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1. Introduction 13 

A passive margin is a transition zone between the oceanic and the continental 14 

lithosphere formed by rifting followed by seafloor spreading (Bradley, 2008). Low- and 15 

high-elevation passive margins have been commonly recognized (Gilchrist and 16 

Summerfield, 1990; Japsen et al., 2012). Low-elevation passive margins comprise 17 

coastal plains that gradually rise to low inland surfaces. High-elevation passive margins, 18 

also known as elevated passive continental margins (EPCMs), comprise high relief 19 

escarpments traversed by incised rivers that separate coastal plains from high inland 20 

plateaus (Gilchrist and Summerfield, 1990; Japsen et al., 2012). EPCMs are common in 21 

various bedrock lithologies, climatic conditions, and neotectonic settings, such as in 22 

west Greenland, southwest Africa, southeast Australia, Norway and northeast Brazil 23 

(Figure 1). 24 
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An assumption about EPCMs is that inland plateaus remain elevated after the 25 

main rifting, with minimal post-rift deposition (Gilchrist and Summerfield, 1990; Ollier 26 

and Pain, 1997; Gallagher et al., 1998). Elevated plateau persistence along EPCMs has 27 

been explained by lithospheric response to differential denudation between coastal and 28 

inland flanks due to isostasy (e.g., Gilchrist and Summerfield, 1990). However, the 29 

integration of offshore and onshore stratigraphic records with long-term denudation 30 

insights from thermochronology (Cobbold et al., 2001; Japsen et al., 2012 and 31 

references therein) suggests that EPCMs have multiple episodes of uplift, erosion and 32 

subsidence long after rifting. Thus, they are not necessarily permanent topographic 33 

highs. Conversely, short-term EPCM denudation histories using cosmogenic and/or 34 

geomorphological techniques indicate that erosion rates are low (i.e., a few tens of 35 

meters per million years), suggesting stability during the Late Cenozoic (Bierman and 36 

Caffee, 2001). In some margins, climate (Souza et al., 2019) or rock strength (Gallen, 37 

2018) might be important controls of short-term EPCM erosional rates. However, the 38 

late stage evolution of passive margins is generally not well understood, especially 39 

along margins where cosmogenic data are limited or non-existent.  40 

Potential new insights into passive margin development often include the 41 

morphology of the margin escarpment and plateau, especially in geologically data-poor 42 

regions. These landscape elements respond to changes in climatic (weathering) and 43 

base-level (surface / rock uplift, eustasy) boundary conditions by controlling the rates 44 

and directions of river incision and drainage divide migration (Willett et al., 2014; Roy 45 

et al., 2015). Therefore, the investigation of rivers and their catchment drainage divides 46 

has the potential to provide models of margin development and reveal the controls of 47 

their morphological changes. Longitudinal profiles of bedrock rivers and their 48 

knickpoints provide information on landscape steady-state or transience (Kirby and 49 
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Whipple, 2012). Profile-derived metrics, such as the normalized steepness index – ksn, 50 

may reflect spatial or temporal variations in rock uplift rates, rock strength or climate 51 

(e.g., orographic rainfall patterns; Wobus et al., 2006; Whipple et al., 2013). Recent 52 

methods to access divide migration (Willett et al., 2014) can further be used to identify 53 

lithological, tectonic or climatic signals in fluvial settings (Goren et al., 2014; Bernard 54 

et al., 2019; Zondervan et al., 2020). These geomorphological approaches, together with 55 

geological information, have contributed with investigations aiming the development of 56 

fluvial landscapes, especially in tectonically active regions (Snyder et al., 2000; Wobus 57 

et al., 2006; Kirby and Whipple, 2012; Willett et al., 2014). However, this approach is 58 

still scarce in EPCMs (Gallen et al., 2013). 59 

This study is focused on the South American EPCM. Our interest was to 60 

investigate the northeast sector of this margin, a Brazilian region of low-rate tectonics 61 

(uplift rates of 0.1 mm/yr for the last ~122 ka: Pedoja et al., 2011), but with a long 62 

record of moderate magnitude earthquakes (i.e., 5.2 mb body-wave magnitude), as 63 

informed by instrumented records (Bezerra and Vita-Finzi, 2000, Bianchi et al., 2018; 64 

Figure 1). Geological evidence suggests variations in the post-rift (i.e., Neogene and 65 

Quaternary) tectonic styles and rates along this margin (Marques et al., 2014; Gandini et 66 

al., 2014; Nogueira et al., 2015; Vasconcelos et al., 2019; Bezerra et al., 2020). This is 67 

especially the case of the Paraíba region, the final bridge between the South American 68 

and African plates that remained active up to the Early Cretaceous (Matos, 1992). 69 

Notably, this region records an abundance of Quaternary deposits with seismically-70 

triggered soft sediment deformation (Rossetti et al., 2011a, 2011b; Alves et al., 2019; 71 

Andrades Filho et al., 2021) and some uplifted marginal marine deposits (Gandini et al., 72 

2014). These deposits suggest that the relief in the Paraíba region may have developed 73 

under tectonic instability. As a result, a transient fluvial landscape with drainage 74 
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network reorganisation is expected, which might include incised bedrock channels, 75 

knickpoints, unstable and mobile drainage divides. The investigation of this fluvial 76 

landscape has the potential to inform on the geomorphological evolution of this and 77 

similar passive continental margins elsewhere. 78 

We explored whether variations in tectonic uplift during the Quaternary 79 

promoted responses on transient fluvial landscape in the Paraíba region. This was 80 

achieved by searching: 1) the long river profile geometries based on the types and 81 

distribution of knickpoints, which allowed to explore spatial patterns and controls on 82 

base-level lowering (i.e., rock strength, uplift, eustasy, capture); 2) the ksn values and 83 

their relationship with spatial variations in uplift rates and bedrock; 3) the fluvial 84 

incision, a proxy for surface uplift (Kirby and Whipple, 2012), as the rivers of the 85 

Paraíba region may have changed their incision dynamics due to shifts in the rates of 86 

tectonic uplift during the Quaternary; and 4) the mobility of the catchment drainage 87 

divides and the dynamics of divide migration, which were achieved by analyzing their 88 

potential relationship to variations in the tectonic uplift or spatial differences in bedrock 89 

erodibility. 90 

2. Geological and geomorphological setting 91 

2.1. The passive continental margin of northeastern Brazil 92 

Northeastern Brazil shows two geographic trends of passive margin 93 

development formed during the Late Mesozoic breakup of Pangea: 1) an equatorial 94 

margin, with an E- to W-trending coast; and 2) an eastern margin with a ~ NNE- to 95 

SSW-trending coast (Figure 1). The eastern margin, focus of this study, is drained by 96 

NE-SW- or NW-SE-oriented rivers, such as the Paraíba River and lower course of the 97 

São Francisco River. Most rivers that drain this margin originate in highlands 98 
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dominated by a complex of pre-rift Precambrian rocks (Almeida et al., 1981), bordered 99 

to the north and east/northeast by Cretaceous and Cenozoic deposits of the coastal 100 

lowlands (Figure 1). The relief changes gradually from the highlands to the coast and 101 

lacks a well-defined escarpment. 102 

Figure 1. 103 

The highlands with pre-rift Precambrian rocks are from the São Francisco 104 

Craton and Borborema Provinces (Almeida et al., 1981). These consist of Archean and 105 

Proterozoic rocks that separate the marginal sedimentary basins to the east from the 106 

intracratonic Paleozoic Parnaíba Basin to the west (Figure 1). The Borborema Province 107 

was built by the collision between the São Luis/West Africa and São Francisco/Congo 108 

cratons (West Gondwana amalgamation) during the Neoproterozoic Brasiliano/Pan-109 

African orogeny (Almeida et al., 1981). These cratonic areas are formed by crystalline 110 

basement rocks of variable strengths (Almeida et al., 1981; Brito Neves et al., 2004).  111 

The passive continental margin of northeastern Brazil formed during the 112 

Triassic-Jurassic to Early Cretaceous rifting between the South American and African 113 

continents, which culminated with the opening of the South Atlantic Ocean (Matos, 114 

1992). This event resulted in several sedimentary basins along the coast in both the 115 

marine and continental realms (Figure 1). The Paraíba Basin is one of these basins, 116 

representing the last continental bridge between the South American and African plates 117 

(Matos, 1992). This basin was filled during the rifting and the post-rifting (Rossetti et 118 

al., 2012). The rift deposition occurred in the Late Cretaceous and is recorded by 119 

sandstones of the Beberibe Formation, limestones and calciferous sandstones of the 120 

Itamaracá Formation, and limestones of the Gramame Formation (Barbosa et al., 2003). 121 

The post-rift stage is recorded by siliciclastic deposits of Miocene and Late Quaternary 122 
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ages, and corresponds to the Barreiras Formation and Post-Barreiras Sediments 123 

(Barbosa et al., 2003; Rossetti et al., 2012). All these units are delimited by regional 124 

unconformities. The unconformity between the Cretaceous and Neogene units are 125 

particularly prominent, being marked by an erosional surface with a deep lateritic 126 

paleosol horizon (Rossetti et al., 2012, 2013). This unconformity was formed during a 127 

prolonged time of tectonic stability. Fault reactivation during the Neogene and 128 

Quaternary (i.e., late post rift stage) created new space for sediment accommodation, 129 

which was filled by the deposits of the Barreiras Formation and Post-Barreiras 130 

Sediments (Rossetti et al., 2012). These deposits show evidence of syn-sedimentary 131 

tectonic deformation, which indicates that the region remained tectonically unstable 132 

even after the main rifting (Rossetti et al., 2011b). 133 

The Paraíba Basin is bounded by two major tectonic structures, the Pernambuco 134 

Shear Zone to the south and the Mamanguape Fault, the latter a branch of the Patos 135 

Shear Zone to the north (Figure 1). These shear zones formed during the Neoproterozoic 136 

Brasiliano/Pan-African orogens (Almeida et al., 1981; Bezerra et al., 2011) and 137 

constitute prominent continental-scale Precambrian basement structures (Figure 1). 138 

They are E-W- and ENE-WSW-oriented shear zones, 1 to 5 km in width, and hundreds 139 

of kilometers in length. The present-day instrumented earthquake records show a 140 

considerable number of low to moderate earthquake magnitudes (up to 6.0 mR) near 141 

some shear zones, such as the Pernambuco Shear Zone, and in other areas of the 142 

northeastern Brazilian margin (Figure 1; Bezerra and Vita-Finzi, 2000; Bianchi et al., 143 

