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ABSTRACT: It is still debated whether the primary control on the middle Pleistocene denudation of the uplifted Ardennes massif
(western Europe) is tectonic or climatic. Here, based on geomorphological observations, we calculate the amount of river incision and
interfluve denudation in the Meuse basin upstream of Maastricht since 0-7 Ma and we show that the main response to tectonic
forcing was incision. This allows us to provide first-order estimates of the tectonic and climatic contributions to the denudation of
the Ardennes. From a dataset of 71 remnants of a terrace level dated ~0-7 Ma, we first derive a basin-scale functional relationship
linking incision with distances to the regional base level (L) and to the source (L) in the Ourthe basin (pertaining to the Ardennian
part of the Meuse basin). Expressed as I = I,*(1 — a*L/LY), I, being the incision measured at the basin outlet, this relationship
calculates that river incision has removed 84 km® of rock in the Meuse basin upstream of Maastricht since 0-7 Ma. In the same
time, 292 km® were eroded from the interfluves. A comparison of these volumes shows that the tectonically forced river incision
accounts for ~22% of the total post-0-7 Ma denudation. Furthermore, the mean denudation rate corresponding to our geomorphological
estimate of the overall denudation in the Meuse basin since 0-7 Ma amounts to 27 mm/ky, a figure significantly lower than the
~40 mm/ky mean rate derived from '°Be studies of terrace deposits of the Meuse (Schaller et al., 2004). This suggests that, taken as
a basin average, the '°Be-derived rate is overestimated, probably due to an overrepresentation of the erosion products of the rapidly

incising valleys in the alluvial deposits. Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

Recently, Schaller et al. (2004) wondered how to determine
whether the increased denudation rates they inferred from '°Be
data for the Meuse basin since ~0-7 Ma responded primarily
to the tectonic uplift of the Ardennes massif or to climatic
degradation, and the question is most certainly relevant to all
similarly uplifted Paleozoic massifs in the Alpine foreland.
Here, we attempt to answer it for the Ardennes by computing
river incision and showing that it is the main ‘denudational
response’ to rock uplift of the study area.

Measurements of the '°Be content of the quartz sand matrix
of independently dated fluvial terrace deposits provide an
indication of the '°Be heritage of the material, accumulated when
it attained the topographic surface somewhere in the catchment,
before being taken away by river erosion. As such, these meas-
urements are used to calculate average denudation rates,
assumedly representative for the catchment upstream of the
sample site at the time of the terrace formation (Bierman and
Steig, 1996; Schaller et al., 2002). Obviously, these rates are
overall estimates integrating the denudational response to all
possible triggers, especially tectonics and climate. Therefore,

the separation of the cosmogenic-nuclide-derived denudation
rates between their tectonic and climatic components requires
that at least one particular component can be estimated from
independent data.

River incision is often assumed to fairly reflect tectonic
rock uplift amounts (e.g. Bonnet et al., 1998; Meyer and Stets,
1998, 2007; Peters and Van Balen, 2007). However, terrace
studies suggesting that an acceleration of river incision correlates
worldwide with the climatic degradation of the ‘mid-
Pleistocene Revolution’, indicate that non-tectonic causes of
incision are also at work (Bridgland et al., 2007; Bridgland
and Westaway, 2008). Nevertheless, a first-order estimate of
the part of the total denudation due to tectonics should be
possible if river incision, though sometimes also driven by
other factors, may at least be demonstrated to concentrate
the (possibly imbalanced) surface response to uplift. Indeed,
incision data are readily converted into eroded volumes that
can be compared to those computed from basin-scale denudation
rates derived from cosmogenic nuclide studies.

The primary motivation of this work is thus to quantify the
impact of the tectonic uplift of the Ardennes massif on its
increased denudation rate since 0-7 Ma. For this purpose,
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Figure 1. Digital elevation model of the study area locating the Meuse River and the main rivers of the Ourthe basin (in bold). The open circles
locate the data points of river incision since the Younger Main Terrace (YMT). The bold dashed line and the dotted lines delimit respectively the
Cambrian Stavelot massif and the subareas of specific interfluve evolution within the Meuse basin. FE, ‘Faille eifelienne’, Variscan thrust fault
limiting the Ardennian Paleozoic massif to the north; HFZ, Hockai fault zone; RG, Roer graben; ECRS, European Cenozoic Rift System.

which implies also an independent verification of the reference
'%Be-derived rate estimates, we exploit geomorphological
data, first to calculate the two components of the landscape
denudation, that is, river incision and interfluve erosion, and
second to evaluate the extent to which tectonic forcing
determined them. The tectonically triggered volume of eroded
rock is then compared with the total denudation estimates
and the meaning of the latter is discussed.

