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Abstract  17 

Topographic relief results from the complex interactions between tectonics and erosional 18 

surface processes, which are primarily mediated by bedrock erodibility and climatic conditions. 19 

Ancient orogens offer a favourable setting to isolate the contribution of lithology, as 20 

tectonically driven rock uplift is typically negligible and rock strength variability can exert a 21 

critical role on the evolution of the topography. The Anti-Atlas in NW Africa is a late Paleozoic 22 

orogen comprising a well-preserved, elevated, relict landscape delimited by non-lithological 23 

knickpoints, that was uplifted during a regional late Cenozoic phase of topographic 24 

rejuvenation. Here, we combine a geomorphic analysis with 10Be-derived denudation rates to 25 

quantify bedrock erodibility and get insight into the surface evolution of the Anti-Atlas and the 26 

adjacent Siroua Massif. Specifically, we show that 10Be basin-wide denudation rates for the 27 

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0012821X22004241
Manuscript_d57da70cdadbe866faf714a09aa5fff2

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0012821X22004241


relict landscape are rather uniform and range from 5 to 12 m/Myr. These rates agree with long-28 

term rates estimated from different methods suggesting that the relict topography archives 29 

erosional quasi-erosional steady-state conditions  at least since the latest Cretaceous. The 30 

uniformly low 10Be denudation rates in the relict topography are consistent despite the 31 

variability in channel steepness and topographic relief that correlates with changes in rock type. 32 

The expansion of this analysis to the denudation rates of the downstream portion of the 33 

landscape, allows to demonstrate a linear relationship between denudation and channel 34 

steepness for catchments draining quartz bearing lithologies. This provides the chance to 35 

constrain a narrow range of bedrock erodibility values for different rock-types (quartzite, 36 

granitic and sedimentary rocks). These values are comparable with estimates from other slowly 37 

deforming settings. Specifically, our compilation from tectonically inactive to slow tectonic 38 

regions indicates that bedrock erodibility does not change significantly across different climatic 39 

zones and precipitation regimes. This highlights the critical role of lithology in controlling the 40 

production of topographic relief in post-orogenic/ slow tectonic settings. Finally, we calculate 41 

the predicted denudation rates for the steeper portions of the landscape that adjusted to the new 42 

uplift rates based on the linear correlation between erosion rates and normalized steepness 43 

indices. These rates range from 20 to 50 m/Myr and agree with the direct measurements from 44 

two catchments.  45 

 46 

1. Introduction 47 

Numerical modelling studies, together with qualitative and quantitative investigations have 48 

largely demonstrated the role of tectonics and climate in controlling landscape characteristics 49 

in tectonically active regions (Kirby and Whipple, 2001; Kirby and Whipple, 2012; Adams et 50 

al., 2020). Conversely, in tectonically quiescent settings, the dominant mechanisms that sustain 51 

topographic relief over longer time scales (106-108 yr) are less well understood. In these 52 



regions, the relationship between topographic metrics (i.e., basin-averaged slope, local relief, 53 

and normalized steepness index) and erosion/rock-uplift rates suggests that climate and 54 

bedrock erodibility exert a major control on landscape evolution, channel morphology, and 55 

bedrock incision dynamics (Jansen et al., 2010; Scharf et al., 2013; Gallen, 2018; Peifer et al., 56 

2021). However, the quantification of bedrock erodibility is challenging since erodibility may 57 

span a broad spectrum of magnitude while its physical and chemical controlling parameters 58 

(i.e., degree of weathering, fracture density, rock strength) are still poorly constrained (Stock 59 

and Montgomery, 1999; Kirby and Whipple, 2001; Jansen et al., 2010; Harel et al., 2016; 60 

Gallen et al., 2018; Zondervan et al., 2020; Piefer et al., 2021). Importantly, in tectonically 61 

inactive and slowly deforming mountain ranges some of the complications in isolating the 62 

relationships between topographic relief creation and bedrock erodibility are minimized. This 63 

because spatial and temporal changes in rock uplift, localized high-amplitude uplift driven by 64 

faulting, and rock damage associated with seismic shaking are not dominant processes (Scharf 65 

et al., 2013; Gallen et al., 2018; Peifer et al., 2021).  66 

The Anti-Atlas of NW Africa is a late Palaeozoic orogen that experienced concurrent 67 

surface uplift and topographic rejuvenation during the late Cenozoic most likely in response to 68 

deep mantle processes (Missenard et al., 2008; Frizon de Lamotte et al., 2009; Guimera et al., 69 

2011; Miller and Becker, 2014). Although the flanks of the Anti-Atlas are steeply dissected by 70 

fluvial erosion, the top of the range is characterized by a well-preserved, elevated, relict 71 

landscape consisting of crystalline basement and Upper Precambrian to Paleozoic sedimentary 72 

rocks. Thermochronometric data suggest that such a basement has been slowly eroding at few 73 

tens of meters per million years since the latest Cretaceous (Lanari et al., 2020a; 2020b). 74 

Furthermore, the Anti-Atlas has not been subjected to any extensive tectonic drift across 75 

climatic zones during the Cenozoic that may have changed dramatically the erosional 76 

conditions (Burkhard et al., 2006). Rather, it has experienced an overall aridification associated 77 



with the establishment of the Sahara Desert since at least 2-3 Ma and possibly earlier (7-11 78 

Ma) with intervening short wetter phases (Zhang et al., 2014). These characteristics offer a 79 

favourable setting to study the lithological control on the short- and long-term evolution of 80 

topographic relief. Specifically, this configuration rises the following research questions: what 81 

are the denudation rates in the relict and in the adjusted landscapes? How do topographic 82 

metrics correlate with these denudation rates? How does bedrock erodibility vary in this region 83 

and other tectonically inactive settings around the world? 84 

 To achieve these goals, we present in situ-produced 10Be-derived basin-wide denudation 85 

rates and erosion rate estimates from the eroded volumes of Miocene volcanic flows emplaced 86 

along paleo-valleys on the same relict surface. These rates are consistent with low-temperature 87 

thermochronometric derived rates demonstrating that denudation rates have been rather 88 

uniform over different time scales. Furthermore, we show that the 10Be-derived denudation 89 

rates from the relict landscape are uncorrelated with the topographic metrics. Conversely, the 90 

