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The French Massif Central is a part of the Hercynian orogenic belt that currently exhibits anomalously
high topography. The Alpine orogenesis, which deeply marked Western European topography, involved
only marginally the Massif Central, where Cenozoic faulting and short-wavelength crustal deformation is
limited to the Oligocene rifting. For this reason the French Massif Central is a key site to study short-
and long-term topographic response in a framework of slow tectonic activity. In particular the origin
of the Massif Central topography is a topical issue still debated, where the role of mantle upwelling is
invoked by different authors. Here we present a landscape analysis using denudation rates derived from
basin-averaged cosmogenic nuclide concentrations coupled with longitudinal river profile analysis. This
analysis allows us to recognize that the topography of the French Massif Central is not fully equilibrated
with the present base level and in transient state.

Our data highlight the coexistence of out-of-equilibrium river profiles, incised valleys, and low
cosmogenically derived denudation rates ranging between 40 mm/kyr and 80 mm/kyr. Addressing
this apparent inconsistency requires investigating the parameters that may govern erosion processes
under conditions of reduced active tectonics. The spatial distribution of denudation rates coupled with
topography analysis enabled us to trace the signal of the long-term uplift history and to propose a
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chronology for the uplift evolution of the French Massif Central.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Located in the foreland domain of both the Alpine and Pyre-
nean mountain belts, the intracontinental French Massif Central
presents intriguing topographic features that have been the aim
of decades of geological studies. The origin and timing of topogra-
phy development are still debated. While the orogenic phase and
faulting is mainly Hercynian, the present topography of the French
Massif Central is remarkably higher than other Hercynian belt rem-
nants. Moreover, the moderately elevated topography, that reaches
1700 m a.s.l,, did not originate from Alpine compressional tectonic
regime, or from extensional tectonics. In fact, during Mesozoic and
Cenozoic, the Massif Central was involved only marginally in the
main tectonic events that strongly modified the topography of the
Africa-Europe plate boundary (Dewey et al., 1989). The nearly un-
deformed Mesozoic sedimentary cover (Séranne et al., 2002) as
well as Mesozoic low-temperature thermochronological ages (i.e.
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Peyaud et al., 2005; Gautheron et al., 2009) indicate that Cenozoic
crustal deformation and million-year-timescale denudation have
been very limited. For this reason the French Massif Central is a
key site to study the intriguing issue of coexistence of high topog-
raphy and slow deformation in ancient mountain ranges, and to
discriminate whether the present topography simply reflects the
post-orogenic isostatic compensation or a recent pulse of uplift
(e.g. Baldwin et al., 2003; Tucker and van der Beek, 2013).
Recently, numerous studies have focused on landscape evolu-
tion in a context of limited crustal deformation such as the Ap-
palachian range (Miller et al., 2013; Dethier et al., 2014), west
Indian margin (Mandal et al., 2015), or the eastern Tibetan plateau
(Ansberque et al., 2015). In fact, regions of limited fault activity are
considered ideal to study the coherence between landscape mor-
phology and denudation rates. Faulting induces local crustal block
movements pushing the landscape toward transient conditions
which prevent to extract regional constraints on tectonic evolution
(Whipple and Tucker, 1999; Kirby and Whipple, 2012). Coupling
between uplift rates and cosmogenically derived denudation rates
have been recently recognized in a variety of landscapes undergo-
ing different rates of tectonic uplift, in high uplift mountain ranges
such as the Northern and Southern Apennines (Cyr et al., 2010),
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San Gabriel Mountains (DiBiase et al., 2010), Eastern Alps (Legrain
et al, 2015) as well as in regions experiencing slow uplift rates
(Matmon et al., 2003; Meyer et al., 2010). Along profile changes in
denudation rates generally indicate a landscape that is transiently
responding to modified external conditions (i.e. Kirby and Whip-
ple, 2012). In this framework, transient landscapes become a useful
tool to investigate the timing and intensity of the associated tec-
tonic changes.

Here, we use denudation rates derived from basin-averaged cos-
mogenic nuclide concentrations (hereafter: cosmogenic denudation
rates) and longitudinal river profiles to investigate landscape evolu-
tion in the eastern Massif Central. Millennial-timescale cosmogenic
denudation rates are compared with catchment slope and morpho-
metric river indices to quantify the present morphological evolu-
tion and its spatial pattern. River long profiles are used to study
the relationship between tectonic forcing, incision and landscape
response over a longer time scale (10 to 10° yr). This analysis al-
lows addressing several key questions with respect to landscape
evolution: how old is the topography of the Massif Central? Does
the topography record tectonic uplift? What are the main factors
controlling denudation rates?

Our results highlight that the topography of the eastern French
Massif Central is currently in a transient state. The denudation
rates show a spatial pattern reflecting the coexistence of modern
and ancient landscapes, which is confirmed by out-of-equilibrium
river profiles and distinct relict landscapes. On the basis of these
observations, we propose that the landscape evolved though two
main phases: a Paleogene to Neogene uplift event that generated
the main topography and recent rejuvenation triggered by post-
Pliocene regional uplift.