2018).  144 

The pre-existing shear zones in this passive continental margin were reactivated 145 

during the rift stage and controlled the location, geometry and sedimentary fill of the 146 

marginal basins (e.g., Matos, 1992; Bezerra et al., 2011; 2014). Reactivations occurred 147 
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also in the post-rift phase (Neogene and Quaternary), when basin bounding faults were 148 

displaced by strike-slip transpressive stress in concert with regional stress field changes, 149 

which caused basin inversions (e.g., Araripe, Rio do Peixe and Potiguar basins; 150 

Marques et al., 2014; Nogueira et al., 2015; Bezerra et al., 2020). However, the 151 

northeastern Brazilian margin also records a set of ~ NE-SW-striking normal faults, 152 

consistent with evolution models of transtensional strike-slip fault systems (e.g., 153 

Bezerra et al., 2014, 2020). These normal faults serve as pathways for watersheds that 154 

link the highlands to the Atlantic Ocean.  155 

2.2. Geomorphology of the study area  156 

Our study focuses a 165-km long and 132-km wide EPCM located in the Paraíba 157 

region (Figures 1 and 2a). From north to south, ocean-facing catchments in this margin 158 

are formed by large and generally SW- to NE-oriented trunk streams, such as the 159 

Curimataú, Camaratuba, Mamanguape, Miriri and low Paraíba rivers (Figure 2a). These 160 

rivers form wide valleys, filled in the downstream sectors by late Holocene alluvial 161 

sediments (Figure 2a). Trunk streams are fed by NNW-SSE or NE-SW oriented 162 

tributaries (Figure 3) that extend from the highlands to the coastal plains. These 163 

tributaries are mainly bedrock rivers with thin alluvial deposits downstream. Many 164 

tributaries of the Paraíba River are disrupted by normal faults of the Cariatá Graben to 165 

the south (cf. Brito Neves et al., 2004; Bezerra et al., 2008). This is an asymmetrical 166 

trough of ∼ 40 km long, ∼ 25 km wide, and 250–550 m deep (Bezerra et al., 2008). 167 

Two main fault reactivation events of pre-Late Pleistocene and Late Pleistocene ages 168 

controlled the development of this graben (Bezerra et al., 2008). To the north, tributaries 169 

of the Mamanguape River are disrupted by the Patos Shear Zone, where the tectonic 170 

effect is still poorly known (Figure 3). 171 
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Figure 2. 172 

Figure 3. 173 

The regional drainage divide bounds catchments to the west, some 140 km from 174 

the coast (Figures 2a and 3) within the highland plateau. The plateau stands at altitudes 175 

averaging 750 m a.s.l., and it is constituted by Precambrian crystalline basement rocks 176 

(e.g., gneisses, migmatites, schists, and granites), and secondarily Paleogene sandstones 177 

from the Serra do Martins Formation (Morais Neto et al., 2008; Figure 2a). A deeply 178 

dissected low elevation (< 200 m a.s.l.) surface, known as Sertaneja Depression (Costa 179 

et al., 2020), occurs to the east of this plateau (Figure 2b). The low topography of this 180 

depression is locally interrupted by Cretaceous igneous rocks that stands at altitudes up 181 

to 600 m (Figure 2a). The coastal lowlands are dominated by Miocene (Barreiras 182 

Formation) and Late Quaternary (Post-Barreiras Formation) siliciclastic deposits 183 

(Rossetti et al., 2012), and secondarily Late Cretaceous sandstones and limestones 184 

(Barbosa et al., 2003; Figure 2a). The Barreiras Formation, first attributed to essentially 185 

continental environments, were reinterpreted as having deposits formed in various 186 

coastal, mainly estuarine environments (see Rossetti et al. 2013 for a review). The Post-187 

Barreiras Sediments (Rossetti et al., 2012) include two informal stratigraphic units dated 188 

from the Late Pleistocene (Post-Barreiras 1 – PB1) and early/middle Holocene (Post-189 

Barreiras 2 - PB2). PB1 consists of sandstones interbedded with mudstones and 190 

conglomerates, formed by marine (Gandini et al., 2014) or alluvial (fluvial and 191 

gravitational) processes (Rossetti et al., 2012). PB2 is constituted by friable and 192 

massive, mostly aeolian sands (Rossetti et al., 2012). Both the Miocene and Late 193 

Quaternary deposits discordantly overly Precambrian units. The coastal lowlands 194 

consist of a table-shaped relief (Costa et al., 2020) and a domal relief (Alves et al., 195 

2019; Figure 2a-b), which give way to an adjacent narrow coastal plain to the east.  196 
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The climate in the Paraíba region is currently humid tropical in the coast, with an 197 

average annual precipitation of 1917 mm and an average temperature of 26.5 °C 198 

(Carvalho et al., 2020). A semi-arid climate with prolonged droughts prevails inland.  199 

The paleoclimate in this region remains elusive, but successive planation (erosional) 200 

surfaces have long been related to prevailing semi-arid conditions (King, 1967). 201 

However, studies based on new methodologies, such as apatite fission track, 202 

cosmogenic nuclides and remote sensing, disagree that climate has played a main role in 203 

defining the landscape of this passive margin, and suggest instead a main neotectonic 204 

control (Bezerra et al., 2008; Japsen et al., 2012; Gandini et al., 2014; Alves et al., 2019 205 

and references therein). 206 

3. Methods 207 

We used a digital elevation model (DEM) for the geomorphological analysis of 208 

tributary stream profiles and catchment drainage divides to investigate tectonic uplift-209 

induced base-level changes and drainage network reorganization during the Quaternary 210 

of the Paraíba passive margin.  211 

3.1. DEM processing  212 

The study area was assessed using the 30-m spatial resolution Shuttle Radar 213 

Topography Mission (SRTM) DEM derived from C-band interferometric synthetic 214 

aperture radar (InSAR) techniques (Farr et al., 2007). This product has greater ability to 215 

reveal surface information than other DEMs (e.g., Boulton and Stokes, 2018), since the 216 

C-band (~ 5.6 cm) can penetrate through the dense clouds and the upper tree canopy, 217 

typical in tropical regions (Henderson and Lewis, 1998) as in the case of the study area. 218 

This DEM was filled using minimum topographic values from surrounding pixels to 219 

generate a continuous drainage network. The processed DEM was used as the basis to 220 
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extract long river profiles and topographic metrics of drainage divides using codes 221 

available in ChiProfiler (Gallen and Wegmann, 2017), Topographic Analysis Kit (TAK, 222 

Forte and Whipple, 2019) and DivideTools (Forte and Whipple, 2018). All these codes 223 

are based on functions of TopoToolbox (Schwanghart and Scherler, 2014).  224 

3.2. River profile analysis 225 

A long profile is a plot of river channel elevation against distance (Hack, 1957). 226 

The geometry of long river profiles and the derivation of fluvial metrics have been 227 

regularly used in geomorphological research to assess rates of relative base-level fall 228 

due to variations in tectonics, river capture, sea-level, climate, or lithology (Wobus et 229 

al., 2006; Kirby and Whipple, 2012). This approach can benefit geomorphic 230 

investigations of bedrock rivers in landscapes where the extent and/or the scarcity of 231 

geological exposures make field-based investigations difficult, such as in the study area. 232 

River profiles were extracted from the drainage network using routine DEM 233 

techniques (e.g., flow direction and flow accumulation). A drainage area threshold (Acr) 234 

of 1 km² or higher was applied to the drainage network to eliminate upstream river 235 

segments related with debris-flow processes (Wobus et al., 2006; Kirby and Whipple, 236 

2012). The river profile analysis was applied to 43 tributary streams (Figure 3) of third 237 

or higher orders (cf., Strahler, 1957). These orders were chosen because they are often 238 

characterized by bedrock segments, as required for detachment-limited models of 239 

erosion (Kirby and Whipple, 2012). The selected river tributaries flow across the 240 

elevated plateau and coastal lowlands, crossing a range of lithologies of varied ages and 241 

pre-existing structures.  242 

The passive margin river profiles were analyzed using the stream power incision 243 

model (SPIM) (Kirby and Whipple, 2012; Lague, 2014). The generalized equation of 244 
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the SPIM can be described by an empirical power law relationship (Hack, 1957; Kirby 245 

and Whipple, 2012) between channel slope (S) and upstream drainage area (A; a proxy 246 

for discharge):  247 

𝑆𝑆 = 𝑘𝑘𝑠𝑠𝐴𝐴−𝜃𝜃                                                        (1) 248 

where, ks is the channel steepness index (m2θ); and θ the channel concavity index 249 

(dimensionless) (Snyder et al., 2000). In steady-state landscapes, where uplift equals 250 

erosion, spatial variability in ks values may reflect spatial or temporal changes in erosion 251 

and uplifting rates in reliefs with homogeneous lithological and climatic conditions 252 

(Wobus et al., 2006; Kirby and Whipple, 2012). To compare ks values from river 253 

profiles with different sizes, the normalized channel steepness index (ksn) is obtained 254 

based on a fixed reference concavity (θref) (Wobus et al., 2006). Empirical studies have 255 

shown that θ varies between 0.4–0.6, but a fixed reference concavity of 0.45 is often 256 

used for characterizing steady-state channels in a variety of reliefs across the world 257 

(e.g., Snyder et al., 2000; Wobus et al., 2006; Kirby and Whipple, 2012).  258 

Parameters S and A can be extracted directly from DEMs, while ksn and θ are 259 

extracted from the linear regression between S and A on a log-log graph. However, the 260 

channel slope may enhance significant scatter with direct influence on the ksn 261 

calculation, since topographic data comprise noisy variations (microrelief, artifacts and 262 

errors) that are propagated to the slope (first order derivative of elevation). To 263 

circumvent these issues and extract more reliable ksn values, the integral method 264 

(integration of drainage area along flow distance) has been proposed (Perron and 265 