10Be-derived denudation rates for the entire landscape (i.e., including the steepest, adjusted 91 

landscape) exhibit a strong linear correlation with the topographic metrics when catchments 92 

are classified according to the quartz-bearing lithology exposed on the surface. Overall, these 93 

two observations offer insights into the quantification of bedrock erodibility and its role in 94 

generating topographic relief. Finally, we discuss the predicted denudation rates on the adjusted 95 

topography, despite the mechanisms that drive the Cenozoic topographic rejuvenation are 96 

beyond the scope of this study.  97 

 98 

2. Anti-Atlas and Siroua Massif  99 

The Anti-Atlas is the southern extent of the Atlas orogenic system of Morocco (North 100 

Africa) (Fig. 1). Basement rocks of the region were formed during the Eburnean (early to 101 

middle Paleoproterozoic) and the Pan-African (late Neoproterozoic) orogenesis, and comprise 102 



granitic, metamorphic, and slightly metamorphosed conglomerates. These rocks are 103 

unconformably overlain by sedimentary rocks including Upper Precambrian marine 104 

carbonates, Lower Cambrian carbonates and marls, and Middle Cambrian to Middle Devonian 105 

sandstone and shales (Fig. 2a; Burkhard et al., 2006), that were deformed during the late 106 

Paleozoic, Variscan orogeny (Burkhard et al., 2006; Soulaimani et al., 2014). Currently, the 107 

Anti-Atlas forms an elongated (~ 600 km), WSW-ENE oriented topographic ridge, with a mean 108 

elevation of ~2 km, resulting from a regional late Cenozoic topographic rejuvenation, likely 109 

attributed to mantle dynamics (Sebrier et al., 2006; Frizon de Lamotte et al., 2009; Miller and 110 

Becker, 2014; Lanari et al., 2022). The elevated axial zone of the belt is characterized by an 111 

area of low-topographic relief known as the “high erosional surface” (Choubert, 1952; 112 

Missenard et al., 2008; Guimera et al., 2011). This geomorphic feature is mostly composed of 113 

Precambrian basement and Upper Precambrian to Paleozoic sedimentary rocks (Fig. 2a). A 114 

similar erosional feature has been observed in the Appalachians, the north American 115 

counterpart of the Variscan orogens in Africa and Europe (Burkhard et al., 2006; Gallen et al., 116 

2013; Miller et al., 2013). There, the persistence of high topography is thought to be sustained 117 

by isostasy, drainage reorganization related to rock strength differences (Gallen, 2018) and/or 118 

changes in mantle dynamics (Gallen et al., 2013; Miller et al., 2013), while the relict highlands 119 

have been slowly eroding at least since the Miocene and likely much longer (Matmon et al., 120 

2003). The central sectors of the Anti-Atlas are juxtaposed to the north to the Siroua Massif, 121 

which rises at an elevation of ~3.3 km. This range is sandwiched between the Anti-Atlas and 122 

the High-Atlas and consists of a Mio-Pliocene strato-volcano (Berrahma and Delaloye, 1989) 123 

built up over the same high erosional surface, which here is mostly sculpted on Precambrian 124 

granites (Missenard et al., 2008; Guimera et al., 2011).  125 

 126 

3. Methods 127 



3.1. Stream profiles, network and topographic analysis 128 

The stream power incision model can describe the variation of channel elevation in time 129 

(dz/dt), as a function of upstream contributing drainage area and channel slope (Howard and 130 

Kerby, 1983; Whipple and Tucker, 1999): 131 

��
�� = � − ��	
�                             (1) 132 

where U is the rock uplift rate, K is the erodibility coefficient controlled by bedrock lithology, 133 

climate and sediment load, A is drainage area, S is local channel slope and m and n are 134 

constants, that depend on basin hydrology, channel geometry, and erosion processes (Whipple 135 

and Tucker, 1999). Under steady-state conditions, the erosion rate (E) and rock uplift rate (U) 136 

are in balance (Kirby and Whipple, 2012), and hence there are no changes in the elevation of 137 

the channel bed with time (dz/dt = 0). Accordingly, equation (1) can be written as: 138 
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where (U/K)1/n is the channel steepness index (ks) and m/n is the concavity index (θ). Equation 140 

(2) can be integrated, assuming steady state condition and spatially invariant uplift and 141 

erodibility (Perron and Royden, 2013): 142 
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where the integral quantity χ is the independent variable, z(xb) is the intercept, ks (becomes ksn 145 

assuming a reference value of concavity index) is the slope, and A0 is the reference drainage 146 

area, assumed to be 1 km2 (Perron and Royden, 2013). Thus, we performed a detailed analysis 147 

of ksn and the spatial distribution of non-lithological knickpoints to explore the possible spatial 148 

changes in rock uplift rates and erodibility. The ksn and concavity indices, upstream and 149 



downstream of non-lithological knickpoints, were extracted from the DEM, considering a 150 

critical drainage area for the channel head initiation of 1 km2. The non-lithological knickpoints 151 

were identified using available geological maps and satellite imagery and based on their 152 

distribution in the χ-elevation plot (Fig. 3a). Rivers that have experienced a similar rock uplift 153 

history should have similar slopes, with knickpoints clustering around similar χ values (Perron 154 

and Royden, 2013), and separating stream segments with different ksn (Kirby and Whipple, 155 

2012; Olivetti et al., 2016).  156 

We used a Shuttle Radar Topography Mission Digital Elevation Model (SRTM DEM, pixel 157 

size of 90 m) for the Anti-Atlas and the Siroua Massif to extract the drainage network. The 158 

stream profiles were extracted and analyzed using MATLAB scripts TopoToolbox 159 

(Schwanghart and Scherler, 2014) and the Topographic Analysis Kit (TAK; Forte and 160 