2. Study area

The French Massif Central is located directly west of the Alpine
belt, across the Rhone river valley, and presents a roughly trian-
gular shape in plan view, with sides ~350 km long (Fig. 1). The
topography is characterized by a low-relief high-elevation surface
reaching 1700 m above sea level and gentle marginal flanks, except
for the southeastern margin, which is controlled by the northeast
directed Cevenne fault system (Séranne et al., 2002). On the east-
ern side, the massif is bounded by a steep erosive escarpment
formed by the Rhone river. The drainage divide separating rivers
draining towards the Atlantic from those draining to the Mediter-
ranean runs close to the southeastern and eastern margins, which
correspond to some of the highest elevations of the massif. This
results in an asymmetric topography with a steeper SE margin
(swath profiles A and B of Fig. 1). The highest elevations coincide
with Cenozoic volcanic edifices, but large portions of the crys-
talline basement have comparable elevations (Fig. 1). To analyze
the long wavelength topographic signal and isolate regional scale
features, we filtered the topography at 10 km and 50 km wave-
lengths (Fig. 1). The asymmetric topography is evident also in the
50 km filtered topography while other topographic features tend
to vanish, such as the Limagne and Roanne basins in the northern
study area.

The tectonic evolution of the French Massif Central extends
back to the Late Paleozoic, when the Hercynian orogeny induced
the growth and decay of a highly elevated mountain belt (i.e.
Peyaud et al., 2005; Blés et al., 1989). The lithology outcropping in
the studied area is dominated by the Hercynian crystalline base-
ment with mostly plutonic and high-grade metamorphic rocks.
Mesozoic-Cenozoic sedimentary rocks, mainly limestones, uncon-
formably cover the borders of the massif, except along the eastern
flank where the study area of this work is located. A NE-trending
strike-slip fault system is associated with an E-W directed com-
pressional episode late Carboniferous in age (Blés et al., 1989).

Along the southern margin of the Massif Central, the NE-SW strik-
ing fault system has been reactivated during the Mesozoic to the
Cenozoic, mainly during Oligocene rifting and opening of the Gulf
of Lion (Merle et al., 1998; Blés et al., 1989). In the northern Massif
Central, Oligocene rifting produced N-trending normal faults that
controlled the opening of N-S elongated basins such as the Li-
magne, Roanne and Bresse grabens (Fig. 1) (Merle et al., 1998).
During the Cenozoic, the Massif Central was only marginally in-
volved in the Pyrenean and Alpine tectonic phases, which strongly
deformed the sedimentary basins surrounding the massif to the
south and east. Although the Alpine frontal thrusts are only a few
tens of kilometers to the East, no evidence of Alpine deformation
is reported within the crystalline basement of the massif (Blés et
al., 1989).

Over the last 50 years, the seismic activity of the Massif Cen-
tral, revealed by a dozen of M,y 3.5 events, is focused beneath the
Limagne basin at its northern margin, while the rest of the massif
recorded extremely limited instrumental seismicity (Mazabraud et
al., 2005).

In contrast with the limited crustal deformation, volcanism has
been the first-order process contributing to topographic modifica-
tions of the Massif Central during the Cenozoic. A first volcanic
phase began during the Paleocene, and a second one occurred dur-
ing Oligocene rifting, while the largest emplacement of volcanic
deposits took place since the middle Miocene (15 Ma) and is not
related with any rifting phase (Michon and Merle, 2001). The neg-
ative Bouguer anomalies, the high heat flow and a low P-wave
velocity anomaly indicate the presence of hot material at upper
mantle depths, suggesting that mantle upwelling may contribute to
the volcanism (i.e. Barruol and Granet, 2002). Several authors pro-
posed that volcanism could be linked to a regional uplift; for in-
stance, Michon and Merle (2001) correlate the two Miocene peaks
of volcanism with two uplift phases induced by thermal erosion at
the base of the lithosphere, while others invoke an uplift that is
dynamically sustained by mantle flow (Barruol and Granet, 2002;
Faccenna et al., 2010).

3. Methods
3.1. Topographic analysis and knickpoint identification

We used a digital elevation model (DEM) released by the IGN
(French Institut Géographique National, BD ALTI® product) with a
pixel resolution of 50 m to extract topographic metrics from each
of the sampled catchments and rivers, such as mean slope, longi-
tudinal profiles, concavity and steepness indices. River longitudi-
nal profiles can be described by an empirical power law relating
local channel slope and drainage area, taken as a proxy for dis-
charge (e.g. Whipple and Tucker, 1999; Kirby and Whipple, 2012):
S =k;A~? where S is the local channel slope, A is the upstream
contributing drainage area, and ks and 6 are morphological indices
known as the steepness index and concavity index, respectively.
S and A are easily extracted from DEM and plotted in a log-log
plot to infer ks and 6 from regression.

In steady state and for uniform lithology, ks is theoretically
and empirically validated to vary systematically with the rate of
rock uplift (i.e. Kirby and Whipple, 2012). In the absence of rock
uplift, the steepness index declines through time, with a rate
controlled by the erodibility properties of the bedrock (Whipple,
2004). In many case, the river profile presents a non-regular
concave-up form that is characterized by segments with regular
slope separated by knickpoints. Depending on their origin, knick-
points can exhibit contrasting characteristic (Whipple, 2004). Equi-
librium knickpoints, such as those related to lithologies with dif-
fering erodibility, tend to be stable and separate two segments
with similar concavity index; disequilibrium knickpoints, such as
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Fig. 1. Topographic features of the French Massif Central. (a) Topography from a Digital Elevation Model (DEM) with a pixel resolution of 50 m (IGN BD ALTI®). (b) Filtered
topography at 10 km and (c) 50 km wavelengths. The locations of two swath profiles are indicated by rectangles. (d) Maximum, minimum and mean topography along the
two profiles. In each profile, blue and yellow lines correspond to the 10 and 50 km filtered topography, respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

those related to temporal change in uplift rate, migrate faster and
separate two segments characterized by different concavity indices
(Kirby and Whipple, 2012; Wobus et al., 2006).

