypsometric integral has
been interpreted as an indicator of the degree of disequilibrium in the balance between
erosive and tectonic forces for a particular landform (Luo, 1998). When comparing the
morphology of catchments, the catchment with the largest value of HI has the largest
amount of landmass above the outlet, and this can be interpreted in terms of lower
erosion or higher tectonic activity. As our catchments have comparable size (150 to
250 km2), the scale-dependency of the hypsometric integral should not directly affect
our results.

In addition to the morphometric indices that are described above, we calculated two
parameters that are linked to the position of the knick zone: Ach and Rch, respectively
the absolute (i.e. height above sea level, m) and relative (i.e. height above the altitude
of the catchment outlet, m) height of the main stream convexity.
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2.4 Statistical analyses

In order to test the possible link between the tectonic activity and the catchment mor-
phology, we applied correlation and spatial clustering techniques. We performed a
correlation analysis to evaluate the correlation between the morphometric parameters
and the MU of the catchments. A multivariate clustering technique was applied to iden-
tify the indices that are most likely to represent the observed spatial variability in slope
and channel morphology. We used the Ward’s classification procedure to identify the
optimal number of profile types, and a K-means clustering method to recognize the
weight of each parameter in the classification process (Lu et al., 2004).

3 Results

Our morphometric analysis indicates that large differences exist in slope and channel
morphology both within and between the selected catchments (Fig. 1, Table 1). The
catchments in the western and southern part of the Ardennes Massif are more prone
to have relatively smooth river and channel profiles, although various exceptions exist.
In the northeastern part of the Ardennes Massif, we observed various catchments with
irregular “non-equilibrium” slope and channel profiles, and the presence of clear knick
zones.

We observe that the absolute height of the river channel convexity is related to the
mean uplift: catchments that are located in regions with higher uplift rates generally
have knick zones at higher altitude (Fig. 2a). This relationship may seem self-evident,
as the mean elevation of the catchment is expected to be directly related to the total
amount of uplift. However, this observation also implies that knickpoints do not dissi-
pate rapidly in low relief terrain with low to moderate uplift rates.

We observed also some correlation between the mean uplift of the catchments and
the stream concavity index: catchments with concave up river profiles are generally
located in zones with low uplift rates (Fig. 2b). However, convex reaches are not
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necessarily associated with zones of high uplift rates (two circles in Fig. 2b). This
might partially be explained by the presence of local lithological contrasts, but might
also be associated with local tectonic activity (Bocq and Hoyoux catchments, located
close to subsidence centre in Namur area). The latter is still under study (Pissart and
Lambot, 1989; Demoulin, 1998), and is not represented in the data of Demoulin and
Hallot (2009).

A K-means cluster analysis was performed to identify groups of catchments with
similar patterns of slope and channel morphology. A reduced number of variables was
selected to avoid auto-correlation in the analysis: Rch, Ho, kg,, HI and SCI. Those
parameters are representative of the various aspects of the slope and channel mor-
phology: Rch for the river knickpoint position, Ho as a measure of the shape of the
catchment, kg, as an index for the general slope (steepness) of the river channel, Hl
as a measure of the catchment relief and SCI as an index of the general form of the
river longitudinal profile. Table 2 shows the main characteristics of the three clusters
that were recognized by the statistical procedure, and gives the mean value and the
standard deviation associated to each cluster.

When analysing the three statistical clusters in a slope-area diagram (Fig. 2d), we ob-
serve that they each cover a different domain. The second cluster (Bocq, Warche, Hoy-
oux and Salm, represented with black dots Fig. 2d) is characterized by a low concavity
index (8 = 0.34) opposed to concavities of 0.45 and 0.43 of the 1st (Aisne, Wamme and
Hoegne, grey dots) and 3rd cluster (Hermeton, Molignée and Vierre, black crosses) re-
spectively. Cluster 2 also differs from the other clusters in its steepness value (k).
Actually, a river with low intercept (i.e. kg, =4) can be interpreted as having a greater
steepness of its longitudinal profile. The statistical clusters correspond to different tec-
tonic domains in the Ardennes Massif (Fig. 1a). The first and second cluster contain
mainly rivers that are draining the most uplifted part of the Ardennes Massif, while the
third cluster contains exclusively Condruzian rivers and the Vierre, which is located
further upstream in the Semois river system (Fig. 3).
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4 Discussion

Our data on the river and channel morphology from a region with differential uplift
rates indicate that the interaction between tectonic activity, slope and river processes
is complex. The variability that we observe in slope morphology within the Ardennes
Massif is not able to fully capture the complex response of the landscape to the tectonic
imprint. The combination of different morphometric indices in a multivariate cluster
analysis reveals interesting results. The region of highest uplift rates is located in the
northeastern part, and is characterized by high values of local relief (Fig. 2c) and steep
river channels displaying clear convexities in the upper part of their river long profiles.