Whipple, 2019). Through the TAK scripts we first evaluated the ksn and θ of selected streams 161 

for the upstream and downstream portions of non-lithological knickpoints. Then, we used a θref 162 

of 0.45, which is the typically used value to date, to allow the effective comparison among 163 

longitudinal profiles and ksn values with different drainage areas (Kirby and Whipple, 2012; 164 

Miller et al. 2013; Olivetti et al., 2016). This θref falls within the range of values of our θ 165 

estimates  upstream and downstream of non-lithological knickpoints, from single stream 166 

profiles analysis (Supplementary Table S2). Finally, we extracted basin-averaged precipitation 167 

rates as a proxy for the spatial climate variation (IMERG data; Huffman et al., 2015), slope, 168 

local relief and ksn for the portions of the sampled catchment that include quartz-bearing 169 

lithologies, to compare them with 10Be-derived denudation rate (see next section; 170 

Supplementary Table S5). 171 

 172 

 173 

 174 



3.2. 10Be-derived denudation rates 175 

To investigate the role of bedrock erodibility in shaping the landscape, we measured the 176 

concentration of in situ-produced cosmogenic 10Be of river-borne quartz from sands samples 177 

collected in active channels of 13 catchments covering most of the western and central Anti-178 

Atlas (Fig. 1 and Table S1). The sampled catchments drain different quartz-bearing rocks 179 

including basement (mainly granite, quartzite, and slightly metamorphosed conglomerate), 180 

Precambrian carbonate, and Cambrian-Ordovician sedimentary rocks. The denudation rates are 181 

relative to the portions of the landscape providing quartz grains, hence they were calculated 182 

excluding carbonates and classifying the rest of the catchment according to the most abundant 183 

quartz-bearing lithology exposed on the surface (see similar approaches in Safran et al., 2005 184 

and Carretier et al., 2015 among others). Specifically, we defined three quartzite, four granite 185 

and six sedimentary dominated basins (for details see supplementary material Tables S4 and 186 

S5). Most of the sampled catchments are in disequilibrium conditions (Figs. 3a) with non-187 

lithological knickpoints delimiting a relict landscape (Fig. 2). Samples were collected upstream 188 

and downstream of these major knickpoints. Granites and quartzites, however, are mainly 189 

exposed in the highest portions of the catchments (i.e., upstream of major non-lithological 190 

knickpoints; Figs. 2a and S2), therefore, most of the measured denudation rates are only 191 

representative for the relict landscape. Sample 6, located in the Siroua Massif, represents the 192 

unique case where a wide contributing area composed of granitic basement occurs downstream 193 

the major non-lithological knickpoint, while sample 8 is from a smaller catchment of the 194 

southern Anti-Atlas flank that has already adjusted to the new uplift conditions (Figs. 1 and 195 

2a). 196 

Full details of the method, from the initial mineral separation to the final conversion of in situ-197 

produced 10Be to basin-wide denudation rates are provided in Appendices S1 in the 198 

Supplementary material.  199 



 200 

3.3. Erodibility coefficient (K) and calculation of predicted denudation rates 201 

The estimates of erodibility (K) were performed using the stream power river incision 202 

model (K = E/ksn
n) for n = 1. For our study area, this assumption seems to describe the 203 

relationship between denudation rates and channel steepness better than a power-law function 204 

(n = 2; section 5.2) as already shown in other slowly deforming settings (Miller et al., 2013; 205 

Mandal et al., 2015). Specifically, K values were estimated with a forced-origin linear 206 

regression in the plot ksn and denudation rates.  207 

The estimates of K for different lithologies, allowed also to calculate the predicted 208 

denudation rates upstream (where we did not have direct measurements) and downstream of 209 

non-lithological knickpoints (e.g., Adams et al., 2020). The predicted denudation rate map is 210 

calculated using the different estimates of K for sedimentary, granite and quartzite rocks), n 211 

equal 1 and the map of ksn (Table S6). It should be noted that the K value of the Precambrian 212 

undifferentiated basement rocks is not well-constrained. In this case we assume the same 213 

erodibility of the sedimentary rocks. The close match of ksn values between sedimentary and 214 

Precambrian undifferentiated rocks (which are mostly sedimentary and meta-sedimentary 215 

rocks) in the Anti-Atlas suggests that there is not a major variation in erodibility between these 216 

lithologies (Fig. 2). Finally, basin-averaged denudation rates and normalized channel steepness 217 

for different lithologies (mainly granitic rocks and quartzites) and erodibility values from our 218 

study area were integrated into a global compilation of regions characterized by slow tectonic 219 

activity (section 5.3).  220 

 221 

 222 

 223 

 224 



3.4. Erosion rates from incised lava flows 225 

The Siroua Massif comprises several late Miocene to Pliocene lava flows that were 226 

emplaced along paleo-valleys on top of the relict landscape over an area of approximately 500 227 

km2 at elevations ranging from ~2000 m up to ~3300 m (Figs. 2a and 4). These lava flows were 228 

subsequently incised mostly below the local channel base at the time of eruption. Consequently, 229 

they represent a key temporal and geometrical benchmark that offers the opportunity to 230 

estimate denudation rates over a Mio-Pliocene time scale (Fig. 4b; Table S3; Nereson et al., 231 

2013; Ferrier et al., 2013). To do that, we mapped the lava flows deposited between 7 and 4 232 

Ma exposed upstream the highest knickpoints marking the relict landscape (Berrahma and 233 

Delaloye, 1989; De Beer et al., 2000) (Fig. 4b, 4c). Subsequently, we reconstructed the paleo-234 

topography by connecting the highest points of the remnant lava flows and subtracted it from 235 

the present-day topography to obtain the eroded rock volumes (Fig. 4b and 4c). Finally, we 236 

divided it by the relative drainage area of the associated catchment. The ratio between volume 237 

and area was further divided by the lava flow age to estimate basin-wide denudation rates 238 