With respect to river incision, as we have no clear idea
whether the whole fluvial system was at equilibrium when
the 0-7 Ma episode of increased incision started and we suspect
it has not yet reached a new steady state, a simple extrapolation
of its total incision from a limited number of local measurements,
scattered mainly along a few larger streams where terrace
remnants are preserved, would provide highly uncertain results.
Therefore, we prefer to develop an empirical model describing
the finite amount of incision performed by the hydrographic
network since that time. We adopt an inverse approach,
determining the incision from currently measurable features,
i.e. post-incision or, at best, time-independent variables and,
rather than integrating an a priori parameterized stream power
equation, where paleogradients and their downstream varia-
tions are poorly constrained, we use a set of reliable incision
values since ~0-7 Ma in rivers of varying Strahler’s order to
derive a basin-scale functional relationship between incision
and location within the Ourthe basin (a part of the Meuse
basin in the Ardennes) and to calculate the corresponding eroded
volumes. Although much more basic than the currently
developed stream incision rules (e.g. Whipple and Tucker,
1999, 2002; Sklar and Dietrich, 1998, 2004; Crosby et al.,
2007), this relationship, which will be shown to work fairly
well, should be considered as a by-product of our study
potentially applicable in settings similar to the Ardennes.

Copyright © 2009 John Wiley & Sons, Ltd.

Geomorphological Setting

The Paleozoic Ardennes massif is the western continuation
of the Rhenish shield in Belgium (Figure 1). It is located to the
west of the Lower Rhine segment of the European Cenozoic
Rift System. The major bounding faults of the active Roer
graben are located ~20 km to the north-northeast (NNE) of
the study area, which corresponds to the north-eastern part of
the Ardennes and extends mainly on the Cambrian Stavelot
massif. There, the Variscan fold-and-thrust belt has been super-
posed on structures inherited from the Caledonian orogeny,
resulting in a structurally complex basement wherein longitudinal
ENE-WSW folds and thrust faults are cut by numerous NW-SE
to NNW-SSE striking normal faults. The Cambrian massif is
comprised of phyllites and quartzites and is surrounded by
Ordovician and early Devonian slates mainly to the south and
east, and middle and late Devonian sandstones, shales and
limestones in the north and west.

The deformation of well reconstructed Tertiary planation
surfaces and their present-day elevations demonstrate that the
region underwent rock uplift of ~450 m, locally even more
than 500 m, since the Oligocene, seemingly in response to
far-field stresses (Alpine push and Atlantic ridge opening) and
possibly also as a consequence of recent mantle upwelling
beneath the nearby Eifel (Ritter et al., 2001; Ziegler and Dezes,
2007). The innumerable studies of the Quaternary terrace
staircase in the Rhine, Meuse and Mosel valleys and in those
of their tributaries within the Ardennes-Eifel agree on the
conclusion that the incision rates (most generally directly
translated into uplift rates) increased a first time at the
Pliocene-Pleistocene transition and accelerated again towards
the beginning of the middle Pleistocene to reach maximum
values of ~0-5 mm/y in northeast Ardennes and Eifel between
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730 and 400 ka before coming back to tectonic quiescence
in recent times (e.g. Van den Berg, 1996; Hoffmann, 1996;
Meyer and Stets, 1998; Quinif, 1999; Van Balen et al., 2000).
The border faults of the Roer graben, with estimated ~0-05-
0-1 mm/y individual motion rates during the upper Pleistocene
and the Holocene (Camelbeeck and Meghraoui, 1998; Houtgast
et al., 2005), accommodated the main part of the en-bloc
component of the Ardennes uplift.

In this study, we focus on the part of the Ourthe basin located
east of the trunk stream (~3060 km?), with two main tributaries,
the Ambleve and the Vesdre flowing down a region of fairly
homogeneous tectonic uplift (with the exception of the
stronger upheaval of the small, ~700-m-high, faulted Baraque
Michel block in the northeast). The Ourthe River itself flows
into the Meuse River at Liege, which, at 55 m above sea level
(a.s.l.), makes a regional base level located approximately at
the border of the uplifted massif (Figure 1). The Ourthe basin
is representative of the part of the Meuse basin pertaining to
the Ardennes massif. Previous field studies identified 10-12
terrace levels along the main streams, reducing to 6-7 in their
upstream reaches (e.g. Cornet, 1995). The typical valley cross-

section reflects the two-step increase in incision rate and
opposes a narrow steep-sided young valley nested into a broader
older valley with gently sloping valleysides carved into the
Tertiary paleotopography (Figure 2A). Dated ~0-7 Ma (Van
Balen et al., 2000; Boenigk and Frechen, 2006), the extended
Main Terrace complex clearly separates the two units and
marks the beginning of the middle Pleistocene incision episode.
Except for the active Hockai fault zone that crosses the Vesdre
valley in the northeast of the study area (Figure 1) and possibly
deforms its terraces locally, the Main Terrace complex is not
known to be faulted within the Ourthe basin.