Royden, 2013). This approach rearranges equation 1 by replacing S for dz/dx, where dz 266 

is the elevation change and dx the distance along the channel. The integration is 267 
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performed in an upstream direction from a base-level (xb) to a given point along the 268 

channel (x) as follows: 269 

𝑧𝑧(𝑥𝑥) = 𝑧𝑧(𝑥𝑥𝑏𝑏) + � 𝑘𝑘𝑘𝑘
𝐴𝐴0𝜃𝜃

� ∫ � 𝐴𝐴0
𝐴𝐴(𝑥𝑥)�

𝜃𝜃
𝑑𝑑𝑑𝑑𝑥𝑥

𝑥𝑥𝑏𝑏
       (2) 270 

with the variable 271 

𝜒𝜒 = ∫ � 𝐴𝐴0
𝐴𝐴(𝑥𝑥)�

𝜃𝜃
𝑑𝑑𝑑𝑑𝑥𝑥

𝑥𝑥𝑏𝑏
                     (3) 272 

where, A0 refers to a reference drainage area inserted to make the area term 273 

dimensionless (c.f., Perron and Royden, 2013). Assuming steady-state landscapes, with 274 

invariant bedrock erodibility, the longitudinal coordinate χ with dimensions of length 275 

has a linear relationship with elevation z(x) (Perron and Royden, 2013; Willett et al., 276 

2014; Whipple et al., 2017). In this situation, a given profile will appear as a straight 277 

line in the χ-elevation space (also known as chi plot).  278 

The ksn calculation was performed using the integral method to identify regions 279 

in the passive margin with spatial or temporal variability in rock uplift rates, climate or 280 

differences in bedrock erodibility. The integral method was calculated using an A0 of 1 281 

m² to ensure that the local slope of a transformed profile is the ksn (Perron and Royden, 282 

2013; Gallen and Wegmann, 2017). Exploratory analysis of log-log slope-area plots of 283 

tributaries with graded stream profiles (concave shapes) in the study area revealed an 284 

average concavity value of 0.41 (Supplementary Figure S1). This value, which is very 285 

close to the standard concavity value of 0.45 (Wobus et al., 2006; Kirby and Whipple, 286 

2012) was used in this study as basis to calculate the ksn and allowed us to make 287 

comparisons with previous works carried out in other similar EPCMs (Gallen, 2018; 288 

Souza et al., 2019) and Brazilian intracontinental (Peifer et al., 2021) settings. Average 289 
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ksn values were calculated for the tributaries by adjusting linear regression bounds in 290 

profile segments above and below knickpoints; and for the entire drainage network 291 

using stream segment lengths of 1 km, since ksn values are strongly variable over short 292 

distances.  293 

The potential influence of rock strength on the spatial variability/magnitude of 294 

ksn values was investigated by averaging the ksn of drainage network by rock types. In 295 

the absence of other parameters (e.g., quantitative in situ rock mass strength, jointing, 296 

and weathering data; Bursztyn et al., 2015), the average ksn considers only the 297 

lithological character of rocks (Bernard et al., 2019; Zondervan et al., 2020) and can be 298 

used as a proxy for bedrock erodibility (Gallen, 2018). In this study, the various 299 

geological units were simplified into a smaller number of lithological groups 300 

(Supplementary Figure S2). According to literature-based descriptions of rock strength 301 

(e.g., Goudie, 2006), we defined three major rock groups in terms of relative importance 302 

of resistance to fluvial erosion using the official geological map from the Brazilian 303 

Geological Survey (CPRM) at 1:1000000 scale (http://geosgb.cprm.gov.br/geosgb): (i) 304 

low resistant sedimentary rocks; (ii) moderately resistant metamorphosed rocks; and 305 

(iii) highly resistant igneous and meta-igneous rock units (Table 1; Figure 6). The 306 

average and standard deviation ksn were extracted for each rock group based on a total 307 

of 10,000 random samples. These samples were distributed proportionally to the area of 308 

each group based on their uneven distribution in the studied passive margin 309 

(sedimentary rocks = 25.4 %; metamorphosed sediments = 5.3 %, and igneous and 310 

meta-igneous rocks = 69.3 %). This analysis was not applied to the 311 

alluvial/marine/aeolian deposits to avoid abrupt changes in ksn related to depositional 312 

channel segments.  313 

Table 1. 314 
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In addition to the ksn approach, rivers under non-steady-state conditions (uplift ≠ 315 

erosion) may produce unbalanced geomorphic features (transient features), such as 316 

convex-upward discontinuities (knickpoints; Kirby and Whipple, 2012). The study of 317 

knickpoints along river profiles has been used as an indicator of rivers with a transient 318 

response due to rock strength controls or perturbations related to relative base-level 319 

changes. These are caused by tectonics (e.g., increase in the fault slip rates), river 320 

capture, sea-level fall and/or climatic variations. These factors can enhance or reduce 321 

the efficiency of river incision (Kirby and Whipple, 2012; Whipple et al., 2013). We 322 

identified major knickpoints by visual interpretation of convex-upward deviations in 323 

river profile shapes from the distance-elevation and χ-elevation plots. Knickpoints were 324 

classified into two end-member morphologies, vertical-step or slope-break (c.f., Haviv 325 

et al., 2010 and Whipple et al., 2013), based on the recognition of spikes and breaks in 326 

log-log slope-area graphs, respectively. Given the importance of knickpoints in 327 

preserving information about the tectonic evolution of fluvial landscapes (Kirby and 328 

Whipple, 2012), they were further characterized in terms of: spatial patterns between the 329 

knickpoint locations and lithological contacts/pre-existing basement structures, 330 

distribution pattern, statistical relationships, formation and behavior.  331 

The knickpoint analysis also included the application of two statistical 332 

hypothesis tests: the unpaired two-samples T-test (parametric test); and the Mann-333 

Whitney U test (non-parametric test) (c.f., Noether, 1991; Venables and Smith, 2002). 334 

These tests aimed to examine two clusters of knickpoints in the study area. To attend 335 

the T-test assumptions, data normality analysis using the Shapiro-Wilk test and 336 

homogeneity of variances based on Levene’s test were required (Venables and Smith, 337 

2002). The parameters elevation, slope, relative relief and ksn at a given knickpoint were 338 

chosen because they may inform important aspects about the knickpoint origin and, 339 
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ultimately, the passive margin evolution. The relative relief was calculated varying the 340 

moving window radius (1, 3 and 5 km) to assess the windows sensitivity. Only the 341 

attributes that failed in the normality analysis (T-test) were submitted to the Mann-342 

Whitney U test. The following null (h0) and alternative (ha) hypotheses were defined 343 

assuming a significance level (α) of 0.05: h0 = the means/medians of the two groups of 344 

knickpoints are the same; ha = the means/medians of the two groups of knickpoints are 345 

different.  346 

The amount of fluvial incision was calculated for tributaries with slope-break 347 

knickpoints. Fluvial incision was estimated from the reconstruction of channel profiles, 348 

an approach typically applied to access the uplift history of a given area (Kirby and 349 

Whipple, 2012). The calculations were made downstream of the slope-break 350 

knickpoints in the lower reaches of the studied tributaries, that is, the region potentially 351 

adjusting to perturbations. Following the method implemented in the TAK (Forte and 352 

Whipple, 2019), the river profiles downstream of the knickpoints were projected using 353 

linear least squares fitting on the χ-elevation relationship, with a confidence interval of 354 

95%. The estimated fluvial incision was then obtained by subtracting the elevations 355 

from the projected (relict channel profile) and present-day profiles at the fault. The 356 

position of the fault at the profile was defined based on the visual interpretation of river 357 

locations and major morphostructural lineaments/faults/shear zones in the study area. 358 

The lineaments (204 in total with a main NE-SW trend) were mapped using SRTM-359 

based shaded relief representations in different azimuth angles at a fixed 1:100.000 360 

scale (Supplementary Figure S3). Known faults and shear zones were derived from 361 

previous publications (Bezerra et al., 2008, 2014).  362 

3.3. Assessment of divide mobility 363 
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Landscapes undergoing transient adjustments due to changes in boundary 364 

conditions, such as those recording incised rivers, knickpoints and contrasting erosion 365 

rates between adjacent drainage basins, may show drainage divide migration (Willett et 366 

al., 2014). Active drainage divide migration has been recognized in a variety of fluvial 367 

landscapes as a result of many competing controls, such as lithology, where the 368 

drainage divide moves towards highly resistant rocks (Bernard et al., 2019; Zondervan 369 

et al., 2020), the spatial variability of precipitation (Goren et al., 2014), asymmetric 370 

tectonic uplift (He et al., 2019), or large discrete river capture (Willett et al., 2014; 371 

Whipple et al., 2017).  372 

The assessment of divide mobility has been performed by maps of the drainage 373 

network coloured by χ (χ-maps). Significant variations in χ on opposite sides of a 374 

drainage divide (χ-anomalies) may suggest divide migration (e.g., due to a river 375 

capture), which is driven by differences in erosion rates of river channels (Willett et al., 376 

2014). Alternatively, it has been suggested that divide instability analysis can be made 377 

more reliable by interpreting cross-divide differences using topographic metrics, also 378 

known as Gilbert metrics (i.e., elevation at the channel head, upstream relative relief 379 

and upstream gradient), as these are topographic proxies for erosion rates (Whipple et 380 

al., 2017; Forte and Whipple, 2018). In this study, the stability/mobility and direction of 381 

divide migration were investigated through the χ-map and Gilbert metrics extracted at 382 

the channel heads. The χ-map was generated for complete drainage basins with outlets ≥ 383 

1 m a.s.l. based on the SRTM-DEM. For the sake of simplification, we analyzed only 384 

the drainage divides bounding major transverse fluvial systems. The drainage divide 385 

was assumed to be stable if the mean on one side of the divide overlaps the uncertainty 386 

of the mean on the opposite side; otherwise, the divide was assumed as mobile (c.f., 387 

Forte and Whipple, 2018). The direction of divide migration was defined following the 388 
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interpretations described in Willett et al. (2014), Whipple et al. (2017) and Forte and 389 

Whipple (2018). 390 

4. River profiles and drainage divides  391 

4.1. Knickpoints, ksn and fluvial incision 392 

The Paraíba region has tributaries up to ~117 km long and catchment areas up to 393 

~994 km² (Figure 3). Tributary streams crossing the Precambrian highlands are longer 394 

than those from the coastal lowlands (average lengths of ~34 km and 24 km, 395 

respectively). These tributaries showed river profiles that can be qualitatively classified 396 

into two major groups according to their profile shapes shown in distance-elevation and 397 