Despite the long-term uplift of the Ardennes Massif at low to moderate rates, the
slope and channel morphology of third-order catchments is not yet in topographic
steady-state, and exhibits clear convexities (or knickzones) in slope and river profiles
(Fig. 1). Hence, the spatial variation that we observe in slope and channel morphology
between the 10 third-order catchments is potentially not only the direct result of the dif-
ferential uplift pattern, but might also reflect the transient response of the catchments
to relative base level lowering.

The Meuse River that is draining the third-order catchments acts as the local base
level to which the fluvial system is adapting after the post 0.73 Ma tectonic uplift of the
western Rhenish shield and the Ardennes (Fig. 1). Figure 3 clearly shows that the
knick zones in the tributaries of the Meuse River are located at different heights, with
the highest knick zones located in the northeastern part of the Ardennes Massif. This
suggests that the response of the fluvial system was strongly diachronous, and that a
transient signal of adjustment is migrating from the Meuse valley towards the Ardennian
headwaters. This hypothesis is consistent with recent insights from 198g/2A dating of
the Younger Main Terrace (YMT, frequently used geomorphic marker see Rixhon et
al., 2009) of several Ardennian rivers. The absolute ages that Rixhon et al. (2010)
obtain for the same terrace level within the Ardennes are significantly younger in the
hydrologically more distant parts of the lower Meuse valley, which suggests that the
quaternary incision in the uplifted Ardennes Massif occurs diachronous.
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Finally, our data show some correlation between the overall river morphology and
knickpoint migration. We broadly identified three types of catchments based on hyp-
sometric and river channel analysis, and observed a nonlinear relation between the
hypsometric integral, HI, and the relative position of the stream convexity, Rch (Fig. 4).
The first morphological type (low HI, and low position of the convexity) broadly corre-
sponds to river catchments with equilibrium long profiles. Three catchments (Vierre,
Hermeton, and Molignée) in the upper part of the Meuse catchment have such channel
morphology, and seem not yet affected by the base level changes following the uplift of
the Ardennes Massif. The second type (high HI, medium relative height of convexity)
contains catchments that were subject to recent tectonic activity (Bocq and Hoyoux) or
that had higher tectonic uplift rates (Warche and Salm). The rivers that are draining
regions with weaker lithologies or long incision history appear in the third group. This
theoretical model also indicates that the hypsometric integral alone is not adequate
to determine the relative landform age or the adaptation stage of a river profile. Low
values of the hypsometric integral may be present in catchments that are influenced
by a tectonically-driven knickpoint (1st cluster), or that have not yet been affected by
the uplift and thus remained in equilibrium state (3rd cluster). This also highlights that
a multivariate analysis, including HI, is necessary to fully understand the link between
slope and channel morphology and tectonic activity.

When we synthesize our observations of the slope and channel morphology of the
selected catchments, we can broadly identify three morphological groups (indicated as
A, B, C; in Fig. 5). The slope and channel morphology of these groups can be inter-
preted in terms of transient adjustment of the topography to relative base level change
following uplift (Fig. 5). The first slope and channel morphology group (A) is typical
for catchments that are located in the upper part of the catchments where a smooth
channel-to-hillslope transition could be observed. This morphology was mostly ob-
served for plateau positions, and corresponds to alluvial stream systems where slope
and channel processes are coupled. The second and third group are transitional sys-
tems. The B scheme is characterized by very high and constant slopes close to the
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rivers and by a rapid transition to flat slopes. This scheme is typical for knick zones
with a decoupling of channel and slope processes. The C scheme (smooth S-curved
slopes) can be seen as the later stage of evolution of the B scheme with the develop-
ment of a large valley plain and with the highest slope gradients located at the middle
part of the slopes. We found this C scheme often in the downstream part of the catch-
ments, and it corresponds to recent rejuvenated topography. A similar study by Norton
et al. (2008) characterized the basin morphometrics of a transient landscape in the
forelands of the Swiss Alps, and indicated that the local hillslope curvature and slope
angles can be used as a proxy for the degree of rejuvenation in a catchment. Our
study confirms the strength of stream proximal curvatures and stream proximal slopes
as morphometric indices of relief rejuvenation, but indicates that several forms of hill-
slope channel coupling can coexist within the same catchment based on the transient
state of adjustment to relative base level change.