(Supplementary Table S3).  239 

 240 

4. Results 241 

4.1. Regional topographic analysis 242 

The Anti-Atlas is characterized by a high-standing topography rising to more than 2 km, 243 

while the volcanic edifice on top of the Siroua Massif represents the highest local topographic 244 

peak (3.3 km). The lowest ksn and slope values are observed in the Souss and Draa basins and 245 

in the elevated axial zone (Figs. 2b and S1). Conversely, the highest ksn and topographic slope 246 

values are in the lower topographic portions of the Anti-Atlas, on both the northern and 247 

southern flanks, and along the margins of the Siroua Massif (Figs. 2b and S1). A regionally 248 

widespread series of non-lithological knickpoints marks a sharp separation from the lowest and 249 



highest ksn and slope portions of the Anti-Atlas landscape (dashed line in Figs. 2 and S1). The 250 

non-lithological knickpoints are positioned on the slope break changes in the χ-transformed 251 

stream profiles and cluster in a relatively narrow range of χ values (Fig. 3a). The elevation of 252 

these non-lithological knickpoints range from ~ 850 to 1730 m from west to east (Table S2). 253 

The high-standing landscape upstream of these knickpoints has a mean ksn of 36 ± 2.5 (σ = 254 

12.8) m0.9 and a θ  of 0.12 ± 0.07 (σ = 0.34) , whereas the downstream portion has a mean ksn 255 

of 88 ± 4.1 (σ = 20.3) m0.9 and a θ of 0.47 ± 0.02 (σ = 0.12; Fig. 3b and Table S2). Importantly, 256 

within this elevated landscape, topographic slope, relief and ksn values increase up to value 257 

higher than 80 m0.9within areas characterized by the exposure of quartzites and conglomerates 258 

and decrease where granites outcrop, with values lower than 20 m0.9 (Figs. 2c and S3, S4).  259 

 260 

4.2. Denudation rates across time scales  261 

10Be basin-wide denudation rates from the relict landscape, range from 5 to 12 m/Myr. 262 

Maximum values of ~ 20 and 40 m/Myr are found downstream of non-lithological knickpoints 263 

in the Anti-Atlas and the Siroua Massif, respectively (see catchments 8 and 6, Figs. 1, 5 and 264 

6). Importantly, the lowest rates are representative for the high-standing portion of the 265 

landscape (i.e., upstream of major non-lithological knickpoints) as documented by the location 266 

of the sampled basins (Figs. 1 and 2) and the topographic metrics of the quartz contributing 267 

lithology exposed in these catchments (Table S4). Thus, these rates cannot be extended to the 268 

downstream steeper flanks. Conversely, the two highest rates are from a drainage basin with 269 

quartz-bearing lithologies exposed mostly downstream of non-lithological knickpoints, from a 270 

portion of the landscape adjusted to the new uplift conditions (catchments 6 and 8; see 271 

topographic metrics of Tables S4 and S5).  272 

Basin-wide denudation rates obtained from eroded, 7- to 4-Myr-old volcanics exposed in 273 

the high-standing landscape of the Siroua Massif are very consistent with the 10Be-derived rates 274 



and vary from 11 to 24 m/Myr (mean value of 15.5 m/Myr, σ of 5 m/Myr; Fig. 5 and Table 275 

S3). These rates are also comparable to the longer-term erosion rates derived from low 276 

temperature thermochronology data (Fig. 5). Modelled erosion rates from apatite (U-Th)/He 277 

ages of basement rocks range from 10 to 50 m/Myr (mean value of 30 m/Myr, σ of 11 m/Myr) 278 

over a time scale of 70 Ma (Lanari et al., 2020a). Furthermore, the thermochronological dataset 279 

of Lanari et al. (2020a) includes 100- to 200-Myr-old apatite fission track ages, which suggest 280 

erosion rates of 20 to 40 m/Myr assuming a closure depth of ~ 4 km and a monotonic cooling. 281 

To a first approximation, we can conclude that our comparison across time scales suggests for 282 

the elevated landscape of the Anti-Atlas rather constant averaged denudation rates over the last 283 

70 Myr and possibly earlier.  284 

 285 

4.3. Basin-scale topographic analysis 286 

Basin-wide denudation rates were plotted against the basin-averaged topographic metrics, 287 

ksn and averaged annual precipitations for the main quartz-bearing lithologies exposed in the 288 

sampled catchments to assess the potential controls on denudation at basin-scale (Fig. 6). 289 

Basin-averaged ksn ranges from 20 to 105 m0.9 with maximum values in the Siroua Massif (Fig. 290 

6a, and Table S5). Basin-averaged slopes and local relief in the sampled basins range from 4 291 

to 14° and from 200 to 600 m, respectively (Fig. 6b and 6c; Table S5), with maximum values 292 

in the Siroua Massif. Overall, the basin-averaged ksn, slope and local relief are well to poorly 293 

correlated with the basin-wide denudation rates, showing an R2 of 0.64, 0.26 and 0.21, 294 

respectively (grey best-fit in Fig. 6a, 6b, 6c). The strongest correlation between basin-wide 295 

denudation rates and topographic metrics is found when the quartzite bearing basins are 296 

excluded, and only the granite and sedimentary dominated basins are considered. In this case, 297 

R2 values are of 0.94, 0.62 and 0.78 for basin-averaged ksn, slope and local relief, respectively, 298 

over 10 points (black best-fit in Fig. 6a, 6b, 6c).  299 



By differentiating the erosion rates according to the dominant quartz-bearing lithology, 300 

highest ksn, topographic slope and local relief values of about 60-65 m0.9, 10-13° and 450-600 301 

m, respectively, are observed in the quartzite bearing basins. In contrast, the lowest ksn, slope 302 

and local relief values of about 20-40 m0.9, 4-8° and 200-400 m, respectively, are found in 303 

granite bearing basins, except for basin 6 in the Siroua Massif (Figs. 6a, 6b, 6c and S4, Table 304 