χ-elevation plots: (i) relatively graded profiles (concave-up profiles and linear χ-398 

profiles); and (ii) ungraded profiles (convex-up river profiles and non-linear χ-profiles; 399 

Figures 4a-f and 5a-f).  400 

Figure 4. 401 

Figure 5. 402 

The first group of graded profiles comprises twenty-one tributaries, recorded 403 

mostly in the low-lying terrains of the passive margin, with profile elevations not 404 

exceeding 450 m a.s.l. (Figure 4a-f). These profiles have no knickpoints. Some small 405 

tributaries on flat terrains capped by Miocene deposits in the southeast sector of the 406 

study area show river profiles with convex segments, suggesting broader knickzones 407 

(rivers 26, 27, 28, and 29 in Figure 4f). However, these tributaries did not show clearly 408 

recognizable breaks or spikes in the log-log slope-area plots. 409 



18 
 

The second group of ungraded profiles is represented by twenty-two tributaries 410 

(Figure 5a-f). These were recorded mainly in the Precambrian highlands of the passive 411 

continental margin to the west, and secondarily, in the coastal lowlands to the east. They 412 

showed: profile elevations up to 700 m a.s.l. (Table 2); and river profiles with widely 413 

scattered knickpoints (vertical-step and slope-break; Figure 5a-i).  414 

Table 2. 415 

We recorded a total of fourteen vertical-step knickpoints (green dots in Figure 416 

5a-i). They occurred at or close to lithological contacts between Precambrian units (e.g., 417 

knickpoints from rivers 1, 2, 5, 13 and 15 in Figure 6a and Supplementary Figure S4); 418 

and in river segments downstream of slope-break knickpoints. These knickpoints 419 

occurred at elevations between 73 and 507 m a.s.l., and revealed maximum ksn values 420 

almost twice as high as the slope-break knickpoints (Table 2). For instance, vertical-step 421 

knickpoints showed an average ksn at knickpoint of 38.5 m0.9 and a maximum ksn value 422 

of 85.3 m0.9, while slope-break knickpoints displayed an average ksn at knickpoint of 423 

27.4 m0.9 and a maximum ksn value of 49.3 m0.9 (Table 2).  424 

Figure 6. 425 

The majority of the knickpoints were classified as slope-break type (purple dots 426 

in Figure 5). They occurred across a range of elevations (65-676 m a.s.l.) and were 427 

limited by downstream segments steeper than upstream (see ksn ratio in Table 2). Most 428 

rivers had one slope-break knickpoint each, but three rivers (rivers 5, 6, and 14) 429 

exhibited two slope-break knickpoints. Knickpoints from river 14 are likely to be part of 430 

a single knickpoint, as they showed a similar morphology and are located close to each 431 

other across a distance of ~5 km. The slope-break knickpoints occurred generally 432 

aligned across a ~ NNE-SSW-oriented belt over the highlands (Figure 6a), where they 433 
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lie upstream of the Patos Shear Zone to the north and upstream of the normal faults 434 

bounding the Cariatá Graben to the south (Figure 7). However, a small number of 435 

knickpoints were also observed closer to lithological contacts of the Precambrian units 436 

or between these and Miocene-Quaternary deposits (e.g., knickpoints from rivers 2 and 437 

10 in Figure 6a and Supplementary Figure S4). Only the current position of the slope-438 

break knickpoints was recorded, but their behaviour is generally mobile over time 439 

(Crosby and Whipple, 2006; Berlin and Anderson, 2007; Boulton and Whittaker, 2009). 440 

Figure 7. 441 

The ksn values ranged from 1 to 462 m0.9 with a right-skewed distribution and an 442 

average ksn of 15 m0.9 (Figure 6a). Higher ksn values (> 20 m0.9) were found in the 443 

highlands (to the west) and dome-like reliefs (to the east), where the distribution of 444 

relative relief values is high (Supplementary Figure S5). Lower ksn values (< 20 m0.9) 445 

occurred mainly over the Precambrian low-lying and sedimentary table-like terrains. 446 

The rock group average ksn analysis showed a trend of an increased slope of channels 447 

flowing over more resistant rock units (i.e., igneous and meta-igneous rocks of the 448 

Precambrian basement), in contrast to low steepness channels that drain over less 449 

resistant rock units (i.e., sedimentary rocks) (Figure 6b). Abrupt changes in ksn values 450 

owing to local differences in bedrock resistances were evident in the northwest and 451 

northeast sectors of the study area, where pre-rift rock units of Precambrian age are in 452 

contact with Paleogene and Miocene-Quaternary deposits, respectively (Figure 6a). 453 

However, local changes in ksn were detected even in bedrock terrains of relatively 454 

similar resistances, which cannot be explained only by lithological control. 455 

Furthermore, this analysis showed a low variability of ksn values among different rock 456 

groups (Figure 6b and Supplementary Figure S2), in general ranging from 10 to 25 m0.9, 457 

but with high uncertainties.  458 
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The distribution pattern of the knickpoints (slope-break and vertical-step) in the 459 

study area is shown in Figure 8a. Ksn values downstream of knickpoints were higher 460 

than upstream for both slope-break and vertical-step morphologies, but with higher 461 

uncertainties for the latter (Table 2). This situation was observed mainly for the 462 

tributary streams flowing over the Precambrian terrains of the study area, where 463 

knickpoint elevations are high (Figure 8a). The statistical analysis between ksn and 464 

relative relief values at knickpoints showed moderate and weak positive linear 465 

relationships for the slope-break (r² = 0.61) and vertical-step (r² = 0.36) morphologies, 466 

respectively (black/white dots in Figure 8b). The high coefficient of determination for 467 

the slope-break knickpoints and their spatial correspondence with the structural fabric 468 

(i.e., upstream of known faults) of the study area suggest that they may have inherited 469 

some tectonic influence. Therefore, subsequent analyses were carried out based only on 470 

the slope-break knickpoints, given their potentially higher tectonic significance (Kirby 471 

and Whipple, 2012; Whipple et al., 2013).  472 

Figure 8. 473 

We carried out some statistical analysis using information from the knickpoints 474 

and their drainage basins to characterize the knickpoint formation (e.g., one or multiple 475 

knickpoint clusters) and behavior (i.e., anchored in place or mobile). The regression 476 

analysis of the knickpoint elevation versus drainage area, and the knickpoint elevation 477 

against the knickpoint distance from mouth showed weak relationships, with very poor 478 

determination coefficients (r² < 0.13) when the slope-break knickpoints were analyzed 479 

together (Figure 9a-b). In contrast, these relationships were strengthened when the 480 

knickpoints from the north (Patos Shear Zone region) and south (Cariatá Graben region) 481 

of the passive continental margin were analyzed individually. The northern and southern 482 

knickpoints showed positive (r² = 0.43 and 0.51) and negative (r² = 0.42 and 0.46) linear 483 
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relationships, respectively (Figure 9a-b). The statistical analysis between the average 484 

basin gradient versus catchment area (not shown here) revealed a negative linear 485 

relationship, with a moderate determination coefficient (r² = 0.42) only for the basins 486 

located in the southern sector of the study area. These drainage basins have steeper 487 

gradients than those from the northern sector, especially the small basins located closer 488 

to the Cariatá Graben (Figure 7). The discrepancies with the knickpoint / drainage basin 489 

relationships and the high range of slope-break knickpoint elevations led us to test the 490 

hypothesis of two different clusters of knickpoints in the study area. The T-test showed 491 

that the means of the relative relief (radius of 3 and 5 km) of the southern knickpoints 492 

are statistically different from the means of the northern ones (p-value < 0.05; Table 3), 493 

assuming an α of 0.05. The Mann Whitney U test did not show any statistical 494 

differences in the slope of the knickpoints from both sectors (Table 3), although 495 

limitations of dataset size could be an issue. 496 

Figure 9. 497 

Table 3. 498 

The knickpoint retreat distance from the mouths and the downstream distances 499 

from the drainage divides positively scaled with the total drainage area and drainage 500 

area below and above the slope-break knickpoints, with strong r² coefficients (i.e., r² > 501 

0.89; Figure 9c-e). Knickpoints from larger basins (e.g., from rivers 5 and 14, see Table 502 

2) travelled further upstream than knickpoints from smaller basins (e.g., from rivers 3, 4 503 

and 20). The drainage area upstream of knickpoints ranged from 4.2 to 238.3 km² and 504 

from 2.4 to 125.3 km² for the northern and southern knickpoints, respectively. Hack’s 505 

exponents varied from 0.60-0.68 when all the knickpoints are analysed together; 0.62-506 
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0.77 for the northern knickpoints; and 0.56-0.58 for the southern knickpoints (Figure 507 

9c-e). 508 

The amounts of fluvial incision derived from river profile segments downstream 509 

of slope-break knickpoints were 140 m on average (Table 2). Average fluvial incision 510 

was 156 m for tributaries over the Precambrian highlands and 43 m for tributaries 511 

crossing the coastal lowlands. This situation suggests spatially variable fluvial incision 512 

in the studied region, with higher incision amounts inland towards the elevated plateau 513 

formed by pre-rift Precambrian basement rocks.  514 

4.2. Drainage divide and divide mobility  515 

The main drainage divides of the study area extend from the elevated plateau to 516 

the coastal lowlands, a total of 480 km in length (Figure 10a). In general, the drainage 517 

divides have either NE-SW- or NW-SE-oriented segments and are at a maximum 125 518 

km from the coastline. These were qualitatively divided into divide segments (D1-D8) 519 

to assess local variations in divide migration (Figure 10a). From west to east, the 520 

drainage divide segments traversed a range of lithologies (i.e., pre-rift basement rocks 521 

and post-rift depositional sequences) with contrasting erodibilities (Figures 2a and 10a). 522 

The longest drainage divide segment (D5) is 153 km long and runs from 740 m a.s.l. 523 

across high resistant Precambrian units (igneous and meta-igneous rocks) and, 524 

secondarily, low resistant Paleogene deposits to the west. Divide D5 decreased in 525 

elevation to ~ 350 m a.s.l., as it crossed moderate resistant metamorphic rocks to the 526 

east. Divide D1 to the southwest crosses only high resistant Precambrian units, with 527 

elevations ranging from ~ 500 to 140 m a.s.l. Divides D2-D3-D4 and D6-D7 to the 528 

southeast and northeast, respectively, occur between high to moderate resistant 529 