In this study, we conducted morphometric analysis using ArcGIS
to generate the hydrographic network and MATLAB scripts (down-
load from: geomorphtools.org) (Snyder et al., 2000; Wobus et al.,
2006) to extract and analyze river profiles and to generate log-log
area-slope diagrams used to calculate steepness and concavity in-
dices.

3.2. Cosmogenic denudation rates
We determined catchment-averaged denudation rates from

the concentrations of cosmogenic beryllium-10 ('°Be) in quartz-
bearing modern river sand. '°Be accumulates in quartz grains near

the Earth’s surface proportionally to its local production rate (cor-
rected for latitude and elevation) and inversely proportionally to
the surface denudation rate (i.e. von Blanckenburg, 2005). To min-
imize the effects of lithologic differences on denudation rates, we
sampled catchments draining rock with uniform quartz content
and similar response to denudation, such as granite and high grade
metamorphic rocks. Samples were collected from either side of the
drainage divide, from catchments draining both toward the At-
lantic Ocean and the Mediterranean Sea. The majority of samples
were collected upstream of knickpoints. River sand samples were
collected from freshly exposed sandy bars of active channels in
27 catchments, with upstream areas between 8 and 600 km? (Ta-
ble 1).

The sand samples were sieved to extract the 250-1000 pm
fraction. Magnetic fractions were removed, after which successive
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Table 1
Cosmogenic nuclide data.

Sample name Lon. Lat. Area® Elevation” Slope qtz mass® [19Be] Production rate? Erosion rate Integration time®
(°E) (°N) (km?)  (m) ) (8) 10° (at/g) quartz  (at/g/yr) (mm/kyr) (yr)
V0-01 4.7272 45.4133 37.57 631 12.5 10.84 161.424+6.55 7.624+3.22 40.09+3.17 14966
V0-02 4.7402 45.3852 26.19 478 8.3 8.97 149.18 +5.50 6.67+3.04 39.04+2.98 15369
V0-03 4.6827 45.3461 19.96 565 9.1 10.21 174.73 +£5.91 7.20+2.71 35.19+£2.67 17050
VO-04 4.5558 45.3014 28.28 1018 13.4 11.02 184.17+7.91 10.50+3.82 45.84+3.77 13089
VO0-05 4.5497 45.2875 36.77 969 14.0 10.64 184.35+5.91 10.08 +3.44 44.23+3.39 13565
VO0-06 4.4078 45.2386 24.2 1074 7.2 10.84 253.47 +£8.03 10.98+2.70 34.25+2.67 17518
V0-07 44119 45.2364 8.76 1039 10.2 10.78 186.8+£6.14 10.66+3.59 45.77 £3.54 13109
VO0-08 4.3806 45.2089 67.05 1060 9.3 10.14 188.09+6.38 10.84+3.64 46.1+3.59 13015
V0-09 4.2942 451414 20.41 1000 4.6 10.48 214.04 +6.84 10.32+3.03 38.69+2.99 15508
VO-10 43042 451072 13.58 1022 6.1 9.35 214.81+6.87 10.50+3.07 39.13+£3.02 15334
VO-11 45014 451739 18.13 993 18.2 10.59 106.17 +3.63 10.27+6.16 79.18 £6.03 7578
VO-12 4.6394 45.2353 114.08 828 16.2 9.79 153.05+5.00 8.97+3.74 48.58 +3.68 12351
VO-13 4.7761 45.2536 15.99 379 4.2 9.98 82.99+3.70 6.10+£5.38 67.33+£5.27 8911
VO-14 4.7606 45.2350 7.95 377 2.9 10.68 121.06+4.63 6.09+3.50 45.25+3.44 13260
VO-15 4.8038 451424 33.79 424 5.7 10.48 127.09+9.73 6.35+4.62 44.46 +4.58 13495
VO-16 4.5961 45.1400 16.1 860 16.0 10.70 159.95+8.89 9.21+4.27 47.45+4.22 12645
VO-17 4.8057 44.9002 15.19 448 15.5 9.26 146.51+9.76 6.47+£3.75 38.854+3.72 15444
VO-18 4.6657 44,9560 10.72 736 4.9 10.04 197.21+9.16 8.28+2.95 34.92+2.92 17182
VO-19 4.5291 44,9928 192.46 876 14.4 9.99 113.14+8.36 9.31+£7.00 68.42 +6.92 8769
V0-20 43922 45.0192 11.38 1080 3.5 9.99 211.93+10.37 10.99+3.60 41.28+£3.56 14535
V0-21 45017 45,0431 118.14 936 14.5 10.02 121.45+8.84 9.78 £6.75 66.3+6.67 9050
V0-22 42108 45.2168 232.73 951 7.5 10.02 153.24+9.22 9.93+4.93 52.85+4.87 11353
V0-23 4.6627 45.0733 62.15 712 14.1 10.91 146.71+9.62 8.13+4.50 46.79 +4.46 12823
V0-24 4.7238 45.0579 377.04 739 13.3 10.00 110.48+8.29 8.32+6.57 63.94+6.5 9384
VO-25 4.7804 45.0644 618.91 667 12.2 10.04 112.42+8.88 7.83+6.32 59.78 £6.26 10037
V0-26 4.7561 45.0111 70.97 551 8.2 10.01 135.47 +8.94 7.08 +4.36 45.4+4.31 13216
V0-27 4.8008 44.8560 16.23 491 11.7 9.50 79.3+8.43 6.71+£9.74 76 £9.66 7895

4 Basin mean elevation from 50 m DEM.

b Catchment mean slope calculated from 50 m DEM.