Data and Methodology
River incision data

As the younger level of the Main Terrace complex, located at
the upper edge of the incised valleys, is readily recognized
in the field (Figure 2B), we use it as a reference level for the
incision measurements. It has been dated in the Maastricht
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Figure 2. (A) Schematic cross-section of the Rhine valley with its terrace staircase (hatched) carved in the Rhenish shield. This profile is typical of
most rivers of some importance flowing down or across the Rhenish and Ardennes massifs, including those of the Ourthe basin, with the
successively developed Pliocene (1), broad early Pleistocene (Il) and narrow middle Pleistocene (l1l) valleys. (B) Some examples of the nested |, II,
Il valleys in rivers of the Ourthe basin. (C) View of the Younger Main Terrace (YMT) in the Vesdre valley downstream of Verviers.

Copyright © 2009 John Wiley & Sons, Ltd.
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area, north of Liege, and can be propagated upstream in the
main tributaries by geometric correlation. However, owing to
the limited number of terrace remnants and the local partition
in sublevels, the reconstructed long profiles of the Younger
Main Terrace (YMT) are still debated for many rivers of the
study area, and no profile at all can be drawn in most small
tributaries. This rules out simply extrapolating the total basin
incision from the measurements carried out at the terrace
data points. Indeed, our input dataset comprises solely 71
points where the YMT level is unmistakably identified
(Figure 1), selected from a compilation of previous terrace
studies (Chapelier, 1957; Ek, 1957; Alexandre and Kupper,
1976; Cornet, 1995) and local field observation in small
tributaries. The incision data, corresponding to the vertical
separation between the YMT remnants and the present-day
floodplain are affected by a 95% measurement error of
6-4 m.

River incision modelling

The independent variables against which the incision will be
regressed are taken from the 30-m resolution digital elevation
model (DEM) of the National Geographical Institute of Belgium
with an announced point root-mean squared (RMS) error in
(x,,2) better than 1-6 m. We analysed the statistical relationships
between incision / and (1) the drainage area A, (2) the distance
L, to the source, and (3) the distance L. to the regional base
level (the Ourthe-Meuse confluence at Liége). Although the
river gradient S is also easily extracted from the DEM, we did
not include it in the analysis because (1) its derivation entails
considerable noise and the necessary smoothing of the data
would have biased the analysis to an unknown extent, and
(2) the present gradients have no univocal relation with the
gradients at 0-7 Ma, when incision started.

As the two variables defining the stream power equation,
that is, the drainage area A and the river gradient S, are highly
correlated to L, by power functions (Hack, 1957), L, seemed a
priori most relevant for evaluating /. However, according
to the Playfair's law stating that a tributary usually joins the
principal stream at the latter’s level (Playfair, 1802), the incision
within a (subjtributary also depends on what happens at its
own partial base level, which is represented by its confluence
with a higher-order stream. It thus strongly depends on the
tributary’s position within the basin, via the amount of incision
of the principal river at that point. We took this position factor
into account by including L. in the expression of /. Therefore,
we could reproduce that, due to the basin-scale upstream
decrease of incision, expressed in the form of the L.
dependence of /, the same small L, implies a different amount
of incision near the source of the trunk stream and in a small
tributary flowing into the latter near the regional base level.
In other words, the L. factor better accounted for the upstream
propagation of a wave of regressive erosion.

We evaluated two opposed formulations of various relations
linking I to L (or A) and L, either constraining the incision to
be zero at all river sources and letting it develop downstream
with increasing stream power, or starting from the incision
value measured at the basin outlet for the considered period
of time and describing the propagation of the incision within
the whole basin by regressive erosion.

Tributary junction adjustment

After the best non-linear estimation was selected based on
the quality of the adjustment and the analysis of the residuals

Copyright © 2009 John Wiley & Sons, Ltd.

distribution, we still had to remove artificial jumps appearing
in the calculated incision values at the confluences and leading
to a systematic underestimate of the incision in the lower reach
of the tributaries (Figure 3). Indeed, as the incision equation
involves the distance to the source L, such jumps are system-
atically associated with every tributary junction, due to the
step change in L; when going up from the main river into the
tributary. The jump’s amplitude depends on the ratio between
the two streams’ L, at the junction, much in the way high ratios
of drainage area characterize the junctions where hanging
valleys are observed in eastern Taiwan (Wobus et al., 2006)
but with the difference that incision jumps affect here all
tributary junctions. A similar feature is also produced by the
incision models based on the stream power equation but,
whereas forward modelling rapidly relaxes the initial steepening
of the tributary profiles (Niemann et al., 2001; Crosby et al.,
2007), our incision formulation using time-independent vari-
ables is unable to cope with the problem and we have to
solve it otherwise. As described later, we compared two different
ways of correcting for these jumps. First, in order to remove
them completely, we applied a correction term to the incision
computed in the tributaries. This correction term was defined
as +I*Al/l,, where [, is the computed local incision, Al is
the incision jump at the confluence, and /. is the incision
computed at the confluence. It is linearly dependent on the
tributary incision and cancels exactly the incision step at the
junction. Second, we tested an approach in which we made
the tributary incision just upstream of the confluence equal
the incision value computed for the principal river at the same
place. These pairs of incision values attached to the junctions
were then included in an extended dataset for a second adjust-
ment taking explicitly the Playfair’s law into account.