Precambrian units and low resistant to erodible Miocene to Quaternary-deposits. D8 530 
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also crosses deposits formed since Miocene, but it occurs on domal reliefs with 531 

elevations up to 200 m a.s.l.  532 

Figure 10. 533 

Most divide segments (i.e., D1, D4, D5, D6 and D7) were stable, with no 534 

significant cross-divide differences in the χ-map and Gilbert metrics (Figures 10a and 535 

11a-d). For instance, D1, D4, D6, and D7 showed relatively equal average channel 536 

elevation values of about 100 m a.s.l. (Figure 11a). They also displayed similar hillslope 537 

gradient values around 0.1 and relative relief values ranging from 40 to 50 m (Figure 538 

11b-c). D5 showed the highest average elevation value up to 500 m a.s.l., the highest 539 

mean hillslope gradient, and relative relief of approximately 0.15 and 75 m, respectively 540 

(Figure 11a-b-c). 541 

Figure 11. 542 

Among the drainage divide segments, only three (D2, D3, and D8; Figures 10a 543 

and 11a-d) showed variations in χ and Gilbert metrics on both sides of the divide, 544 

indicating divide migration. D8, located in a coastal lowland dome, had differences only 545 

in the Gilbert metrics of hillslope gradient and relative relief. It also had the highest 546 

average hillslope gradient and relative relief values (0.15 and 75 m, respectively), with 547 

northward divide motion (Figure 11b-c-d). D2 and D3, located to the southeast, 548 

revealed differences in both χ and Gilbert metrics, with relatively similar topographic 549 

metrics (average channel elevation of ~ 100 m; hillslope gradient of ~ 0.05; relative 550 

relief of ~ 50 m; Figure 11a-c). χ and Gilbert metrics suggest divide movement to the 551 

southeast for D2 and to the northeast for D3 (white arrows in Figure 10a and Figure 11). 552 

Divide movements follow the inland position of a high-elevation, chevron-shaped 553 

plateau with elevations up to 170 m a.s.l. (Figures 2b and 10b). This plateau, not 554 
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included in previous geomorphological maps of northeastern Brazil (e.g., Costa et al., 555 

2020), developed over low-resistant Miocene and Quaternary deposits that overly 556 

resistant Precambrian basement rocks. The plateau configuration is sustained by incised 557 

tributaries, some showing headwaters close to each other (Figure 10b). An ongoing 558 

river capture between a tributary of the Paraíba River left bank and the upper Miriri 559 

River was recorded in the lower part of this plateau (white dot in Figure 10b). 560 

5. Discussion 561 

The present-day rivers of the Paraíba region show a set of features compatible 562 

with a transient landscape (Kirby and Whipple, 2012; Willett et al., 2014). Evidence 563 

includes non-linear χ-profiles bounded by knickpoints, bedrock river channels with 564 

spatially variable ksn, and mobile drainage divide segments. These features were often 565 

recognized in erosional reliefs of tectonically active collisional mountain landscapes 566 

(Snyder et al., 2000; Wobus et al., 2006; Kirby and Whipple, 2012), rather than in the 567 

generally tectonically stable EPCMs (e.g., Gallen et al., 2013). The transient features 568 

recorded in the Precambrian highlands and coastal lowlands indicate that the Paraíba 569 

region had a topographic rejuvenation in the recent geological time due to fluvial 570 

disturbances. The significance of such transient features and the potential controlling 571 

factors that triggered the transient response in the late development of this passive 572 

continental margin are discussed below. 573 

5.1. Dynamics and control on divide migration 574 

The resulting χ-map and Gilbert metrics did not show many topographic or 575 

geometric changes in the fluvial channels and drainage divides of the studied seaward-576 

dipping catchments. However, the migration of divides D2 and D3 (Figures 10 and 11) 577 

in the southeastern sector is due a lithological strength contrast. This is proposed 578 
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because these divides occur in a plateau sustained by less resistant Miocene-Quaternary 579 

sedimentary units in contact with Precambrian basement rocks. However, the 580 

topographic expression of this plateau may not have formed primarily due to a 581 

lithological control. This plateau is topographically similar to the Shillong Plateau of 582 

northeast India (Strong et al., 2019). The Shillong Plateau resulted from the erosion of 583 

horizontally layered lithologies with contrasting resistances. This condition re-exposed 584 

a basement paleosurface, as proposed by numerical modelling of erosion (soft rocks 585 

over hard rocks; Forte et al., 2016). However, we interpret that the studied plateau was 586 

formed by a young tectonic uplift, i.e., probably due to the Late Pleistocene reactivation 587 

of the normal fault bounding the left margin of the Cariatá Graben (Bezerra et al., 588 

2008), rather than the exhumation of bedrocks with contrasting erodibilities. This is 589 

evidenced by: i) the plateau covered by younger deposits (i.e., Late Quaternary Post-590 

Barreiras Sediments) at higher elevations (i.e., up to 200 m a.s.l.) than adjacent 591 

Precambrian rocks (Figures 2b and 7); and ii) incised tributaries to the east of the 592 

plateau draining across a high-elevation Quaternary dome (Alves et al., 2019). Thus, the 593 

most likely is that tectonic uplift would have elevated basement rocks and overlying 594 

marine deposits, followed by fluvial incision and partial dissection of both the plateau 595 

and the dome. 596 

Divide mobility to the southeast of the studied region is also supported by the 597 

current river capture between the left-bank tributary of the Paraíba River and the upper 598 

Miriri River (Figure 10). The headwater of the Paraíba River tributary at a lower base-599 

level records accelerated headward erosion. This is evidenced by channel deepening and 600 

valley widening towards an elevated dome, where the Miriri River headwater is located. 601 

Once this fluvial connection has been completed, the less active Miriri River tributary 602 

will entrench south through the Paraíba Basin and abandon some of its uppermost 603 
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stretches. Similar river capture has been recorded in other EPCMs, such as in the 604 

Ethiopian rift margin of northeast Africa (Giachetta and Willett, 2018). In the study 605 

area, the river capture will be of low magnitude and will result in the local re-606 

organization of the drainage network.  607 

5.2. Characterization of slope-break knickpoints 608 

Slope-break knickpoints are presumed to propagate upstream at constant vertical 609 

rates, so they should occur at similar elevations (Neimann et al., 2001). This situation 610 

would be expected, for instance, in landscapes with invariant climatic, rock uplift and 611 

bedrock erodibility conditions, and where the drainage basins have similar geometric 612 

characteristics and incision dynamics. However, this expected transient response is 613 

generally rare in nature due to the variability of these factors and absence of an earlier 614 

steady-state that might disperse elevations during the knickpoint retreat (Boulton and 615 

Whittaker, 2009; Kirby and Whipple, 2012; Whipple et al., 2013). The range of 616 

knickpoint elevations (i.e., from 65 to 676 m a.s.l.) in the study area, especially in the 617 

Precambrian highlands (Figures 5, 6a and 7), and the weak statistical relationships 618 

including drainage area versus knickpoint elevation (r² = 0.06), and knickpoint elevation 619 

versus knickpoint distance from the mouth (r² = 0.13; Figure 9a-b), suggest either 620 

knickpoints with distinct formation or natural variability as a result of a single 621 

formation. Such conditions were documented in several other landscapes (e.g., Crosby 622 

and Whipple, 2006; Berlin and Anderson, 2007; Boulton and Whittaker, 2009; Boulton 623 

et al., 2014).  624 

Basin gradient seems to explain, at least in part, the differences in statistical 625 

relationships (positive and negative) between the two knickpoint groups (southern and 626 

northern sectors) in the study area, which was higher for the southern basins. The 627 
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differences of means between the two knickpoint groups only for the relative relief 628 

parameter (Table 3) indicated by the unpaired two-samples T-test, were expected given 629 

the high topographic heights of the graben from the southern sector. Alternatively, such 630 

differences in the relative relief are perhaps due to technical reasons, such as the 631 

configuration of the search window (e.g., Dibiase et al., 2010). The catchment 632 

dimensions might have been exceeded when larger radius thresholds were used (i.e., 3 633 

and 5 km). The statistical similarities among most topographic parameters are perhaps 634 

indicative that the lowest knickpoints in each river are from a unique base-level fall. 635 

This event followed the Miocene, because some slope-break knickpoints were found on 636 

deposits of this age (Figures 2 and 6a). A previous simulations stated that fluvial 637 

disturbances are perceived generally in the order of 1–5 Myr time interval (Whittaker 638 

and Boulton, 2012). Thus, the fluvial disturbances in the study area occurred most likely 639 

in the Late Quaternary. This is also supported by tributaries incising into dome-like 640 

reliefs during this time. However, the migration of some knickpoints from most 641 

upstream catchment locations (e.g., rivers 5 and 6) is related to an earlier transient stage 642 

of the rivers. 643 

The regression analysis pointing to the strong scalings (r² > 0.89) between the 644 

knickpoint horizontal distances and the drainage areas (Figure 9) suggests knickpoints 645 

not anchored in place. This observation is in line with records of horizontal knickpoint 646 

retreat as primarily a function of the drainage area (e.g., Crosby and Whipple, 2006; 647 

Berlin and Anderson, 2007; Boulton et al., 2014). The high variability of Hack’s 648 

exponents by comparing the Cariatá Graben region (south) and the Patos Shear Zone 649 

region (north) is more likely due to the sinuosity of some large tributaries. Hence, the 650 

high sinuosity of the northern tributaries (e.g., rivers 5 and 6 in Figure 3) downstream of 651 

the knickpoints may have inflated part of the deviation of Hack’s exponent (L = 1.4A0.6; 652 
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Hack, 1957), as verified in other studies (Smart and Surkan, 1967; Willemin, 2000). 653 

However, the wide range of drainage areas upstream of knickpoints (i.e., from 2.4 to 654 