S5). The metrics for the catchments dominated by Upper Precambrian and Paleozoic 305 

sedimentary rocks are similar to those observed for granite basins. Therefore, if the two 306 

samples with higher denudation rates from the adjusted landscape (~ 20 and 40 m/Myr) are 307 

excluded, the basin-wide denudation rates from the relict landscape of the Anti-Atlas are rather 308 

uniform despite the three-fold increase in ksn values from granite/sedimentary to quartzite 309 

dominated catchments (see green bar in Fig. 6a). Finally, basin-wide denudation and averaged 310 

annual precipitation rates do not correlate across the sampled catchments (Fig. 6d). 311 

 312 

5. Discussion 313 

5.1. Erosional steady-state of the relict landscape 314 

The regional spatial variation of ksn, concavity and slope values delimit a low-topographic 315 

relief, high-standing region upstream of non-lithological knickpoints from a downstream 316 

steeper portion of the landscape (Figs. 2b, 3 and S1). The occurrence of a lower mean concavity 317 

(with significantly higher standard deviation) for the upstream portion of the landscape may 318 

appear unusual (Table S2), even if it agrees with the global compilation of Harel et al. (2016) 319 

and Seybold et al. (2021). Specifically, these studies showed that lower concavity values are 320 

typical of landscapes characterized by inactive tectonics and high aridity, like the Anti-Atlas. 321 

This landscape dichotomy, together with the elevation of non-lithological knickpoints (~ 850 322 

to 1730; Table S2), suggests the presence of a preserved relict landscape at the maximum 323 

topography of the Anti-Atlas Mountains. Considering that there is no stratigraphic evidence of 324 



a former, elevated base level associated with internal drainage conditions (i.e., there are no 325 

unconformable Cenozoic lacustrine deposits), it is likely that such a base level fall reflects the 326 

widely documented phase of regional topographic rejuvenation (i.e., surface uplift) that 327 

affected the entire Atlas system during the Cenozoic (Missenard et al., 2008; Babault et al., 328 

2008; Frizon de Lamotte et al., 2009; Guimera et al., 2011; Miller and Becker, 2014). As an 329 

alternative, the formation of the rejuvenated landscapes may be associated with incision 330 

through rocks of different erodibility (Gallen, 2018). This process could have contributed to 331 

the local development of high relief topography like the cliffs observed at the contact between 332 

the basement and the overlying limestones. However, it does not necessary explain how the 333 

high-standing relict topography reached its current elevation (> 2000 m; Clementucci, 2022). 334 

The presence of such an elevated landscape has been attributed to the mantle dynamics as 335 

suggested by the occurrence of a non-isostatically compensated topography, widespread late 336 

Cenozoic alkaline magmatism and a shallow lithosphere-asthenosphere boundary (Frizon de 337 

Lamotte et al., 2009; Miller and Becker, 2014).  338 

Although the deep-seated processes responsible for such an uplift are still poorly 339 

constrained and are beyond the scope of this study, the observations presented above indicate 340 

that the Anti-Atlas relict landscape represents an important geomorphic witness of the 341 

Cenozoic regional phase of topographic rejuvenation. There, 10Be basin-wide denudation rates 342 

range from 5 to 12 m/Myr, above the relict landscape, and integrate timescales between 343 

110,000 to 50,000 years, respectively. These values generally agree with long-term estimates 344 

from the eroded 7- to 4-Myr-old lava flows and thermochronometric data (Lanari et al., 2020a; 345 

Fig. 5). The persistence of spatially and temporally uniform erosion rates for the relict 346 

landscape at least since the late Cretaceous, suggests a long-term balance between rock uplift, 347 

that characterized the pre-rejuvenation condition, and erosion. This is further corroborated by 348 

the occurrence of uniform ksn values, except for areas dominated by quartzite, (see next section) 349 



and equilibrated river profiles upstream of non-lithological knickpoints (Figs. 2b, 3 and S5). 350 

These considerations suggest that the uplifted relict landscape has achieved an erosional 351 

steady-state with respect to the uplift regime prior to the topographic rejuvenation (i.e., 352 

background uplift equal to denudation rates; Hack, 1960; Willet and Brandon, 2002; Scharf et 353 

al., 2013; Mandal et al., 2015). Despite the slow and protracted process of topographic lowering 354 

documented by the low denudation rates, rivers in the relict landscape are characterized by 355 

detachment-limited erosional conditions (Baldwin et al., 2003), where sediment transport 356 

capacity appears to be greater than the sediment supply, as observed in other post-orogenic 357 

topography and slow tectonic settings (Fig. 7b; Scharf et al., 2013; Mandal et al., 2015; Piefer 358 

et al., 2021). 359 

 360 

5.2. Lithological control on topography 361 

The decline of tectonic activity and consequently of rock uplift rates is thought to generate 362 

a topographic relief that is mostly controlled by lithological and climatic variations (Jansen et 363 

al., 2010; Scharf et al., 2013; Gallen et al., 2018). The impact of climate on erosional processes 364 

is addressed in section 5.4. In this section, we discuss the relationships between denudation 365 

rates, topographic relief and lithology. Specifically, our basin-wide denudation rates classified 366 

according to the dominant quartz-bearing lithology exposed in the sampled catchments show 367 

systematic patterns when compared with the topographic metrics (Fig. 6a, 6b, 6c). Thus, we 368 

observe two major patterns that bring us to two different conclusions.  369 

The first point is that local variations in ksn values for catchments with spatially and 370 

temporally constant denudation rates reflect the non-uniform rock strength distribution of the 371 

slowly eroding relict landscape of the Anti-Atlas (Jansen et al., 2010; Peifer et al., 2021). 372 