5 Conclusions

Our morphometric analysis of 10 catchments in the Ardennes Massif indicates that
slope and channel morphology is an indicator of transient adjustment of rivers to tec-
tonic uplift. Whereas there is some general agreement between some of the overall
morphometric parameters and the mean uplift rates for the Ardennes Massif, the de-
tailed picture is far more complex and some metrics appear to be insensitive to dif-
ferential tectonic uplift. Our data show that river channel properties (river longitudinal
and transversal profiles) are better indicators of recent tectonic activity than the general
hillslope form and relief. Moreover, longitudinal profiles and knickpoint retreat analysis
have shown that the fluvial system plays an important role in the shape pattern of the
studied catchments. Rivers that are located far in the hydrological network seems to
be in equilibrium state, or in the first stages of a transient adjustment with a knickzone
located in the lowest part of the catchments.
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Table 1. Morphometric indices: S =surface; P = perimeter; MU = mean uplift (according to
Demoulin and Hallot, 2009); Ach and Rch = the absolute and relative height of the convexities
(in meters); LRel =the median of the local relief in a 100 m range window; ho = the altitude of
outlet; Gr, Ho and Sc = the classical morphometric indices (Gravelius, Horton and Shumm); 6
and Ksn = convexity and normalised steepness indices (Flint law); HI = the hypsometry integral;
and SCI = the stream convexity index.

Rivers S P MU Ach Rch  LRel ho Gr Ho Sc ] Ksn HI SCI

(km?)  (km) (m) (masl) (m) (m) (masl) (mm™") (mm") mMm") (=) (=) () -)
Aisne 190.6 71.0 114.77 450 315 10.85 135 1.439 0.441 0.750 0.478 44.45 0.251 0.379
Bocq 235.4 89.0 84.41 195 100 6.62 95 1.624 0.341 0.659 0478 11.87 0.523 -0.055
Hermeton 169.3 69.6 69.19 150 50 4.72 100 1.498 0.316 0.635 0.323 13.25 0.442 0.165
Hoegne 208.6 75.1 109.54 510 375 7.83 135 1.456 0.356 0.673 0.552 72.19 0.221 0.316
Hoyoux 255.7 94.6 86.38 200 125 5.20 75 1.656 0.570 0.852 0.017 26.15 0.481 0.002
Molignée  139.3 58.5 70.25 150 60 6.01 90 1.388 0.384 0.699 0.138 18.77 0.376 0.145
Salm 238.0 90.3 133.49 460 210 712 250 1.640 0.423 0.734 0.052 24.39 0422 -0.002
Vierre 259.1 89.2 102.58 330 10 6.27 320 1.551 0.374 0.690 0.519 13.62 0.263 0.408
Wamme 140.2 68.8 109.31 430 245 7.83 185 1.627 0.440 0.748 0.196 38.93 0.308 0.178
Warche 191.2 947 14584 5225 2225 6.30 300 1.918 0.245 0.558 0.513 11.12 0.484 0.011
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Table 2. Clusters characteristics (values of mean and standard deviation of the parameters).

Cluster Rivers Rch Ho Ksn HI SCI

_ Mean 311.7 0412 51.9 0.260  0.291

! Aisne, Wamme, Hoegne StD 65.06 0049 17.8 0.044  0.103

Mean 164.4 0.395 184 0478 -0.011

2 Bocg, Warche, Hoyoux, Salm - 'gip - g0.98 0.138 8.0 0.042  0.030

Y Mean 40.00 0.358 152 0.360  0.239

8 Hermeton, Molignee, Vierre " sip 2646  0.037 3.1 0.091  0.146
7001
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Fig. 1. (a) Location of the 10 catchments in the Ardennes-Rhenish Massif (inset map). The dot-
ted lines correspond to the uplift isolines (values in meters) from Demoulin and Hallot (2009),
and were derived from terrace sequences. (b) Normalised longitudinal profiles of the 10 se-
lected rivers with location of the main channel convexity (circle).
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Fig. 2. (a) Relation between the absolute height of the knickpoint and the mean uplift (MU).
(b) Relation between the stream concavity index and (SCI) and the mean uplift (MU). The
dotted line represents the expected relationship between the two indices (c) Relation between
the local relief (LRel) and the mean uplift (MU). (d) lllustration of the three cluster groups within
the Slope-Area space. The grey dots represent the first cluster (Aisne, Wamme and Hoegne
rivers), the black dots the second cluster (Bocq, Warche, Hoyoux and Salm rivers), and the
black crosses represent the third cluster (Hermeton, Molignée and Vierre rivers).
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Fig. 3. Longitudinal profiles of the selected rivers within the Meuse river catchment. Double
lines represent the selected rivers, bold lines the major streams of the region and stars indicate
the position of the main knickpoint within each river profile. The Vierre profile is not represented
in this graphic because of its distant location in the Semois river system.
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Fig. 4. Nonlinear relation between the relative height of the channel convexity (Rch) and the
hypsometric integral (HI). Three phases of knickpoint upward migration are represented in the

right panel.
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Fig. 5. Schematic representation of the change in hill slope morphology measured perpendic-
ular to the river channel for three different positions: (A) above the river channel knick zone,
(B) in the knick zone and (C) below the knick zone. The valley cross profiles are shown by
the black line, the changes in stream proximal slopes by the dashed grey line and the stream
proximal curvature by the red dotted line.
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