Finally, the corrected expression was used to compute the
incision over the whole drainage network and to reconstruct
the YMT long profiles. The corresponding paleotopography
was retrieved by expanding transversally the latter until they
intersected the DEM hillslopes and, subtracting the present-
day topography from the reconstructed one, we obtained the
volume eroded by river incision. Due to the development of
entrenched meanders, the simple method used to reconstruct
the YMT paleotopography induced a slight underestimation of
the eroded volume, however not exceeding a few percentages
at the basin scale (Figure 4).

Results
River incision equation

A finite amount of incision being simply the difference between
two successive long profiles, it can be tentatively defined by
the same functions as the river profiles themselves, i.e. mainly
power, logarithmic or exponential functions (Hack, 1957; Snow
and Slingerland, 1987; Morris and Williams, 1997; Hovius,
2000). Our tests of several univariate relations showed that, in
the Ourthe basin, a power law was always most appropriate
to express the link between | and the other variables (L,, A,
L.). Moreover, L,, including the combined contributions of
A and S, was systematically more effective than A to predict
I. Taken individually, the variables L,, A and L. explained
~50-60% of the variance of /. Also, L, and L. appeared
satisfactorily independent, with separate contributions to the
variance of /.

The best non-linear fit was obtained with an equation in
the form:

I =1*(1 — a*Lb/Le) (1

Earth Surf. Process. Landforms 34, 1487-1496 (2009)
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Figure 3. Correction of the incision jumps induced at the confluences due to the use of L, as an independent variable in the model equation. (A)
Uncorrected adjustment: large underestimation A/ of the calculated tributary incision at — and upstream of — the confluence, resulting from the
abrupt decrease in L, when entering the tributary. (B) Applying a correction term to the incision all along the tributary, that is, stretching the jump’s
correction over the whole length of the tributary, removes it totally but may involve a significant overestimation of the incision in the tributary
(area in grey) because the actual incision decreases often more rapidly upstream than the linear correction term. (C) Reduced underestimation
(area in grey) of the incision after a second adjustment has been carried out using additional incision data at the confluences but leaving the
model free to adjust everywhere. Circles: original incision data (filled black circles: tributary; filled grey circles: trunk stream). Stars: additional
confluence data derived from the main stream’s incision value in the first adjustment. Solid lines: present-day long profiles; dashed lines: YMT
true profiles; dotted lines: YMT tributary profile obtained from a first adjustment; axis lines: YMT tributary profile after correction for the incision
jump. (D) Present (thick lines) and YMT (thin lines) long profiles of the Ambleve (in black) and its tributary, the Salm (in grey). As for the Salm
YMT profiles, the uncorrected profile is shown by a dashed line and the profile corrected for the incision jump (which reduces then from Al to A/,
see the inset) shown by a solid line. Grey dots are for the YMT data in the Salm valley.
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Figure 4. Transverse profile at the apex of an entrenched meander, showing how our very simple reconstruction of the YMT topography may
locally underestimate the eroded volume. Black arrow: shift of the meander axis during incision. The grey area denotes the computed eroded
slice, which is underestimated by the difference between the hatched areas above and below the bold line taken to represent the bottom of the
YMT floodplain (the true YMT transverse profile is represented by the dashed line). Taking into account that omitted part of post-YMT incision in
the meander vertical section and the average percentage of a valley length occupied by the meander bends, we evaluate that the resulting error
does not exceed 10% of the eroded volume computed for the whole Ourthe basin.

where I, = 64 m, the incision measured at the basin outlet,
and the [. and [, unit=10 km. Because of the involved
variables and the adopted power form, this function is
basically related to the stream power equation that governs
the detachment-limited models of river incision used in high
relief areas, where bedrock channel incision prevails (e.g.
Seidl and Dietrich, 1992; Whipple and Tucker, 1999). This widely
accepted equation expresses that the incision rate £= KA™S",
where A is the drainage area, a proxy for discharge, and S is
the gradient of the channel. Despite extended floodplain

Copyright © 2009 John Wiley & Sons, Ltd.

development in most large rivers of the study area, the
detachment-limited assumption basically suits because,
during the periods favourable to incision, the rivers rapidly
cut across their alluvial deposits to chiefly carve their valley
and entrench their meanders into the bedrock. Allowing for
the observed ~0-05-0-1 mm/y individual vertical motion rates
of the massif-bounding faults, the ~10°-year-long periods
without incision might have repeatedly produced 5-20 m-
high knick points, too small to lead to interference between
rock mechanics and fluvial controls on incision (Seidl et al.,

Earth Surf. Process. Landforms 34, 1487-1496 (2009)
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1996) but large enough to accelerate the removal of the
alluvial cover and to initiate a wave of regressive incision
(Hovius, 2000).