Despite the uniform erosion rates, the less erodible quartzite dominated catchments present 373 

higher topographic metrics than catchments dominated by sedimentary and the metamorphic 374 



rocks (Fig. 6a, 6b, 6c). Overall, these data indicate that channel steepness and hillslope adjust 375 

to compensate for rock erodibility as expected for erosional steady-state conditions (Hack, 376 

1960; Jansen et al., 2010; Peifer et al., 2021). This applies also at the global scale as 377 

demonstrated by the compilation showing in figure 7a, although data are not lithologically 378 

differentiated. Specifically, for slow tectonic settings, the rather low correlation between basin-379 

wide denudation rates and basin averaged slope may reflect variations in erodibility or the 380 

decoupling between hillslope and river incision processes (Olivetti et al., 2016; Peifer et al., 381 

2021). These findings suggest that the passive exhumation of lithologies with variable rock 382 

strength plays a dominant role in producing topographic relief, despite the lack of tectonic 383 

activity. Therefore, even if the relict landscape is in erosional steady-state, the topographic 384 

form changes because the continuous exhumation of rocks with different erodibility critically 385 

influences the process of surface lowering leading to the development of localized topographic 386 

relief (e.g., Piefer et al., 2020). 387 

Secondly, for the Anti-Atlas, if we extend the analysis to the downstream portion of  the 388 

landscape the linear correlation between ksn values and our denudation rates suggests that the 389 

n parameter of the stream power-law (equation 1), can be approximated to 1 (Fig. 6a), despite 390 

the narrow range of the dataset. Although this appears as be inconsistent with the expected 391 

power-law function, it should be noted that n > 1 has been only observed in regions with high 392 

denudation rates, and consequently steep topography, where the threshold of erosion combined 393 

with a stochastic flood distribution, predict non-linearity in the ksn-denudation rates 394 

relationships (Ouimet et al., 2009; DiBiase and Whipple, 2011; Kirby and Whipple, 2012; 395 

Harel et al., 2016; Adams et al., 2020). Thus, for a low range of denudation rates and channel 396 

steepness, the linear and the power-law relationships are practically indistinguishable (Ouimet 397 

et al., 2009; Scharf et al., 2013; Mandal et al., 2015; Olivetti et al., 2016). This is the case for 398 

slow tectonic settings as documented by our data from the Ant-Atlas landscape (see figure 7a 399 



where slope is lower than ca. 20° and 7b where channel steepness is lower than 200 m0.9). In 400 

these settings, the linear fit (n = 1) better explains the observed variability in denudation rates 401 

and channel steepness respect to the power-law fit (n = 2; Figs. 7b and S8, see R2 coefficients 402 

in Tables S6 and S7). These observations suggest that the approximation of n = 1 could allow 403 

one to effectively constrain bedrock erodibilities in the slow tectonic settings, like the Anti-404 

Atlas Mountains. 405 

 406 

5.3. Quantification of the bedrock erodibility parameter (K)  407 

The approximation of the stream power river incision model to a linear equation offers the 408 

possibility to easily quantify the bedrock erodibility parameter (K). Specifically, our estimates 409 

of K values are 1.4 ± 0.9 x 10-7, 2.2 ± 0.3 x 10-7 and 3.8 ± 0.4 x 10-7 m0.1/ yr for quartzite, 410 

sedimentary and granitic dominated basins, respectively (Fig. 7b and Table S6). This is 411 

consistent with estimates from the Appalachians and other slow tectonic regions (SE Brazil, 412 

Cape Mountains, Peninsular Indian, Massif Central; Fig. 7b) where similar lithologies occur 413 

(Scharf et al., 2013; Mandal et al., 2015; Olivetti et al., 2016; Gallen, 2018; Peifer et al., 2021). 414 

In granite dominated catchments from different stable regions and with variable climate 415 

conditions, erodibility values are distributed in a narrow range mainly between 10-7 and 10-6 416 

m0.1/yr (3.8 ± 0.4 x 10-7 m0.1/ yr in the Anti-Atlas relict landscape; 5.8 ± 0.1 x 10-7 m0.1/ yr in 417 

the India, Mandal et al. (2015); 8.8 ± 1.9 x 10-7 m0.1/ yr in south-eastern Brazil, Peifer et al. 418 

(2021); 9.2 ± 0.5 x 10-7 m0.1/ yr in the Massif Central, Olivetti et al. (2016); ~5 x 10-7 m0.1/ yr 419 

in the Appalachians, Gallen et al. (2018); Fig. 7b and Table S6). Conversely, in quartzite 420 

dominated catchments, K values range usually from 10-7 to 10-8 m0.1/ yr (1.4 ± 0.9 x 10-7 m0.1/ 421 

yr in the Anti-Atlas; 0.3 ± 0.04 x 10-7 m0.1/ yr for the Cape Mountains; 0.2 ± 0.05 x 10-7 m0.1/ 422 

yr in south-eastern Brazil; Fig. 7b and Table S6). Except for Brazil, the R2 correlation 423 

coefficients are generally good (mostly higher than 0.82; Table S6). Indeed, the presence of 424 



physically robust and chemically inert quartzite in the sampled catchments strongly decreases 425 

the catchment-averaged value of K in the study area (Fig. 6a).  426 

Overall, the erodibility values from tectonically inactive regions vary between 10-8 and 10-427 

6 m0.1/yr and are generally lower than those estimated in tectonically active orogens, where K 428 

usually ranges between 10-6 and 10-3 m0.1/ yr (Stock and Montgomery, 1999; Kirby and 429 