238 km²) confirms that they are not pinned to a specific drainage area threshold, but are 655 

actively migrating upstream (Figure 9). The high scaling between the ksn and the relative 656 

relief values (Figure 8b) further evidences that the tributaries are responding to a 657 

transient fluvial incision, with fluvial channels still adjusting to the new boundary 658 

conditions. 659 

5.3. Control on knickpoints, ksn variations, and fluvial incision 660 

Transient features in fluvial landscapes, such as knickpoints and spatial 661 

variability in ksn values, are indicative of base-level changes in response to boundary 662 

conditions. The knickpoint formation might be due to the exposure of rocks with 663 

differential erodibility, large river captures, and either spatial or temporal changes in 664 

past climate, sea-level and uplift rates (Wobus et al., 2006; Kirby and Whipple, 2012, 665 

Gallen, 2018). Our topographic analysis showed that some vertical-step knickpoints 666 

were lithologically controlled, as revealed by their: high scattering in the regression 667 

analysis (Figure 8b); absence of a clear spatial correspondence between some 668 

knickpoints and the structural fabric of the passive continental margin; and location 669 

close to lithological contacts of variable rock resistances (e.g., knickpoints from rivers 1 670 

and 2 in Figure 6a and Supplementary Figure S4).Vertical-step knickpoints may reflect 671 

local contrasting lithologies, as shown in previous numerical modeling (e.g., Forte et al., 672 

2016).  673 

However, the high number of vertical-step knickpoints with significant increase 674 

in ksn values downstream (Figure 8a) is a typical characteristic of slope-break 675 

knickpoints (Whipple et al., 2013). These knickpoints indicate the influence of a 676 
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regional-scale factor. The uneven distribution of ksn values (i.e., ranging from 8 to 462 677 

m0.9) in the highlands with Precambrian rocks to the west, where slope-break 678 

knickpoints follow a broad ~NNE-SSW- trend (see dashed blue lines in Figure 6a), is 679 

intriguing. Spatial variability of ksn values in some EPCMs, such as in SE Brazil and 680 

eastern North America, was related to rock strength (Gallen, 2018; Peifer et al., 2021) or 681 

climatic control (Souza et al., 2019). However, in the highlands of the study area, the 682 

variability of ksn values occurs across lithologies of relatively similar resistance (Figure 683 

6a). In addition, climatic conditions, such as precipitation rates, do not vary 684 

significantly from the coast to the passive margin high relief zone (Carvalho et al., 685 

2020). Thus, these factors could not have altered the channel dynamics, neither they 686 

could explain the regional ksn variations in the study area. 687 

Large river captures may alter the fluvial channel dynamics and produce 688 

knickpoints that propagate upstream (Whipple et al., 2017). However, the only ongoing 689 

river capture identified in the study area (Figure 10) is of a low magnitude, and it could 690 

not explain all knickpoints formed across the study area. The influence of eustatic sea-691 

level lowering on knickpoints and ksn variations is possible, particularly during the last 692 

glaciation maximum (ca. 23 and 18 ka), when the global sea-level reached 80-120 m 693 

below the modern sea level (e.g., Cutler et al., 2003; Clark et al., 2009). The extent to 694 

which the sea level controls inland base-level and fluvial incision is still uncertain, but 695 

100-150 km upstream from the coast has generally been proposed (Blum and Törnqvist, 696 

2000). The uppermost tributaries in the study area are located up to 125 km from the 697 

coast (Figure 8a), i.e., within the range of sea level influence. However, sea-level fall 698 

alone could not explain the increased fluvial incision (i.e., 156 m on average) in bedrock 699 

rivers on the Precambrian highlands (Table 2). In addition, a sustained base-level 700 

lowering longer than 100 ka is needed for the incision of tributary streams and 701 
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migration of knickpoints (e.g., Whittaker and Boulton, 2012). Furthermore, the ~120 m 702 

global sea-level drop advocated for the Last Glaciation Maximum was fast, i.e., in the 703 

scale of orbital cycles of up to 100 ka (Cutler et al., 2003; Clark et al., 2009). Thus, its 704 

influence in the base-level changes and knickpoint propagation in this passive 705 

continental margin is unlikely.  706 

We propose that the Late Quaternary tectonics controlled the formation of many 707 

knickpoints in the study area. Despite some differences in the proposed rates, several 708 

passive margins worldwide record increased rock uplift rates long after the rifting phase 709 

(Japsen et al., 2012; Pedoja et al., 2011; Gandini et al., 2014; Tribaldos et al., 2017), 710 

with multiple and regionalized uplift events during the Late Quaternary. For instance, a 711 

compilation of palaeoshoreline data (e.g., marine terraces) on a global scale with 712 

emphasis on the last interglacial stage (130-115 ka) showed that most coastal segments 713 

of passive margins were raised relative to sea-level due to an increase in the mean 714 

compression of the lithosphere (Pedoja et al., 2011). For the coastal segments to the 715 

north and south of the study area, they found an average uplift rate of only 0.1 mm/yr. 716 

However, a study integrating ichnological and sedimentary facies proposed a higher 717 

uplift rate of 0.63 mm/yr for the Paraíba region in the last 60 ka (Gandini et al., 2014). 718 

The rise of Late Pleistocene shallow marine deposits at ~38 m a.s.l reported by these 719 

authors is compatible with the fluvial incision averaging 43 m (Table 2) of some 720 

tributaries from the coastal lowlands of the study area. However, the low incision (140 721 

m on average) of the rivers in this instance suggests a low-magnitude uplifting (Table 722 

2), which resulted in limited topographic changes compared to those from tectonically 723 

active settings (Snyder et al., 2000; Wobus et al., 2006; Kirby and Whipple, 2012). 724 

A trend of increased uplift rates in the last 30 Myr, with an increased peak since 725 

Middle Miocene (Figure 12), was recently documented for the Precambrian highlands 726 



31 
 

(Borborema Province) west of the study area, based on inverse modelling of river 727 

profiles (Tribaldos et al., 2017). In addition, the time scale for fluvial disturbances is 728 

generally lower than 5 Myr (Whittaker and Boulton, 2012). These data, together with 729 

the uplifting of Late Quaternary marine deposits in the Paraíba region (Gandini et al., 730 

2014), led to relate the knickpoint migration and the knickpoints at higher elevations in 731 

the Precambrian highlands (Table 2 and Figures 8a) to variations in Late Quaternary 732 

uplift rates. The displacement of recent alluvial deposits with offsets up to 100 m 733 

following the main drainage courses in the Cariatá Graben region (Fonsêca et al., 2020) 734 

is consistent with uplifting timing.  735 

Figure 12. 736 

The differential erosion of the studied relief is probably due to large rivers that 737 

drained the Precambrian terrains, as these rivers have higher potential of erosion than 738 

the smaller and less erosive rivers from the coastal lowlands to the east. However, 739 

extensive fracturing during and after the pre-rift stage could have enhanced the 740 

likelihood of erosion in the low-lying Precambrian rocks to the west. A numerical 741 

modelling of reliefs traversed by shear zones compared to the studied Precambrian 742 

terrains has indicated that fluvial incision rates close to areas with joints, fractures and 743 

faults are orders of magnitude faster than in adjacent intact bedrocks (Roy et al., 2015). 744 

In the instance of the study area, many tributary streams are (Figure 3) aligned 745 

according to regional E-W, NE-SW and NW-SE structural trends (Bezerra et al., 2011). 746 

For instance, the Cariatá Graben subsided due to the reactivation of normal faults during 747 

the Late Quaternary (Bezerra et al., 2008). In addition, the reactivation of normal faults 748 

and major dextral strike-slip mylonitic belts are recorded along the Patos and 749 

Pernambuco shear zones due to transpressional/transtensional deformation (Bezerra et 750 

al., 2014, 2020; Nogueira et al., 2015). These pre-existing structures were reactivated 751 
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several times during the post-rift development of the northeastern Brazilian passive 752 

continental margin, with the youngest reactivation occurring in the Quaternary (e.g., 753 

Bezerra et al., 2008; Marques et al., 2014; Nogueira et al., 2015). Tectonic reactivation 754 

along the Patos Shear Zone raised the Araripe Plateau (Marques et al., 2014) and Rio do 755 

Peixe Basin (Nogueira et al., 2015), located to the west of the study area, in tens of 756 

meters. In addition, the Pernambuco Shear Zone is a present-day well-known active 757 

seismogenic zone that concentrate a high number of low to moderate magnitude 758 

earthquakes (e.g., Lima Neto et al., 2013; Figure 1). Thus, we propose that the study 759 

area was uplifted due to the reactivation of pre-existing structural trends. The tectonic 760 

reactivation is likely to have triggered the incision wave that migrated upstream into the 761 

drainage systems to produce the mobile knickpoints and incised river channels in the 762 

highlands. This interpretation agrees with the fact that the knickpoints lie upstream of 763 

the Patos Shear Zone to the north and upstream of normal faults of the Cariatá Graben 764 

to the south (Figure 7).   765 

5.4. Mechanisms for the passive margin uplift in the Paraíba region 766 

There is no general agreement on the mechanisms that cause regional uplifting 767 

of passive continental margins. Main hypotheses are mantle forcing (Cox, 1989) and 768 

increased lithosphere compression due to plate interactions (Leroy et al., 2004). The 769 

latter produces stresses with far-field effects even thousands of kilometres far from the 770 

stress source (e.g., at plate boundaries). Stresses produced at the plate boundaries are 771 

transmitted across the lithosphere and are accommodated by pre-existing weakness 772 

zones of the crust, such as shear zones. These zones are eventually reactivated to 773 

produce differential uplifts (Holdsworth et al., 1997). Several works have demonstrated 774 

that far-field stresses can be responsible for intraplate faulting and seismicity in passive 775 

margins and intracontinental settings (Zoback, 1992; Assumpção and Araújo, 1993; Hill 776 
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et al., 1995; Pedoja et al., 2011; Japsen et al., 2012). For instance, the rise of the Andean 777 

mountain range and the continuous lateral growth of the Andean Plateau caused a local 778 

compression that increased the regional compression of the entire South American 779 

platform (Assumpção and Araújo, 1993). Similarly, the long distance (i.e., 3500 km) 780 

transmission of compressional stresses through the lithosphere caused basin inversions 781 

in southeast Australia (Hill et al., 1995). 782 

Intraplate compression due to motions of the Mid-Atlantic Ridge (MAR) 783 

pushing towards the west, and of the Andean Chain pushing towards the east, was 784 

interpreted as the main mechanism for post-rift tectonic reactivation and inversion of 785 

many sedimentary basins in the northeastern Brazilian passive continental margin 786 