¢ Mass of pure quartz dissolved.

d spallation production rate scaling factor according to Stone (2000).
e

Timescale of integration for denudation (T = z*/denudation rate, with z* the absorption depth scale). Four procedural blanks have been processed. Their associated
10Be/9Be ratios are: 2.2540.37 x 10715, 3.44+0.48 x 10715, 1.78 £ 0.39 x 10~'3, 1.47 + 0.49 x 10~', which is at least one order of magnitude lower than those associated
with the processed samples. Uncertainties on '°Be concentrations include: an external machine uncertainty (0.5%), a certified standard ratio uncertainty (1.08%), the mean of
the standard ratio measurements (1), a statistical error on counted '°Be events (10), and the uncertainty associated with the chemical and analytical blank correction. An
external uncertainty of 10% was affected to the production rate calculation and was included in the total uncertainties on denudation rate.

leachings with a one-third (by volume) HCl solution and two-
thirds (by volume) H;SiFg solution were applied until pure quartz
was obtained (Merchel et al., 2008). Three additional HF leachings
were used to remove atmospheric 1°Be present on quartz grains.
The samples were spiked with 100 pL of an in-house °Be carrier
solution (3.03-10~3 gg~1) before total digestion. Beryllium was fi-
nally extracted using standard ion exchange columns and oxidized
into BeO. The '°Be/’Be ratios were measured by accelerator mass
spectrometry (AMS) at the French national facility ASTER. These
ratios were calibrated against the National Institute of Standards
and Technology standard reference material 4325 with an assigned
isotopic ratio of 2.79 & 0.03 - 10~!! (Nishiizumi et al., 2007) and
corrected for procedural blanks.

Measured '°Be concentrations were converted to catchment-
averaged denudation using the CRONUS-Earth online calculator
(Balco et al., 2008) version 2.2 (http://hess.ess.washington.edu/)
based on the time-dependent form of the Lal (1991) scaling
model. The reference nucleonic °Be production rate for this scal-
ing scheme is 4.39 4+ 0.37 atoms ggtlz yr~! using the revised 07KN-
STD standardization (Nishiizumi et al., 2007).

4. Results
4.1. Channel morphology

Within the study area, 56 rivers have been analyzed to extract
longitudinal profiles, steepness index, concavity and knickpoint el-
evations. Because of different base levels, profile shapes and to-
pographic settings, the rivers of the east-draining (Mediterranean)
and west-draining (Atlantic) flanks are described separately. Along
the Mediterranean-draining flank, the right-side tributaries of the

Rhone river from St. Etienne to Valence (Fig. 2) include rivers
spanning from 5 km to 75 km in stream length. We found 38
knickpoints, which exhibit a mean elevation of 400 m (Fig. 3). The
majority (n =30, 79%) of the knickpoints lies between 427 m and
273 m a.s.l. and are clustered within 150 m of elevation (Fig. 3b-c).
Remaining knickpoints (n = 8, 21%) are evenly distributed between
463 m and 1059 m a.s.l. A comparison of the knickpoint position
with geological maps (BRGM 1:50000 scale) shows that very few
of these knickpoints coincide with changes in rock type (Fig. 1 and
Fig. S1). However, the lithology varies from granite, migmatite to
high-grade metamorphic rocks that are considered to have a simi-
lar response to erosion. Therefore we retain that lithologic control
on the knickpoint position is very limited.

Knickpoint positions have been manually defined by coupling
information from river profiles and slope-area plots. We define
knickpoint at the onset (going downstream) of the change in pro-
file shape. We observe that this point usually corresponds to a
change in steepness and concavity indices, in the slope-area plot.
In the field they are characterized by a gradual narrowing of the
valley and an increase in bedrock exposure.

The knickpoints population between 427 m and 273 m ele-
vation divides the channels into two distinct reaches. The upper
reaches show a regular concave-up shape with mean concavity in-
dex (0) of 0.48+0.07 and a mean normalized steepness index (K,
normalized for 6 = 0.45) of 41.5 &+ 18.5 m®°. The observed mean
concavity is close to theoretical values calculated for river where
regular uplift is compensated by incision (Whipple and Tucker,
1999). The lower reaches show a strongly irregular profile char-
acterized by a convex shape. In the majority of these profiles, the
lower reaches consist in a large and diffuse knickzone with nega-
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Fig. 2. (a) IGN (BD ALTI®) 50 m resolution digital elevation model showing the studied catchments and distribution of best-fit concavity index for the rivers analyzed across
the eastern margin of the French Massif Central. Pale blue squares indicate the cosmogenic sampling locations with sample ID used in the main text (Table 1). Thick black
lines and dashed black lines are the limits of the main catchments and the sub-catchments respectively. Green circles indicate knickpoints locations. Polygons represent a
low slope area (<5°) covering crystalline rocks. Yellow stars indicated photo locations. (b) View looking west showing the high-elevation low-relief areas. (c) View looking
southwest of the low-elevation low-relief surface developed along the Rhone river. (d) View of a river incision downstream of a knickpoint. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

tive concavity index, extending until the present base level of the
Rhéne.

The western side of the study area drains towards the Loire
river and the Atlantic Ocean. We identified a total of 8 knickpoints
ranging in elevation between 561 m and 1002 m a.s.l. with an av-
erage around 817 m; 5 of them cluster between 717 and 901 m
a.s.l. Although western river knickpoints are quite dispersed, they
also separate river profiles into distinct segments. Similar to the
eastern side, the upper reaches show a regular concave-up shape
with a mean concavity of 0.30 £ 0.11 and a mean normalized
steepness index of 35+ 10.9 m%° (normalized to 0.45 of concav-
ity). Beneath the knickpoint the profiles become steeper and often
convex.