After removal of nine outliers >2¢ (mostly related to unreliable
data towards the headwaters), a first adjustment based on the
remaining set of 62 incision data yielded the values 0-15,
0-66 and 0-37 for the parameters a, b, and c of equation (1),
and an excellent multiple correlation coefficient R = 0-92.
The latter was significantly better than the R = 0-84 obtained
with a relation in the form | = a*L /L ¢, showing that / is better
predicted by constraining its value at the basin outlet and
calculating it in the upstream direction (regressive prediction)
rather than applying a constraint of zero incision at all sources
and running the network downstream.

Tributary junction adjustment

As stated earlier, we attempted to remove the incision jumps
occurring at the tributary junctions first by applying a correction
term to the tributary incision. After we had so removed the
incision jumps and subsequently imposed corrected incision
values all along the tributaries, we obtained a lower R of 0-87
(with 12 outliers excluded and two missing data, i.e. n = 57)
and, based on the entire dataset, a mean residual v, of —2:5 m
due to an overestimation of / mainly in the smallest tributaries
(Figure 3B; note also that, because of the upward widening
of the valley transverse profile, a small overestimate of | may
lead to a much larger exaggeration of the calculated eroded
volume).

The alternate approach to the jumps’ correction was to add
to the dataset pairs of new values representing the incision
previously computed in the main stream, and thus also expected
in the tributary, at the junctions. We used the pairs of values
corresponding to the confluences of all tributaries with a
length of more than 15 km. A second adjustment based on
this new dataset (n = 90) left the correlation coefficient and
the parameters of the original incision function practically
unchanged (R = 0-91; a = 0-15; b = 0-65; ¢ = 0-37) (Figure 5).
In this approach, which left the model free to adjust at the
junctions, the incision jumps at the confluences were only
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Figure 5. Observed versus calculated incision in the Ourthe basin
since 0-7 Ma following the adjustment taking into account the
confluence data added to the original dataset to satisfy the Playfair’s
law. Circles: original incision data; solid triangles: confluence data
for tributaries longer than 20 km; open triangles: confluence data for
tributaries of length between 15 and 20 km. The distance between
the elements of each horizontal pair of triangles denotes the
remaining incision jump at the corresponding confluence.

Copyright © 2009 John Wiley & Sons, Ltd.

somewhat lowered. However, being then <5-7m for all
tributaries with a length greater than 20 km, they lay well
below the maximum (depending on L. and L)) uncertainty on
v due to measurement errors at the 95% confidence level
(6-9 m). Moreover, there exists a strong correlation (R = 0-91)
between the remaining incision jumps and the length of the
tributaries, (Al < L), which, following the relation given
by Brush (1961), can also be expressed in function of the
local gradient of the present-day long profile (Al e S2%). As
the observed and modelled gradients of the YMT profiles
are low in the lower reaches of even the smallest streams, the
upstream decrease of incision depends actually mainly on the
slope S of the present-day profiles, meaning that the higher
shortage in modelled incision induced by the confluence jumps
Al in the smaller tributaries is generally absorbed within
~1 km by the rapid upstream increase of their longitudinal
slope (Figure 3C). We therefore privileged this second treatment
of the incision jumps.

River incision amount

The final incision map obtained through this approach shows
that the incision calculated along the valley axes decreases
only slowly in the upstream direction until it approaches a source,
an exponential reduction to zero incision mostly occurring
for L, <5 km (Figure 6). It also underscores that the effectiveness
of the incision wave propagation toward the headwaters varies
with the position in the network, diminishing in the regions
most remote from the basin outlet. Moreover, independently
of the depth of incision, the width of the incised valleys is
strongly controlled by the lithology.

As the 6:9 m maximum error on v at the 95% confidence
level corresponds to ~1-60 of the final incision relation, we
identified those outliers >1-60 as anomalous incision values.
Apart from the few poorly modelled areas in the smallest
tributaries, a zone of exacerbated incision appears in the
middle Vesdre valley, while weaker incision is encountered
in the middle valleys of the Magne and the Hoégne (Figure 6).
Another less well defined zone of reduced incision is centred
on the Ourthe-Ambléve confluence. Although the modelled
propagation of the incision wave appears fairly realistic, the
analysis of these anomalies of incision allows us to further
ascertain whether our regional model applies correctly over
the whole study area. Beyond possible misidentification of the
YMT in some places, notably causing statistical outliers towards
the headwaters, areas of anomalous incision can express
lithological, tectonic or hydrographic (e.g. stream piracy) effects.
Corresponding to the largest observed anomaly, the excess
incision in the middle Vesdre valley appears closely related to
local tectonics as it occurs where the valley is crossed by the
active Hockai fault zone (Figure 6). As for the Magne negative
anomaly, it is located upstream of a marked knick point in the
present long profile, due to the occurrence of limestones com-
bining a high mechanical resistance with the development of
karstic sinks, and it is thus of lithological origin. The other
areas of reduced incision are also likely related to the local
lithology. These few local deviations do not affect the overall
quality of our incision computations.