(Marques et al., 2014; Nogueira et al., 2015; Vasconcelos et al., 2019; Bezerra et al., 787 

2020). These studies proposed that tectonic inversion of the sedimentary basins in this 788 

passive margin would have occurred during three main phases of Andean tectonism: 789 

Peruvian (80-65 Myr), Incaic (45-28 Myr), and Quechuan (22-0 Myr; Coutand et al., 790 

2001; Garzione et al., 2008). Whilst the oldest compressional event is difficult to 791 

describe due to the long-term erosion (Marques et al., 2014), the record of 792 

normal/reverse faults and folds in Miocene and Late Quaternary deposits in this margin 793 

(Rossetti et al., 2011a, 2011b; Bezerra et al., 2014; Alves et al., 2019; Andrades Filho et 794 

al., 2021) agrees with the influence of the Quechuan compressional event. Post-rift 795 

(Miocene and Quaternary) tectonic deformation, including both extension and 796 

compression, is compatible with the present-day stress-field documented in northeastern 797 

Brazil, that is, E-W compression and N-S oriented extension within a strike-slip 798 

deformational regime (Bezerra et al., 2014).  799 

The timing of knickpoint formation in the Paraíba region, presumably of Late 800 

Quaternary age, matches with the Quechuan tectonic phase, which occurred when the 801 
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Andean Plateau was exceptionally high (Garzione et al., 2008; see paleoelevations in 802 

Figure 12). The synchronicity between this compressional event and the fluvial 803 

disturbances observed in the study area suggests a causative link between far-field 804 

stress-induced tectonic uplifting and base-level lowering. 805 

6. Conclusion 806 

DEM-based river profile and divide migration analyses helped to decode the 807 

post-rift geomorphic history of the South American EPCM in the Paraíba region. These 808 

methods have the potential to inform short-term events in the evolution of EPCMs, 809 

particularly in regions with limited or lack of field-based geological data. The results of 810 

the topographic analysis showed that the overall drainage routing pattern of the Paraíba 811 

region is sustained by the broad configuration of the passive continental margin, with a 812 

highland plateau composed of pre-rift bedrocks of varied strengths and tectonic fabrics. 813 

In contrast to proposals of stable passive margins over the last million years, this study 814 

shows that the late development of the studied EPCM was marked by increased local 815 

tectonics during the Late Quaternary. This event changed the topographic gradient and 816 

likely accelerated the erosion, as informed by a number of transient fluvial features, 817 

such as: mobile knickpoints; incised fluvial channels with increased ksn; and divide 818 

migration, many of which recorded over lithologies with similar resistances at or close 819 

to the uplifted zones. Spatial variations in the uplift rates, potentially driven by far-field 820 

compressive stresses concentrated in the shear zones, resulted in base-level lowering, 821 

headward erosion, and drainage divide upstream migration, with drainage 822 

reorganizations taking place along the drainage divides. These results support previous 823 

studies that the topographic development and final stages of evolution of the eastern 824 

South America passive continental margin had a tectonic contribution, at least in its 825 

northeastern sector. 826 
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 1209 
Figure Captions 1210 
 1211 
 1212 
Figure 1. Continental scale geological framework and epicentral distribution in the 1213 

northeastern Brazilian passive continental margin. Shear zones: Pa = Patos; Pe = 1214 

Pernambuco. Sedimentary basins: Ar = Araripe; Ig = Iguatú; Ja = Jatobá; Po = Potiguar; 1215 

Pn = Parnaíba; RP = Rio do Peixe; SA = Sergipe-Alagoas; Tu = Tucano; Pe = 1216 

Pernambuco; and Pb = Paraíba. Geological compartments and structures modified from 1217 

the Brazilian Geological Survey (CPRM) database (http://geosgb.cprm.gov.br/geosgb) 1218 

and the geological map of South America at 1:5.000.000 scale (Gómez et al., 2019). 1219 

Instrumental earthquake data (white circles) available for the period of 1955 to 2020 1220 

was simplified from the Brazilian Seismic Catalog (Bianchi et al., 2018; 1221 

http://moho.iag.usp.br/eq/bulletin/). 1222 

Figure 2. Geological context and regional topography of the study area. (a) Geology of 1223 

the passive continental margin and location of main trunk streams. Trunk rivers: Cu = 1224 

Curimataú; Ca = Camaratuba; Ma = Mamanguape; Mi = Miriri; Pb = Paraíba. Shaded 1225 

relief derived from the SRTM-DEM. Geological units simplified from the CPRM 1226 

geological map at 1:1000000 scale (http://geosgb.cprm.gov.br/geosgb). (b) Swath 1227 

topographic profile derived from the SRTM-DEM, with the regional morphology of the 1228 

passive continental margin.  1229 

Figure 3. Location of the tributary streams investigated in the study area and major 1230 

tectonic structures. Pa-sz = Patos shear zone. Trunk streams: Cu = Curimataú; Ca = 1231 

Camaratuba; Ma = Mamanguape; Mi = Miriri; and Pb =Paraíba River. Dashed black 1232 

line = inferred fault in the basin. RDD = Regional drainage divide. Geological classes 1233 

simplified from the geological map at 1:1000000 scale from CPRM 1234 
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(http://geosgb.cprm.gov.br/geosgb). The location of the shear zone and graben-related 1235 

normal faults based on Bezerra et al. (2008, 2014). 1236 

Figure 4. River profiles of tributary streams from the study area without apparent 1237 

knickpoints (see location of numbered tributaries in Figure 3). (a-c) River profiles in 1238 

distance-elevation plots. (d-f) River profiles in χ-elevation plots. Trunk streams with 1239 

knickpoints are also indicated for comparison. Trunk streams: Cu = Curimataú; Ma = 1240 

Mamanguape; Pb = Paraiba. River profiles were coloured by their corresponding 1241 

geology. River profile segments related to artifacts (lakes/reservoirs) are shown only in 1242 

the distance-elevation graphs for the sake of simplification.  1243 

Figure 5. River profiles of tributary streams from the study area showing knickpoints 1244 

(slope-break and vertical-step). (a-c) River profiles in distance-elevation plots. (d-f)  1245 

River profiles in χ-elevation plots (see the location of numbered tributaries in Figure 3). 1246 

Trunk streams: Cu = Curimataú; Ma = Mamanguape; Pb = Paraíba. River profile 1247 

segments related to artifacts (lakes/reservoirs) shown only in distance-elevation plots 1248 

for simplification. River profiles coloured by their corresponding geology. (g-h-i) Log-1249 

log slope-area (black dots) and χ-elevation plots with examples of profiles bounded by 1250 

vertical-step (g), slope-break (h), and both (i). Acr = critical drainage area.  1251 

Figure 6. Ksn spatial distribution and rock strength analysis. (a) Drainage network 1252 

coloured by ksn values, with the location of knickpoints, drainage basins, and spatial 1253 

contacts of rock groups of similar relative resistance to erosion (see Table 1 for 1254 

definition of rock groups). Ksn values were classified by quantiles due to their skewed 1255 

distribution. Major trunk streams: Cu = Curimataú; Ca = Camaratuba; Ma = 1256 

Mamanguape; Mi = Miriri; Pb = Paraíba. RDD = Regional drainage divide. Dashed 1257 

blue line = inferred area of high relief. (b) Average ksn and standard deviation values for 1258 
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each rock group (Sr = sedimentary rocks; Mr = metamorphic rocks; and Imr = igneous 1259 

and meta-igneous rocks). The number of samples is displayed besides each error bar.  1260 

Figure 7. 3D-view of the EPCM based on the SRTM-DEM (vertical exaggeration of 1261 

30×), with the location of tributaries, slope-break knickpoints and main tectonic 1262 

structures. Purple dot = slope-break knickpoint (numbered tributaries); blue line = 1263 

tributary streams. HEP = High-elevation plateau; LRS = Low-relief surface; HECP = 1264 

high-elevation, chevron-shaped plateau; DR = dome-like relief; CP = coastal plain. 1265 

Solid black line = normal fault; dashed black line = dextral strike-slip fault. Dashed 1266 

white line = general limits between basement rocks to the west and sedimentary covers 1267 

to the east. The location of the Patos shear zone and faults bounding the Cariatá Graben 1268 

was based on Bezerra et al. (2008, 2014). 1269 

Figure 8. Statistic analysis of knickpoints from the study area. (a) Distribution of 1270 

average ksn values upstream and downstream of knickpoints and knickpoint elevations 1271 

from the coastline (E-W). (b) Linear regression between ksn at knickpoint (slope-break 1272 

and vertical-step) and relative relief.  1273 

Figure 9. Statistic analysis of the slope-break knickpoints. Linear regressions: (a) 1274 

drainage area versus knickpoint elevation; (b) knickpoint elevation versus knickpoint 1275 

distance from the mouth; (c) total drainage area versus knickpoint distance from the 1276 

mouth; (d) drainage area above knickpoint versus knickpoint distance from the divide; 1277 

and (e) drainage area below knickpoint versus knickpoint distance from the mouth. The 1278 

distributions in c-d-e were fitted by a power-law function in the general form of Hack’s 1279 

law (L = kAh; Hack, 1957).  1280 

Figure 10. χ-map for the complete drainage basins of the passive continental margin 1281 

(outlets ≥ 1m asl) and the 3D-view of an ongoing river capture. Trunk streams in a: Cu 1282 
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= Curimataú; Ca = Camaratuba; Ma = Mamanguape; Mi = Miriri; Pb = Paraíba. White 1283 

arrow = χ-anomaly. Dashed red line = lithological contacts between basement rocks 1284 

(west) and sedimentary deposits (east). RDD = Regional drainage divide. Shaded relief 1285 

based on SRTM-DEM. (b) SRTM-DEM 3D-view of an ongoing river capture between 1286 

the upper Miriri River and a tributary of the Paraíba River left margin (vertical 1287 

exaggeration = 30×). White dot in b = possible capture point.  1288 

Figure 11. Cross-divide statistics (average and standard deviation) and delta values 1289 

based on Gilbert metrics and χ, including the estimated direction of the divide migration 1290 

(see the location of divide segments in Figure 10a). (a) Channel elevation; (b) channel 1291 

gradient; (c) relative relief at channel head. Red and black lines represent the sides of 1292 

the drainage divides. The main geological units of each divide segment are presented on 1293 

the top of the graph in a. Pb = Precambrian basement rocks; Pg = Paleogene unit; M = 1294 