In general, for both the western and eastern flanks, the knick-
points seem to separate a regular and concave-up upper reach

from a lower large knickzone, convex in shape and extending to
the local base level.

4.2. 10Be-derived denudation rates

Catchment-averaged denudation rates estimated over millen-
nial-timescale from '°Be concentrations are presented in Fig. 4
and Table 1. The 27 obtained denudation rates range between
34+ 2.7 mm/kyr and 79 £+ 6.0 mm/kyr. They represent 16 catch-
ments and 9 subcatchments, which differ by elevation, mean slope,
dimension and side with respect to divide while lithology is uni-
form across the entire area (Fig. 1). Five of these samples have
been collected at the outlet of catchments that exhibit knickpoints
and non-equilibrated river profiles. In case of catchments sampled
at multiple locations, we calculated the “subcatchment denudation
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Fig. 4. Slope map showing 'Be-derived denudation rates in mm/kyr. Numbers
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rates”, which is the denudation associated with the area between
two successive sampling points (Granger et al., 1996).

The three highest values are associated to catchments drain-
ing toward the Mediterranean side, two close to drainage divide
(vo11, vo19), and one close to the Rhéne confluence (vo27). More-
over, no correlation is observed with elevation or drainage area,
which ranges between 10 km? and 600 km?. At first glance, de-
nudation rates estimated for catchments with knickpoints show
values similar to those estimated for catchments that do not con-
tain knickpoints. Overall, the denudation rates in the Massif Central
are low and similar to values estimated in ancient orogens such as
the Appalachian range (Miller et al., 2013; Matmon et al., 2003),
the Laramide belt (Dethier et al., 2014) or Middle Europe (Schaller
et al,, 2001).

5. Data analysis
5.1. Low-relief surfaces

The topography of the studied area of the Massif Central shows
two low-relief surfaces. Along the east-draining (Mediterranean)
flank, between 250 and 400 m a.s.l, a low-relief surface extends
between the edge of the present Rhone erosional escarpment to
the east, and the foot of the mountain cliff to the west. It runs
parallel to the Rhone along the whole studied area. This surface
has been previously described by many authors (i.e. Mandier, 1988
and references therein) who interpreted it as a Miocene erosional
surface known as the “piedmont Rhodanien”. This surface extends
south of the study area, providing a regional feature that marks
the entire southern flank of the Massif Central.

Along the west-draining (Atlantic) flank, a high-elevation low-
relief (Fig. 2b) surface largely develops between the drainage divide
(~1300 m. a.s.l.) and the knickpoint elevation at ~800 m. a.s.l. This
high-standing landscape dips gently toward the west and it is char-
acterized by gently incised valleys that separate rolling topography
100-200 m higher than the valley bottoms. Fluvial incision is very
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limited and weathering is the dominant processes currently affect-
ing the upland landscape (Wyns and Guillocheau, 1999).

In some catchments, the drainage divide exactly coincides with
the limit between the eastern east-draining valleys and the west-
ern low relief surface. In other cases, the drainage divide is located
within the western low relief surface: in these cases, the eastern
catchments encompass a little portion of this low-relief surface (i.e.
location of star in Fig. 2b).

5.2. Transient landscape analysis

Conventional knowledge holds that the French Massif Central is
a mountain belt that has been affected by very low tectonic ac-
tivity during the Cenozoic (Blés et al., 1989). Therefore, the most
striking result of the presented analysis is the evidence for out-of-
equilibrium rivers on both the Atlantic and Mediterranean flanks
characterized by non-lithologic knickpoints. The analysis of the
knickpoints distribution and their relationship with the topogra-
phy allows investigating their origin.

Considering the 38 knickpoints of the Mediterranean-draining
flank, 30 cluster within an elevation range of ~150 m (Fig. 4). The-
oretical detachment-limited fluvial incision models and experimen-
tal numerical modelings predict that all knickpoints have uniform
vertical velocity when they originate from a common base level
lowering (Niemann et al., 2001). Consequently, we suggest that the
majority of the studied knickpoints are genetically linked. In agree-
ment with a knickpoint distribution due to an erosive wave prop-
agating upstream within basins of different sizes (i.e. Wobus et al.,
2006), the geographic distribution of these knickpoints (Fig. 3) is
dispersed and no alignment trend is evidenced. Comparison with
the geological maps and field observations indicates that these
knickpoints do not coincide with lithologic contacts or tectonic
structures. Moreover, the knickpoint positions do not correspond
either to a threshold drainage area between colluvial to alluvial
condition.

Downstream of the knickpoints, local relief and hillslope sig-
nificantly increase with respect to the upper landscape, while the
concavity index changes from the value of ~0.45, to low or even
negative values. Therefore, the analyzed knickpoints separate two
river segments that exhibit very different morphologies: an upper
relict landscape not yet involved in the rejuvenation process and a
lower strongly disequilibrated modern landscape.

Along the eastern flank, the river network shows different pat-
terns below and above knickpoints. Catchments are elongated, nar-
row, subparallel and without major confluences below the knick-
points. Rivers flow in narrow valleys which locally become canyons
(Fig. 2d) with tens of meters high vertical walls cutting through
the low relief surface, which extends between 250 and 400 m a.s.l.
Knickpoints do not coincide with the Rhone erosional escarpment,
and they have retreated upstream in the catchments at distances
from the Rhone confluence spanning from a few kilometers up to
10 km. Above the knickpoints, the stream network displays den-

dritic drainage patterns, catchments are wider and hillslope angles
increase towards the drainage divide. At the divide, the topography
is characterized by a high-elevation low-relief surface interpreted
as a relict landscape.