Whipple, 2001; Peifer et al., 2021). There, tectonic deformation leads to the creation of 430 

fractures resulting in a general increase in bedrock erodibility (Molnar et al., 2007; Portenga 431 

and Bierman, 2011). However, quantifying the erodibility may be more complex, for example, 432 

estimates of the mechanical rock strength erodibility derived from measure of the uniaxial 433 

compressive strength (UCS; Schmidt hammer) and channel steepness in the High Atlas, 434 

indicate that granitoid rocks from the basement are more resistant than the Upper Precambrian 435 

and Paleozoic sedimentary cover (Zondervan et al., 2020). These results are clearly in contrast 436 

with our findings. However, it should be considered that the Schmidt hammer only measures 437 

small-scale intact rock strength and that other larger-scale factors (such as fracture density and 438 

degree of weathering) might be strength limiting for estimating bedrock erodibility. Thus, one 439 

might not expect a correlation between these erodibility estimates from the stream power model 440 

and the Schmidt hammer rebound values. Moreover, the High Atlas is an active mountain belt 441 

with high rates of rock uplift and exhumation (mostly > 100 m/Myr; Lanari et al., 2020a); there 442 

the granitoids are exposed in the axial zone where topographic relief is high and ksn values 443 

range from 90 to 200 m0.9 (Zondervan et al., 2020). Conversely, in the inactive Anti-Atlas, 444 

exhumation and denudation rates from the relict topography are two of order of magnitudes 445 

lower while the associated granitic rocks have a lower topographic relief (ksn values range from 446 

20 to 40 m0.9, Fig. 6a). This means that, in the Anti-Atlas, the exposure time to physical and 447 

chemical weathering processes would be much higher than in the High Atlas. Although the 448 

relationships between denudation, topographic relief, and weathering mechanisms are difficult 449 



to determine (von Blanckenburg, 2005), the granitic rocks exposed in the relict portion of the 450 

Anti-Atlas are most likely more weathered. This could explain while they present higher 451 

erodibility values with respect to the granites of the High Atlas. 452 

 453 

5.4 Possible impact of climate on K values  454 

The possible role of climate in modulating erosion rates can be evaluated by quantifying 455 

the occurrence of large floods that can mobilize sediments overcoming substrate detachment 456 

thresholds (Snyder et al., 2003; DiBiase and Whipple, 2011). Specifically, data from the San 457 

Gabriel Mountains of California suggest the occurrence of a peak in erosional efficiency when 458 

the mean runoff and the discharge variability increase (DiBiase and Whipple, 2011). This 459 

appears to be especially valid in regions with low topographic slope and in dry regions where 460 

runoff is lower than 500-400 mm/yr (DiBiase and Whipple, 2011). Thus, in arid settings such 461 

as the Anti-Atlas the discharge variability can represent a key issue in controlling the erosional 462 

and transport dynamics. Unfortunately, these kinds of data are often unavailable and hence to 463 

a first approximation the mean annual precipitation has been considered as a proxy for climate 464 

(Harel et al., 2016; Adams et al., 2020). 465 

Here, we explore the climatic sensitivity on erodibility, by selecting catchments from 466 

tectonically inactive to slowly deforming regions characterized by similar rock composition 467 

that span different climatic zones. Our compilation shows erodibility estimates from granite-468 

dominated catchments in India, where the mean annual precipitation is ~ 5000 mm/yr, that are 469 

similar to those of the Massif Central and SE Brazil (~ 1700 mm/yr), and the Anti-Atlas (~ 200 470 

mm/yr; Supplementary Fig. S7). The same erodibility is estimated from the south-eastern 471 

Australia Escarpment and the Appalachians, which are in temperate settings and have 472 

precipitation rates ranging from 1000 to up to 2000 mm (Fig. 7b). Similarly, the erodibility 473 

estimates of quartzite-dominated catchments in SE Brazil, Cape Mountains and the Anti-Atlas 474 



are quite similar despite the up to eightfold increase in mean annual precipitation (Fig. 7b). 475 

These observations suggest that  the climatic conditions do not have a major impact on 476 

erodibility (Fig. 7b). Overall, this compilation indicates that in tectonically inactive to slowly 477 

deforming settings, climate might not play a major role on the long-term evolution of 478 

topographic relief, channel steepness and on the denudation rates at the integration timescale 479 

of 10Be cosmogenic nuclides.  480 

 481 

5.5 Predicted denudation of adjusted topography 482 

10Be-derived denudation rates were determined mostly for the relict portions of the Anti-483 

Atlas landscape. There, the spatial variation of channel steepness reflects the different 484 

erodibility of the major rock types (granitic, sedimentary and quartzite rocks). Conversely, 485 

downstream of non-lithological knickpoints, in the landscape adjusted to the new uplift rates 486 

associated with the topographic rejuvenation, the exposed lithologies consist of Paleozoic 487 

carbonates and siliciclastic sedimentary rocks (Fig. 2a). Therefore, the denudation rates for the 488 

adjusted topography are not well-constrained because quartz-bearing-lithologies are not 489 

outcropping (except for catchments 6 and 8). Importantly, the rejuvenated portions of the 490 

landscape are characterized by a rather uniform lithology (mainly sedimentary), overcoming 491 

the common problem of the susceptibility of channel steepness to spatial variations in 492 

lithologies and/or precipitations (Scharf et al., 2013; Mandal et al., 2015; Adams et al., 2020).  493 

The inferred rates range from 20 to 50 m/Myr (Fig. 8) in agreement with our basin-wide 494 

10Be rates from a catchment of the western Siroua Massif and the southern Anti-Atlas flank 495 

(catchment 6 and 8, respectively), which are mostly or entirely downstream of the relict 496 

landscape (Fig. 2). The relative uniformity of the predicted denudation rates map in the adjusted 497 

landscape reflects the occurrence of similar ksn values at least where the lithology is uniform 498 

(Figs. 2b and 3a).  499 



Importantly, our predicted values can be directly interpreted as modern rock uplift rates 500 

induced by the late Cenozoic topographic rejuvenation. Previous studies proposed the 501 

occurrence of a recent phase of uplift based on geophysical and structural data without direct 502 

or indirect rate estimates (Missenard et al., 2008; Frizon de Lamotte et al., 2009; Miller and 503 