Miocene unit; Qa = Quaternary unit. (d) Normalized cross-divide delta values (c.f., 1295 

Forte and Whipple, 2018) and uncertainties (standard deviation) for each of the four 1296 

metrics derived from headwater channels, illustrating the stable and mobile divide 1297 

segments in the passive continental margin. 1298 

Figure 12. Predicted average uplift rates for the Borborema Province in northeastern 1299 

Brazil and palaeoelevation estimates for the central Andean Plateau. Black line and grey 1300 

area with ±1 error band = average predicted uplift rates over the last 70 Myr based on 1301 

inverse river profile modelling. Purple bar = palaeoelevation estimates (vertical axis to 1302 

the left) over the past 30 Myr based on carbonate oxygen isotopes. The main phases of 1303 

Andean orogeny are also indicated above the diagram (i.e., Peruvian: 80-65 Myr, Incaic: 1304 

45-28 Myr and Quechuan: 22-0 Myr). Uplift rate and palaeoelevation data simplified 1305 

from Tribaldos et al. (2017) and Garzione et al. (2008), respectively. Phases of Andean 1306 

Orogeny based on Coutand et al. (2001).  1307 
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Table 1. Summary of the main lithologies exposed in the study area, including their 1336 

ages and groups according to their relative resistance to erosion. 1337 

Age Main 
lithologies Geological unit name 

Relative 
resistance to 

erosion 
*Quaternary Sandstones Post-Barreiras  

Low 
resistant 

sedimentary 
rocks 

Miocene 
Sandstones 

and 
mudstones 

Barreiras  

Paleogene Sandstones Serra do Martins 

Late Cretaceous 
Sandstones 

and 
limestones 

Beberibe and Gramame  

Early Cretaceous Phonolith 
and rhyolite Itapororoca 

Igneous, 
more or less 

massive, 
highly 

resistant 

Neoproterozoic Schists Seridó 

Metamorphic 
rocks, 

moderately 
resistant 

Neoproterozoic, 
Mesoproterozoic 

and 
Paleoproterozoic 

Gneisses,  
Migmatites 

and 
Granites 

Suíte Várzea Alegre, 
Serrinha - Pedro Velho - 
units 1-2-3-4, Cabaceiras, 

Salgadinho, Serra de 
Jabitacá, Sertânea,  Recanto 

- Riacho do Forno, São 
Caetano and Campina 

Grande,  Esperança,  Monte 
de Gameleiras,  Serra 

Redonda,  São Lourenço, 
Sumé, and Dona Inês and 

Caxexa plutons 

Igneous and 
meta-

igneous, 
more or less 

massive, 
highly 

resistant 

* after Rossetti et al. (2012). 1338 

 1339 

 1340 

 1341 

 1342 

 1343 
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Table 2. Summary of the main characteristics of tributary streams bounded by 1344 

knickpoints (slope-break and vertical-step), including fluvial metrics and estimates of 1345 

fluvial incision.  1346 

River 
number 

River 
length 
(km) 

Drainage 
area (km²) 

Elev 
(m) 

Dfm 
(km) 

Dfd 
(km) 

Area 
up 

(km²) 

Area 
down 
(km²) 

Ksn up 
(m0.9) ± 

Ksn 
down 
(m0.9) 

± 
Ksn at 

kp 
(m0.9) 

Ksn 
ratio 

Fluvial 
incision 

(m) 
Slope-break knickpoint 

2 16.0 70.6 490 14.2 3.4 4.2 66.4 13.7 0.5 92.3 2.7 12.3 6.7 135 

3 9.9 30.7 183 5.0 5.7 7.3 23.4 13.2 0.8 80.2 4.1 13.8 6.1 45 

4 13.7 46.5 65 10.0 5.4 9.4 37.1 4.8 1.7 24.6 1.2 12.6 5.1 20 

5 117.4 950.6 676 112.0 7.5 9.5 941.1 6.7 0.1 18.2 0.1 24.7 2.7 100 

5 117.4 950.6 423 68.6 51.0 238.3 712.3 18.2 0.1 163.6 16.3 28.3 9.0 60 

6 48.8 319.4 483 45.7 5.7 7.4 312.0 7.8 0.3 17.0 0.9 19.2 2.2 370 

6 48.8 319.4 419 40.8 10.5 17.3 302.1 17.0 0.9 36.5 1.7 41.2 2.1 270 

7 33.9 198.9 484 20.6 16.5 51.6 147.3 12.2 0.1 61.9 1.5 31.4 5.1 180 

8 43.2 200.1 291 32.2 13.4 34.8 165.3 17.6 0.3 58.6 0.7 49.2 3.3 110 

10 16.0 53.3 91 8.2 4.7 8.8 44.5 7.1 0.4 58.9 4.1 9.9 8.3 50 

11 28.8 92.0 125 25.6 5.2 5.2 86.8 12.4 0.7 27.7 2.3 10.4 2.2 60 

13 77.9 422.3 250 42.6 37.4 125.3 297.0 24.6 0.2 174.3 7.5 35.3 7.1 75 

14 94.0 993.8 281 86.8 9.7 14.7 979.1 7.6 0.1 45.4 1.4 28.7 5.9 112 

14 94.0 993.8 239 84.8 11.7 18.7 975.1 7.6 0.1 45.4 1.4 22.6 5.9 90 

15 64.9 349.3 265 42.7 25.4 120.8 228.5 17.1 0.2 67.2 2.9 19.2 3.9 80 

16 38.0 126.4 289 35.6 4.2 3.6 122.8 35.4 0.8 106.7 10.3 23.6 3.0 150 

18 29.3 162.9 300 25.3 6.2 7.7 155.2 15.1 0.7 55.9 3.2 38.1 3.7 115 

19 33.7 123.4 401 29.9 6.1 8.6 114.9 6.3 0.3 81.5 4.0 20.8 13.0 240 

20 13.4 46.5 404 11.2 4.0 4.8 41.7 59.0 4.7 88.1 8.8 46.5 1.5 280 

21 22.0 51.2 499 17.9 6.4 6.9 44.3 16.1 0.6 220.8 10.9 49.3 13.7 290 

22 20.4 89.3 384 19.1 3.2 2.4 86.9 63.3 2.0 94.1 3.1 39.4 1.5 120 
Vertical-step knickpoint 

1 64.7 666.4 442 56.7 9.7 32.6 633.8 17.3 0.2 70.8 3.6 38.3 4.1   
1 64.7 666.4 371 54.0 12.4 39.5 626.9 70.8 3.6 137.8 6.0 42 1.9 

 1 64.7 666.4 231 40.7 25.7 121.7 544.7 20.7 0.2 81.5 7.7 37.9 3.9 
 2 16.0 70.6 324 4.5 13.2 63.8 6.7 10.5 0.3 40.4 2.4 34.5 3.8 
 5 117.4 950.6 209 44.5 75.0 408.9 541.7 48.5 1.3 498.2 15.8 85.3 10.3 
 6 48.8 319.4 317 35.5 15.8 38.8 280.6 36.5 1.7 494.5 16.6 46.9 13.5 
 7 33.9 198.9 304 7.6 29.6 173.4 25.5 61.9 1.5 155.2 6.8 60.4 2.5 
 9 10.2 46.8 342 5.9 7.2 16.2 30.6 14.3 1.0 263.6 7.1 54.3 18.4 
 12 16.7 51.6 75 14.3 4.5 3.1 48.5 6.9 0.9 19.2 0.7 7.2 2.8 
 13 77.9 422.3 507 70.8 9.2 15.3 407.0 19.0 0.2 78.2 2.5 20.4 4.1 
 15 64.9 512.1 174 25.6 42.5 261.5 250.6 21.0 0.3 101.0 5.2 27.1 4.8 
 17 31.7 190.4 73 28.6 4.7 5.8 184.6 11.4 0.5 19.3 0.4 13.2 1.7 
 19 33.7 123.4 311 24.3 11.7 36.9 86.6 18.0 0.5 93.1 9.6 24.3 5.2 
 20 13.4 46.5 246 6.7 8.6 25.6 20.9 41.3 3.2 171.9 6.4 48.5 4.2   
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Elev = Knickpoint elevation; Dfm = knickpoint distance from mouth; Dfd = Knickpoint 1347 

distance from divide; Area up = drainage area upstream of knickpoint; Area down = 1348 

drainage area downstream of knickpoint; ksn up = ksn upstream of knickpoint; ksn down = 1349 

ksn downstream of knickpoint; ksn at kp = ksn at knickpoint.  1350 

 1351 

 1352 

 1353 

 1354 

 1355 

 1356 

 1357 

 1358 

 1359 

 1360 

 1361 

 1362 

 1363 

 1364 
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Table 3. Summary of the unpaired two-samples T and Mann-Whitney U statistical tests 1365 

comparing topographic parameters of slope-break knickpoints recorded in the northern 1366 

(N) and southern (S) sectors of the studied passive continental margin. 1367 

Unpaired two-samples T-test 

Topographic 
parameter Sector Average Standard 

deviation 

Shapiro-
Wilk 

test: p-
value 

Levene 
test:     
p-

value 

Two 
sample t-

test:            
t-statistic 

Two 
sample 
t-test:         

p-value 

Elevation N 339.1 200.0 0.337 0.004 0.119 0.907 S 331.2 85.5 0.168 
* Relative 

relief  
N 139.1 41.9 0.471 0.003 -1.640 0.124 S 186.7 82.5 0.098 

** Relative 
relief 

N 208.5 66.8 0.575 0.013 -2.610 0.021 S 326.3 128.0 0.223 
*** Relative 

relief  
N 277.6 106.0 0.122 0.591 -3.060 0.006 S 421.7 109.0 0.074 

Ksn 
N 28.7 18.1 0.099 0.036 -1.630 0.124 S 46.1 29.1 0.362 

Mann-Whitney U test 

Topographic 
parameter Sector Median Interquartile 

range   

Mann 
Whitney 
test: W-
statistic 

Mann 
Whitney 
test: p-
value 

Slope N 2.71 1.9 - - 47 0.5965 S 2.74 0.9 - - 

Relative relief with window radius of 1 (*), 3 (**) and 5 km (***).  1368 

 1369 