In the Mediterranean-draining side, we investigated the rela-
tionship between the low-relief surface standing around 400 m,
and the present Rhone elevation. We used the river segment above
the knickpoint to model the downstream prolongation of the river
profile before the knickpoint initiation. This method provides the
elevation of the previous relative base level and by comparison
with the present base level, it allows to estimate the amount of
incision (Kirby and Whipple, 2012). The modeled prolongation of
the 18 analyzed rivers leads to a minimum incision of 120 &40 m

(Fig. 5).
5.3. Topography vs denudation rate

The relationships between denudation rates, mean catchment
slope and steepness index are presented in Fig. 6. Overall, 1°Be-
derived denudation rates and geomorphic parameters do not show
significant correlations. Denudation rates are poorly correlated
with mean catchment slope (R? = 0.18) (Fig. 6a), which reaches
a maximum value of 18°. Since the first pioneering study focused
on erosional topography (i.e. Ahnert, 1970), the nearly linear rela-
tionship between mean slope/mean relief and denudation rate has
been validated for mean catchment slope lower than 20° (Portenga
and Bierman, 2011). Here, we aim to investigate the reasons for
this unusually poor correlation.

When the subcatchment denudation rates values are included
in the dataset, the correlation coefficient does not change sig-
nificantly (R? = 0.12). It is noteworthy that in the two largest
catchments (vo-22 and vo-25), the subcatchment denudation rates
sampled downstream of the knickpoints are slightly higher than
those estimated considering the whole catchment area. This sug-
gests that the contribution of the modern landscape below the
knickpoints tends to increase the average denudation rate. To in-
vestigate the contribution of the modern landscape to the total
denudation, we compare the denudation rates of catchments with
knickpoints against the proportion of the catchment located below
the knickpoint (Fig. 6¢). This comparison indicates that denuda-
tion rates are higher when the proportion of modern landscape
increases in the catchment.

Better correlation between denudation rates and mean catch-
ment slope is obtained when the 7 values from catchments includ-
ing knickpoints are removed (R? = 0.42) (Fig. 6a). Therefore, the
poor correlation of the original data could be mainly controlled by
the denudation values of the catchments encompassing an incised
portion downstream of the knickpoints. Similarly, the relationship
between denudation rates and mean normalized steepness index
shows poor correlation (Fig. 6b). The mean normalized steepness
is calculated over 1 km segment profiles for all rivers upstream of
the sampling point (Miller et al., 2013).
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For the catchments sampled downstream of the knickpoints, we
studied the correlation of the denudation rate with the mean kg,
extracted both below and above the knickpoints. In both cases, the
correlation does not change significantly. When the values of kg,
relative to basins with knickpoints are removed from the dataset,
the correlation coefficient increases significantly (Fig. 6b), suggest-
ing again that the values from out of equilibrium catchments are
the main reason for the initial poor correlation.

Theoretical formulations predict that denudation rate is corre-
lated to hillslope and river gradient, and its relationship is de-
scribed by the transport laws that are independent of the fact
that landscape is in transient or steady state condition. However,
in transient conditions hillslopes may not be equilibrated with
river incision and catchments may encompass domains with very
contrasted hillslope gradients. A typical example of such decou-
pling would be the rapid down cutting of a river into a low-relief
surface. Rivers may exhibit shallow gradients and the averaged
catchment slope may be low, but denudation rates could still be
high because of the contribution of locally steep hillslope flanking
incised valleys where non-linear evolution is prevailing. We pro-
pose that the observed lack of correlation between denudation and
morphology is an expression of decoupling between hillslopes and
channels in the lower portion of the catchments, characterized by
the contrast between the steep flanks of incised valleys and the
low-relief of the preserved surface.

Overall, the 19Be-derived denudation rates of this part of the
Massif Central highlight the existence of two landscapes evolv-
ing at different rates: an equilibrated landscape, where denudation
rates are correlated with the topography (river gradient and mean

catchment slope), and an out-of-equilibrium landscape character-
ized by a transient topography.

5.4. Spatial pattern of denudation rate

We projected the '°Be-derived denudation rates along an east-
west swath profile (Fig. 7). Where several denudation rates from
the same catchment are available, subcatchment denudation rates
are considered. The denudation rate distribution highlights higher
values at the end and in the middle of the E-W profile and signif-
icantly lower values in the two intermediate areas in between.

This distribution is due to a combination of two effects: the
large extent of the low-relief upper landscape and the projection
along the swath profile of catchments located at different position.
We note that the two intermediate low denudation domains cor-
respond to the two low-relief landscapes. The first domain in the
eastern portion of the profile corresponds to a region of low relief
and limited river incision (Fig. 7), associated with the topographic
surface around 400 m a.s.l. The second domain is developed along
the west-draining (Atlantic) flank and it coincides with the low-
relief topography that gently dips westward from the drainage di-
vide from ~1200 m a.s.l. to ~800 m a.s.l.

At the western and eastern ends of the profile, the higher
denudation rates correspond to the incised portion of the catch-
ments where rivers cut down into the low-relief topography. The
contribution of the modern landscape to the spatial pattern of
the denudation rates is evident at the eastern end of the profile,
where the highest three values ranging between 60 mm/kyr and
77 mm/kyr coincide with the high relief parts of the catchments.