Becker, 2014). This analysis allows to decipher the spatio-temporal changes in uplift during 504 

the late Cenozoic, providing a direct estimates of  denudation (and rock uplift) rates along the 505 

fluvial landscapes.  506 

 507 

6 Conclusions 508 

Our analysis indicates that Anti-Atlas underwent a late Cenozoic rejuvenation as 509 

documented by the transient state of the stream networks. The persistence of an uplifted, relict 510 

landscape upstream of non-lithological knickpoints documents the pre-uplift erosional 511 

conditions. This uplifted topography is characterized by low value of channel steepness and 512 

denudation as typically observed in tectonically inactive or slowly deforming regions. The 513 

close agreement between short- (10Be) and long-term (eroded volume of volcanic rocks and 514 

low-temperature thermochronology data) erosion rates supports the idea of erosional steady-515 

state conditions for the relict landscape. There, catchments formed by less erodible quartzite 516 

present higher topographic metrics than basins dominated by granite and sedimentary rocks, 517 

despite the uniform 10Be erosion rates ranging from 5 to 12 m/Myr. Importantly our data from 518 

the relict landscape indicate that channel steepness and hillslope adjust to compensate for rock 519 

erodibility as expected for erosional steady-state conditions. This indicates that lithology plays 520 

a major role in creating topographic relief in the slow tectonic settings.  521 

However, if we consider our 10Be-dervied denudation rates representative of the adjusted 522 

landscape downstream of non-lithological knickpoints, we observe a linear correlation between 523 

ksn values and basin-wide denudation rates according to the dominant lithology exposed in the 524 



catchment. This correlation allows estimation of a range of bedrock erodibility for the different 525 

quartz-bearing lithologies (quartzite, granite and sedimentary rocks). When we combined our 526 

results with similar data from tectonically inactive and slowly deforming regions we found a 527 

similar range of erodibility values for quartzite and granite, despite a great variability in mean 528 

annual precipitation rates. This suggests that climate does not appear to have a major impact 529 

on the erodibility values.  530 

Finally, our erodibility estimates for different lithologies allow to predict denudation rates 531 

of 20 to 50 m/Myr in the downstream portions of the landscape. To a first approximation, these 532 

values can be interpreted as the values of rock uplift rates associated with the late Cenozoic 533 

topographic rejuvenation (independently from the causes of uplift). In conclusion, the Anti-534 

Atlas allows isolating and quantifying the impact of bedrock erodibility in shaping the 535 

landscape and creating topographic relief.  536 
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Figure 1. a) Digital elevation model of the High Atlas and the Anti-Atlas Mountains (SRTM DEM, 

pixel size 90 m). The black lines are the major tectonic lineaments. b-c) Topographic map of the Anti-

Atlas and the Siroua Massif, with 10Be sampling locations. The white polygons are the limits of the 

sampled catchments. The sample ID is used in Table S1 of the supplementary material. AAMF: Anti-

Atlas Major Fault.  

 

 



 

Figure 2. a) Geological map of the Anti-Atlas and the Siroua Massif (after Hollard et al., 1985) and 

b) interpolated map of ksn values. The white line and triangle indicate the main drainage divide and 

topographic peaks, respectively. c) Topographic swath profile along the main divide of the Anti-Atlas 

Mountains (location in figure 2a). 

 

 

 

 



 

Figure 3. a) χ- transformed profiles of the main streams draining the central Anti-Atlas. All rivers 

are extracted from the bedrock-alluvial transition, which is at about 400 m. The non-lithological 

knickpoints are located between 1200 and 1500 m (grey band) and separate segments with different 

ksn value (see Table S2 for details). The numbers in the plot represent the mean ksn and associated 

standard error upstream and downstream the grey band. b) ksn values upstream and downstream of 

major non-lithological knickpoints from the main river trunks. 

 

 

 

 
 

Figure 4. a) Digital elevation model of the Siroua Massif with the depth of eroded rock volumes and 

resulting denudation rates (see Table S3). The dashed black line and the white circles demark the 

uplifted relict landscape and non-lithological knickpoints, respectively. The dashed red lines within 

the basins represent the lava-basement contact. b) Schematic 3D sketch of the Siroua landscape. The 

eroded rock volume is calculated from the highest point of the lava flows upstream of non-lithological 

knickpoints. Based on the age of the lavas, the eroded volumes are translated into denudation rates 

(see methods for details). c) Simplified geological cross section and river profile of a selected 

catchment. 

 



 

Figure 5. Erosion rates for the Anti-Atlas and the Siroua Massif for different time scales. Long-term 

erosion rates (AHe) are from thermochronologic ages (Lanari et al., 2020a) and eroded volumes of 

Mio-Pliocene volcanics exposed in the Siroua Massif (this study; see Table S3 for details). Short-

term denudation rates are from 10Be data (this study; see Table S1 for details). 

 

 

 

 

 



Figure 6. Basin-wide denudation rate vs basin-averaged a) ksn, b) slope, c) local relief (2.5 km radius), 

and d) precipitation rate for different rock types exposed in the sampled basins. The solid line 

represents the linear best-fit, while the dashed black line delimits the bootstrapped 95% confidence 

interval considering only basins composed of granite and sedimentary rocks. The grey line denotes 

the best-fit considering all sampled basins, while the dashed grey line is the associated bootstrapped 

95% confidence interval.  

 

 

 

Figure 7. a) Global compilation of slope versus basin-wide denudation rate. b) Comparison of basin-

averaged ksn value versus denudation rate for different rock-types (red: granitic rocks, brown: 

sedimentary rocks, light blue: quartzite) in slow tectonic settings. The solid lines show the forced 

linear best-fit (see Table S6 for details). 

 

 



Figure 8. Predicted denudation rates based on the distribution of normalized channel steepness (ksn), 

using different erodibility values for each lithology and n =1. Red stars and whitish polygons are 

sampling sites and relative catchments, respectively. 

 

 

 

 

 

 

 

 

 

 

 