As a result, we calculated a volume of 11-5 km?® removed
by river incision from the Ourthe basin since 0-7 Ma. As stated
earlier, we had to add to this figure the error due to the lateral
development of some entrenched meanders during incision,
which we estimated at a maximum 10%, i.e. ~1-1 km?, on the
basis of the hydrographic network planform and a mean valley
cross-section. We calculated moreover that the total shortage
of calculated incision in the tributaries near their confluence

Earth Surf. Process. Landforms 34, 1487-1496 (2009)
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Figure 6. Map of the calculated incision in the Ourthe basin since 0-7 Ma. The areas of anomalous observed incision (+: excess of incision, —:
deficiency in incision) are circled (V, Vesdre; M, Magne; H, Hoégne; O-A, Ourthe-Ambleéve). They are identified as groups of residuals higher than
69 m (95% measurement error, corresponding to 1-60 of the calculated relation).

is in the order of a few tenths of km®. This makes a maximum
eroded volume of ~13 km?® due to valley incision, which affected
22% of the basin surface (as opposed to hillslope erosion
occurring on the watersheds).

Finally, for the sake of comparison with other denudation
data, we extrapolate to the Meuse basin upstream of Maastricht
the incision rate derived for the Ourthe basin. This requires
however that we incorporate the following conservative
approximation: as the Ourthe basin pertains to the most
incised area of the Ardennes massif and of the whole Meuse
basin, its incision rate represents an uppermost limit. According
to the 3-1:20 ratio between the areas of the two basins, incision
in the Meuse basin would thus have removed a maximum
84 km? of rock since 0-7 Ma.

Interfluve denudation

Regarding the denudational behaviour of its interfluves (taken
as part of the landscape located above the YMT), the Meuse
basin upstream of Maastricht (with an area of ~20 000 km?)
may be morphologically divided in four subareas: (1) the
central Ardennes tableland, (2) the Fagne-Famenne area,
(3) the cuesta landscape of the northern Paris basin, and (4) the
undulating lower plateau of the Condroz along the northern
margin of the massif (Figure 1). Within the Ardennes massif,
which represents about 30% of the Meuse basin upstream of
Liege, the post-0-7 Ma stripping of the interfluves preserved
the main features of the Tertiary and pre-YMT landscape and
the associated loose sediments and material outside the
incised valleys: pre-Quaternary kaolinic weathering products,
clay-with-flints and sand remains of former upper Cretaceous
and lower Oligocene covers, extended remnants of the YMT
and older terrace deposits. Based on these observations and
on erosion values derived for similar mid-latitude gently

Copyright © 2009 John Wiley & Sons, Ltd.

undulating tablelands (Ahnert, 1970; Pazzaglia and Gardner,
2000), denudation rates most probably did not exceed ~5-
10 mm/ky in this area, thus removing a maximum 33 km’
from the Ardennian part of the Meuse basin since 0-7 Ma.

On the contrary, under the morphogenic conditions prevailing
during the post-0-7 Ma cold periods (sparse vegetation, fast
rock mass disintegration, enhanced runoff and mass wasting),
other areas of the Meuse basin with more erodible bedrock
underwent a strong periglacial erosion that was able to remove
huge volumes of rock. In the region of the Fagne-Famenne,
located between central Ardennes and the less uplifted Condroz
plateau to the north (Figure 1), the extensively outcropping
Frasnian/Famennian shales were readily disintegrated by frost
shattering and the removal of the weathering products by
slope wash led to the development of extensive Quaternary
pediments connected downslope to the fluvial terraces
(Alexandre, 1976). Since the abandonment of the Neogene
planation surface at ~375 m local elevation, this ~1000-km?-large
area with 225 m present mean elevation was stripped of a
150-m-thick rock slice. In the absence of dating of intermediate
morphological levels, and considering the chief processes
active in the denudation of the Fagne-Famenne, we conservatively
assume that most of this volume was eroded during the
harsher post-0-7 Ma glacials, corresponding to the removal of
117 km?.

A more moderate evolution characterized the remaining
areas of the Meuse catchment, pertaining to the northern Paris
basin and the Condroz plateau. Scouring of the depressions
between the cuestas that extend along the southern margin of
the Ardennes massif and carving of the limestone bedrock in
the synclines of the Condroz area removed a mean 40-m-thick
rock slice from the Miocene topography on the interfluves of
both regions. However, owing to the nature of the bedrock
(soft sediments in the Paris basin and limestone and sandstone
in the Condroz), we take into account that there, the Pliocene
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and early Pleistocene denudation was hardly less efficient
than the erosion in the last million years. Therefore, and
though it is probably still an excessive estimate, ascribing half
of the removed volume to the latter in the two regions makes
it contribute for approximately 142 km® to the post-0-7 Ma
denudation of the Meuse basin.