In the middle of the profile, a high denudation rate domain
with values reaching ~80 mm/kyr is located along the drainage di-
vide and coincides with higher elevated portions of the eastward-
draining catchments. These catchments are characterized by high
mean slope (up to 15°, vo-11), and high relief, as illustrated by the
topographic swath profiles (Fig. 7), and displays equilibrated river
profiles without knickpoints.

6. Discussion

Following the erosional landscape analysis above, we suggest
that the present denudation rate and its spatial distribution in the
eastern French Massif Central is controlled by two different geo-
morphic processes: i) westward migration of the drainage divide
in the central portion of the studied area, and ii) recent rejuvena-
tion producing an upstream moving erosive pulse in the eastern
part. These two processes have been triggered by two regional up-
lift events.

In the following, we discuss the comparison of our data set
with cosmogenic denudation data from similar regions of low tec-
tonic activity to extract their regional significance and propose
some constraints on the geodynamic evolution of the area.

6.1. Denudation rates in regions of low tectonic activity

Our results indicate that millennium-scale basin-averaged de-
nudation rates in the French Massif Central are low (between 40
and 70 mm/kyr), although the region is submitted to a wet tem-
perate climate with maximum annual precipitations of 1700 mm
(from www.meteo-mc.fr). The denudation rates we determined are
consistent with previous data from Schaller et al. (2001) from the
northern part of the Massif Central. Overall, our results are also
comparable with denudation rates found in different geodynamic
contexts, such as post-orogenic mountain ranges (Matmon et al.,
2003; Miller et al., 2013; Portenga and Bierman, 2011), high-relief
passive margins (Mandal et al., 2015), and young orogens with low
tectonic activity (i.e. Legrain et al., 2015). It is interesting to note
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that these denudation rates are similar, across a wide range of cli-
matic, lithologic, topographic and geodynamic conditions.

When we compare our results from the Massif Central with
a global compilation of average catchment slope and denudation
rates (Portenga and Bierman, 2011), our data fall in the middle
of the global distribution (Fig. 8a). The dependence of denudation
rate on average slope is defined by a linear function in gentle
topography and a transition to a nonlinear function when hill-
slope angles approach a threshold value (DiBiase et al., 2010;
Ouimet et al., 2009; Ansberque et al., 2015). The Massif Central
topography exhibits gentle hillslope angles and the proportion of
hillslopes close to the threshold angle is limited (insert panel of
Fig. 8b), as confirmed by the observed lack of landslides in the
field. When compared with the global compilation, the Massif Cen-
tral denudation rates show a remarkably poor sensitivity to the
mean slope (Fig. 8a) and to the mean normalized steepness index.

Few cases worldwide displayed such poor sensitivity of de-
nudation to topography, and these situations have usually been
interpreted by denudation being controlled by lithological charac-
teristics, such as bare bedrock (Granger et al., 2001) or physically

and chemically inert quartzites (Scharf et al., 2013). In our case
lithological control can be ruled out and, as previously suggested,
we retain that this poor correlation is due to a transient state and
particularly to a decoupling between hillslope and river incision.
Many mountain ranges exhibit both transient topography and
denudation rates correlated with mean slope and river steepness,
demonstrating that transient state is not the primary reason of de-
coupling between denudation and topography, although it is some-
times invoked. For instance, in the Appalachian range (Matmon et
al., 2003; Miller et al., 2013), eastern Alps (Legrain et al., 2015) and
southern and northern Italy (Cyr et al., 2010), rivers exhibit tran-
sient state in response to increased uplift and denudation rates
that change along the profile but are well correlated with basin
mean slope and local steepness index. In these cases, enough time
has passed since the last change in rock uplift or the denudation
rates have been fast enough, to allow hillslope to adjust to the
modification of the local base level in the rejuvenated portion of
the basin. In the case of our data set, the poor correlation between
denudation rate and topographic metrics is due to a strong decou-
pling between river incision and hillslope in the lower parts of the
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catchments. Such decoupling can be enhanced by the combination
of the slow hillslope evolution and rapid recent river incision.

6.2. Initial uplift and stream network reorganization

The spatial pattern of denudation in the central part of the
studied area (Fig. 3 and Fig. 7) indicates that catchments drain-
ing the eastern side are eroding almost twice as fast as adjacent
upland basins. This spatial pattern and topographic settings are
found across passive continental margins (Bishop and Goldrick,
2000; Vanacker et al.,, 2007; Mandal et al., 2015) where the dif-
ferences in denudation rates lead to migration of the drainage
divide.

To investigate the river basin dynamics between eastern (Med-
iterranean) and western (Atlantic) draining flank, we calculated the
spatial distribution of the x parameter (Perron and Royden, 2013;
Willett et al., 2014). The parameter x is an integral function of the
drainage area along the channel network, scaled for an arbitrary
area. Differences in x across a drainage divide indicate a disequi-
librium between adjacent catchments. Higher x values are asso-
ciated with catchments tending to lose area with respect to the
adjacent catchments with lower x values. In the absence of a com-
mon base level to the eastern and western catchments we calculate
x by starting the upstream integration along the river network at
500 m a.s.l. We also note that for some rivers the integration path
might include knickpoints and hence goes across stream segments
with variable steepness. Despite these two caveats, the resulting
map of x variations can still deliver first order information to sup-
port the idea of a disequilibrium across the drainage divide.

The spatial distribution of x across the drainage divide (Fig. 9)
unambiguously shows higher values on the western flank with re-
spect to the eastern flank, suggesting active westward migration of
the drainage divide. This migration pattern and the associated dif-
ference in denudation rates are a signature of a long-wavelength
morphological disequilibrium in which the main drainage divide
almost coincides with the edge of the south-eastern escarpment.
Processes of piracy and river captures by the west draining rivers
are also evident in abrupt change of channel orientation along the
drainage divide. Portions of the high-elevation low-relief surface
are included in basins draining towards east, as a result of these
captures.