Discussion
Tectonic versus climatic cause of the denudation

The cosmogenic '°Be studies of dated terrace deposits of
the Meuse in the Maastricht area have led to the arguing
that uniform catchment-averaged rates of ~30 mm/ky were
characteristic of the timespan 1-:3-0-7 Ma, then rates increased
rapidly to keep in the range 40-60 mm/ky, reaching even
80 mm/ky in the latest Pleistocene (Schaller et al., 2001;
Schaller et al., 2002; Schaller et al., 2004; von Blanckenburg,
2005). This prompted Schaller et al. (2004) to evaluate the
respective roles of climate and tectonics in this increase of the
denudation rate. According to them, while the abrupt increase in
amplitude of the 100-ky glacial cycles around 0-64 Ma (Mudelsee
and Schulz, 1997) might have been partly responsible for the
observed changes in erosion rate, the uplift of the Ardennes
and the Rhenish shield, driven by the Eifel mantle plume
(Ritter et al., 2001), would have had the strongest control on
them. However, they noted that active interfluve denudation,
which has not yet ceased and would be responsible for the
recent high denudation rates, is decoupled from the rapid
and brief fluvial incision response to the tectonic pulse that
occurred around 0-7 Ma.

Our working hypothesis is also that a pulse of rock uplift
around, or prior to 0-7 Ma induced a generalized incision of
the valleys within the massif. This does not necessarily mean
that fluvial erosion was exclusively caused by active tectonics.
From a synthesis of many terrace studies in Europe and world-
wide showing that river valleys in non-subsiding areas almost
systematically display middle Pleistocene terrace staircases,
Bridgland et al. (2007) suggested that only a global trigger,
namely the climatic deterioration at 0-7 Ma, could have induced
this river incision, maintained through isostatic rebound and
lateral flow in the lower crust. Nevertheless, the incision much
deeper within the Ardennes-Rhenish shield than in surrounding
stable areas, up to ~200 m in the Eifel (Meyer and Stets, 1998)
versus ~50 m for rivers of the western Paris basin (Antoine
et al., 2007), indicates that a significant part of that pulse was
of tectonic origin in the Ardennes. This is further confirmed
by the Quaternary Eifel volcanism starting at the same time
(Schmincke, 2007). However, the deepened valleys did not
significantly nibble at the interfluves above the YMT, as shown
by the good preservation of numerous YMT and older terrace
remnants. Moreover, although the amount of uplift is still
debated, it was obviously small enough not to really alter the
regional climatic conditions of weathering, nor did it modify
the slopes outside the valleys, except at the rim of the massif,
thus not causing any significant change in erosion of the
interfluves. It follows that fluvial incision can be regarded as
the only denudational response to the mid-Pleistocene tectonic
uplift of the Ardennes massif and that denudation of the
interfluves was controlled primarily by the climatic conditions.

Our calculations yielded 84 km® of rock removed by river
incision and 292 km’® by interfluve denudation, that is, a total
376 km® of rock eroded from the Meuse basin since 0-7 Ma.
We repeat that, on the one hand, our figures for interfluve
denudation are excessive estimates resulting from the assump-
tion that the morphogenetic setting during the last 0-7 Ma
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was particularly favourable to erosion and, on the other hand,
a part of the post-0-7 Ma incision of the valleys probably also
responded to a global climatic trigger, as suggested by a
comparison with the incision amount of western European
rivers of similar size outside the massif (Antoine, 1994; Bridgland,
2000; Maddy et al., 2001). However, as these two effects
counterbalance more or less, a first-order approximation shows
that the tectonic uplift of the Ardennes would have been
responsible, through river incision, for an approximate 84/
376, that is, 22% of the total post-0-7 Ma denudation in the
Meuse basin.

Consequently, according to the relative values of the '°Be-
derived estimates, which indicate a rough doubling of the
regional denudation rate at the onset of the middle Pleistocene
(Schaller et al., 2004), the tectonically-driven resumption
of river incision would have contributed slightly less than
the half to this increase, the remainder coming chiefly from
the accelerated erosion of the Fagne-Famenne area. However,
before endorsing such a conclusion, we must still examine
the consistency between the geomorphological and 'Be denuda-
tion data in the Ardennes.

Meaning of the '°Be-derived denudation rates

Even the roughest estimate of a '°Be-derived mean denudation
rate for the Meuse basin over the timespan 0-7-0 Ma must take
into account that the values provided by Schaller et al. (2002,
2004) and mentioned in the previous section were obtained
from cold-stage erosion products, whereas rates are observed
to decrease drastically during the inter-glacials, the Holocene
rates being estimated between 15 and 20 mmv/ky from measure-
ments of dissolved and suspended loads transported by the
Meuse river (Petit and Hallot, 2006). Consequently, and taking
a 3:1 ratio for the glacial versus interglacial durations, the
overall ’Be-derived denudation rate, averaged over the Meuse
basin upstream of Maastricht for the time since 0-7 Ma, may
be calculated in the order of a good 40 mm/ky.