The whole stream network seems to be currently evolving in
response to asymmetric uplift. This interpretation of the topo-
graphic evolution of the Massif Central is in agreement with nu-
merous previous authors who interpreted the eastern and south-
ern Massif Central flank as a Mesozoic passive margin of the
Tethys basin (Séranne et al., 2002; Peyaud et al., 2005). Follow-
ing these interpretations, the low-relief high-elevation surface is a
portion of a larger relict surface observed over the whole Massif
Central. This surface results from a polyphased landscape evo-
lution during the Mesozoic, when repeated long lasting erosion
phase and gentle uplift led to the formation of thick laterites
and weathering products (Fig. 9b) (Wyns and Guillocheau, 1999;
Thiry et al., 1999).

The timing of the uplift of this surface is difficult to constrain.
Low-temperature thermochronology data suggest that around
120 Ma the eastern margin of the massif started to exhume but
probably the most important uplift phase started later. However,
fission track analysis (Peyaud et al., 2005) and (U-Th)/He dat-
ing (Gautheron et al., 2009) provide cooling ages from 120 Ma
to 80 Ma and 157 Ma to 38 Ma, respectively, which in term of
denudation rates corresponds to mean values between 20 and
40 mm/kyr (for a geothermal gradient of ~35°C/km). These first
order estimates are surprisingly coherent with our cosmogenic
millennial-scale denudation rates suggesting that rates of erosion
processes were relatively constant through time.

6.3. Post Miocene river incision

An additional recent rejuvenation event is needed to generate
the knickpoints and the transient landscape in the lower part of
the eastern flank (Fig. 10). We have shown that the low-relief
surface located at elevations ranging between 300 and 400 m is
perched (Fig. 5), and that paleoriver outlets are presently uplifted
120 £ 40 m (minimum values) above the present base level. Dur-
ing the Messinian crisis, the Mediterranean sea level fell by about
1000 m (Clauzon, 1982), producing an adjustment of the Rhoéne
river throughout the whole basin and inducing the formation of
hundreds meters deep canyons (Clauzon, 1982; Loget et al., 2006).
The knickpoints we observe could thus have been generated by
the Messinian incision of the Rhone valley. However, we rule out
this hypothesis for two reasons; first, Pliocene marine clay (Fig. S2)
described by Denizot (1952) and Mandier (1988), are found to-
day at 190 m a.s.l. (Peage de Roussillon), higher than expected for
the sea level variation only (Lisiecki and Raymo, 2005), and there-
fore, indicate a post early Pliocene uplift. Second, after Pliocene
reflooding, the knickpoints should have been below sea level and
the upper river profiles should be equilibrated with the base level
of the Rhone river, which reached the same elevation as before the
Messinian incision. Therefore, the Messinian incision alone cannot
explain the knickpoints formation, their upstream propagation and
the perched surface.

Pliocene regional uplift along the middle Rhone valley was hy-
pothesized by Denizot (1952) and Mandier (1988), who interpreted
the flights of relict surfaces along the Rhone valley as Miocene in
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knickpoints formation followed by their upstream propagation.

age (known as piedmont Rhodanien). In some places, in particular
in the northern part of the studied area, these surfaces are covered
by thin conglomerates interpreted as Plio-Pleistocene continental
deposits.

The amount of 200-300 m for the recent uplift is consistent
with both present marine clays and knickpoints elevations. More-
over, this value is also consistent with the ~300 m of post-Pliocene
uplift calculated for the isostatic rebound due to unloading in the
Alps due to glacial erosion starting around ~2 Ma for the adjacent
Chambaran foreland-basin (Champagnac et al., 2008). Interestingly,
an increase of volcanic activity is described during the Pliocene
(Michon and Merle, 2001) suggesting that a possible contribution
of the mantle upwelling cannot be ruled out. At last, it is note-
worthy that numerous evidences from various methods, such as
palynological or geomorphological data throughout SE France (i.e.
Fauquette et al., 2015 and references therein), suggest a possible
post-Miocene uplift.

7. Conclusions

This study provides a new dataset of 27 basin-averaged de-
nudation rates derived from '°Be concentrations measured in river
sands from the eastern side of the French Massif Central. 1°Be-
derived denudation rates are evaluated in light of the topography
and river morphometric indices to reach the following conclusions:

i) River profiles show out-of-equilibrium form. The profile of
the east-draining (Mediterranean) rivers exhibit a flights of knick-
points that are coherent in elevation and generated by an erosive
wave moving upstream.

ii) Denudation rates ranging from 40 to 80 mm/kyr do not show
evidence for significant correlations with basin average slope, re-

lief and river morphometric parameters. The correlation improves
when catchments with knickpoints are removed from the consid-
ered dataset, testifying the decoupling between hillslope and river
incision beneath the knickpoint, and a transient state of the Massif
Central topography.

iii) The denudation rates are regionally consistent with slight
variations corresponding to different denudation domains across
the eastern margin of the Massif Central. Across the drainage di-
vide, the difference in denudation rates produce westward mi-
gration of the divide, confirmed by contrasting values of the x
parameter.

iv) Knickpoints and transient topography are generated by a
recent erosion pulse triggered by an uplift event. Prolongation of
river profiles, knickpoints elevations and Pliocene marine clay el-
evation suggest a minimum of ca. 200 m of post-Messinian up-
lift.
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