By contrast, averaged over the same area and time span,
the 376 km’® eroded volume calculated from geomorphological
data translates as a denudation rate of 27 mmv/ky. As the 13 mm/
ky difference with the '°Be-derived rate largely exceeds the
uncertainty on the latter’s estimate and the ‘geomorphological’
rate was willingly rather overestimated, we conclude that the
%Be-derived rate must be in some way biased and that the
claim that it represents a basin average does not hold true in
the case of the Meuse basin. Indeed, several of the assumptions
underlying such a claim (Brown et al., 1995; Bierman and
Steig, 1996; Granger et al., 1996) are not encountered here.

Schaller et al. (2002) had already noted in passing that,
should denudation have been spatially non-uniform, because
of an overwhelming imprint of fluvial incision for instance,
the '°Be-inferred rates would then be improperly extrapolated
to the entire basin and overestimate the denudation.
Nevertheless, they no longer retained this possibility in their
discussion. However, a major deviation from the assumptions
mentioned earlier was that the 0-5-1 mm grain size fraction
used for the '°Be analyses (Schaller et al., 2004) largely
overlooked the contribution of several regions of the basin.
In particular, the slowly eroding Ardennian interfluves, which
supplied mainly silts and clays derived from their extended
Tertiary weathering mantle, and the fast evolving Fagne-Famenne
area, which delivered frost-shattered schist flakes reduced to silt
long before they reached the Meuse valley, are poorly represented
in the sand fraction of the Meuse sediments. Moreover, the
extensive preservation of older morphological features above
the YMT level highlights the decoupling between valley
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incision and interfluve denudation. This resulted in a spatially
non-uniform long-term probability for the erosion products to
reach the valley floors and be incorporated in the sampled
alluvial deposits, the latter coming predominantly from the steep
slopes of the narrow valleys that incised rapidly the Ardennes
massif.

Therefore, the '°Be-derived middle Pleistocene rates of 40—
60 mm/ky, up to 80 mm/ky, are likely to record mainly river
incision, which we measured between 65 and 90 mmv/ky for the
main rivers of the Ourthe basin since 0-7 Ma. This interpretation
leads to a new understanding of the observed recent increase
of the "®Be rates, which, rather than showing the development of
trunk stream erosion into ‘spatial denudation’ (von Blanckenburg,
2005), might reflect the propagation of a wave of regressive
erosion only within the hydrographic network, and the
consequent increase with time of the latter’s part supplying
sediments through fast erosion of the valley slopes. By contrast,
our calculated denudation rate of 27 mm/ky is remarkably
consistent with the average rates of 25-30 mmvky deduced from
cosmogenic nuclide concentrations in present-day alluvium for
basins in the fairly similar setting of the Great Smoky Mountains
(pertaining to the Appalachian Mountains) during the last
~20-25 ky (Matmon et al., 2003).

Conclusions

In this study, we showed that the best statistical model to estimate
the finite amount of incision resulting from rock uplift of the
Ardennes massif since 0-7 Ma uses an expression that
calculates the incision in a regressive way from the basin
outlet. Tuned to the Ourthe basin of central Ardennes, this
functional model includes power law relationships between
I, Ly and L. in a two-step adjustment aimed at minimizing
the incision jumps generated at the confluences by the com-
putation. It has calculated that ~13 km® of rock were removed
from the Ourthe basin by fluvial erosion since 0-7 Ma.
Extrapolated at the level of the Meuse basin, this yields a volume
of 84 km* removed by river incision, while geomorphological
estimates of the interfluve denudation amount to ~292 km’
during the same period. Therefore, the denudational response
to the tectonic forcing, which happened almost exclusively
through river incision, represents only a maximum ~22% of the
total post-0-7 Ma denudation. The main part of the remainder
was eroded by periglacial slope processes in parts of the
basin with outcropping weak rocks. These regions are located
in the margins of the uplifted Ardennes and their denudation
was obviously climatically driven.

Moreover, the overall post-0-7 Ma denudation rate estimated
from geomorphological observations amounts to only two-
thirds of the rate derived from '°Be data for the same area,
suggesting that the latter is exaggerated, probably due to the
incomplete representation of the basin’s sediments in the
sampled material and to an overrepresentation of the erosion
products of the rapidly incising valleys in the alluvial deposits.
While the geomorphologically-derived mean erosion rate of
27 mm/ky is identical to those deduced from cosmogenic
nuclide data in the north-American equivalent of the Variscan
massifs of north-western Europe, the paleorates in the range
40-80 mm/ky derived from '"Be concentrations in middle
and upper Pleistocene terrace sediments of the Meuse basin
would be much closer to the incision rates of the time in the
Ardennes region.

Therefore, in the absence of a reliable geomorphological
estimate of the pre-0-7 Ma erosion rates, it is still difficult to
obtain an independent quantitative evaluation of the middle
Pleistocene increase of the total denudation rate. Two factors

Copyright © 2009 John Wiley & Sons, Ltd.

seem however to have concurred more or less equally in such
a change, namely the tectonically-driven river incision and
the climatically-triggered enhanced erosion of the Fagne-Famenne
area.
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