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Abstract 9 

Continental rifted margins can have complex uplift histories related to different processes 10 

including footwall uplift by mechanical unloading, dynamic uplift and interaction with transfer 11 

margins. Deciphering uplift histories along rift flanks is integral to understanding the margin 12 

evolution as a whole. Here, a combination of drainage analysis and stream profile inverse 13 

modeling is utilized to estimate the rift flank uplift along the north-eastern Red Sea onshore 14 

margin. The drainage network was extracted from an ASTER DEM (~30 x 30 m-horizontal 15 

resolution) and the uplift history was calculated using an inverse model, which builds on the 16 

relationship between uplift, erosion and stream profile shape. Local relief, minimum erosion 17 

volumes and minimum erosion volume:catchment area ratios (Rva) were also calculated and 18 

compared to uplift estimates. Within the study area, small catchments represent footwall 19 

drainage and larger catchments are mostly associated with pre-rift structures and syn-rift 20 

accommodation zones. Uplift initiated in the southern part during early rifting (21-15 Ma) before 21 

shifting northward (12-0 Ma). This uplift distribution is reflected in Rva and relief maps. Early-22 

rift uplift is interpreted as a record of early-rift faulting with possible additional mantle support, 23 

whereas later uplift was driven by fault linkage and mantle upwelling (12-6 Ma) as well as 24 

transform tectonics (6-0 Ma). These modeling results are largely in agreement with other 25 

independent data (low-temperature thermochronology and dated carbonate terraces). Our 26 

workflow benefits from its utilization of ubiquitous drainage data. The combination of drainage 27 

analysis and inverse modeling proves to be more discerning than either one method in isolation, 28 

and may have application to analysis of other margins.  29 

Keywords: Continental uplift; Drainage analysis; Stream profile modeling. 30 

1. Introduction 31 

Estimating the uplift of rift flanks and passive margins has been a subject of several 32 

studies, given its importance for understanding the evolution of continental margins (e.g., Japsen 33 

et al., 2012; Weissel & Karner, 1989). Different processes have been proposed to explain 34 

elevated rifted margins, focusing on uplift timing vis-à-vis rifting. Several authors have 35 

attributed uplift directly to rifting, where processes including mechanical unloading during 36 

extension (Weissel & Karner, 1989) and extensional faults on the flanks of transform boundaries 37 

(e.g., the Gulf of Aqaba; Bosworth et al., 2017) are invoked. Others have demonstrated the 38 

relative youth of such uplifts, suggesting post-rift processes (e.g., West Africa; Doglioni et al., 39 

2003; Walford & White, 2005; West Greenland; Japsen et al., 2012). Other models invoke no 40 

direct relation between rifting and uplift (e.g., the Norwegian margin; Osmundsen & Redfield, 41 

2011), in which case other processes are reported to drive uplift (e.g., lithospheric unloading due 42 

to differential denudation; Gilchrist & Summerfield, 1990). 43 

Uplift has an impact on the evolution of drainage catchments and streams. This makes 44 

landscape characterization a valuable tool to study the spatio-temporal evolution of uplift (e.g., 45 

Twidale, 2004). The use of longitudinal river profiles (i.e., elevation vs. distance to base-level) to 46 

reconstruct epeirogeny-related uplift histories, in particular, has recently received considerable 47 

attention (e.g., Paul et al., 2014; Roberts & White, 2010; Wilson et al., 2014).  48 

The effect of uplift on the landscape, however, may be difficult to interpret where 49 

significant variations in climate and rock strength affect the landscape, especially at scales < 100 50 

km (Wapenhans et al., 2021; Whipple et al., 2017). Landscape evolution in response to climate 51 
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change has been discussed in the literature. For instance, in wetter climates an increase in 52 

discharge downstream might increase stream power and incision rates (Wobus et al., 2010). 53 

Substrate strength and contrasts have also been suggested as an important means for generating 54 

relief along river profiles (e.g., Bursztyn et al., 2015; Gallen, 2018). Spectral analyses of North 55 

American river profiles indicate that changes in substrate likely contribute a few percent to the 56 

geometries of longitudinal river profiles and are increasingly important contributors at short 57 

wavelengths (< 100 km; Wapenhans et al., 2021).  Wilson et al. (2014) showed that, at 58 

wavelengths > 5 km, the slopes of channels draining the Arabian Peninsula are weakly correlated 59 

with lithological contacts. Instead, they suggest that these changes in slope (i.e., knickzones) are 60 

generated by the history of uplift rate.  61 

The northern Red Sea (Figure 1) is flanked by exposed Neogene rift basins, with an 62 

active transform at the Gulf of Aqaba (Bosworth et al., 2005). Topographically, the Arabian 63 

escarpment has an average elevation of ~1 km whereas on the African side elevations are ~400-64 

600 m lower. Climate is presently mostly arid resulting in a lack of permanent rivers on the 65 

Arabian side that would have formed deltas in wetter paleo-climates such as during the 66 

Messinian Age (Bosworth, 2015; Griffin, 1999; Wilson et al., 2014).  67 

Uplift and exhumation have been estimated at some locations around the northern Red 68 

Sea margins (Bosworth, 2015). Apatite fission track (AFT) data suggest denudation from 27 to 69 

20 Ma in Sinai (Kohn & Eyal, 1981) and 23 to 21 Ma west of the Gulf of Suez (Omar et al., 70 

1989). Across the Central Arabian Rift Flank (CARF), modeling of (U-Th)/He apatite and zircon 71 

data (AHe and ZHe) suggests the exhumation of ~1.7±0.8 km deep basement rocks across a 150 72 

km-wide zone at ~23 Ma, before faulting migrated towards the central basin at ~15 Ma 73 

(Szymanski et al., 2016). East of the Gulf of Aqaba, transform tectonics resulted in a much 74 

younger uplift, as evidenced by the elevated positions of Pleistocene terraces (Bosworth et al., 75 

2017).  76 

Despite the aforementioned evidence, little work has been undertaken to constrain the 77 

Neogene uplift along subaerial parts of the northeastern Red Sea and the eastern Gulf of Aqaba. 78 

Here, the tectono-geomorphological evolution is investigated, to map uplift variation in the area. 79 

Uplift history is estimated through inverse modeling of longitudinal stream profiles. Analysis of 80 

the present-day drainage is undertaken to investigate the relationship between uplift and drainage 81 

evolution, which are presented in a tectono-geomorphological evolutionary model. This 82 

approach benefits from good spatial coverage and has applicability to other margins worldwide. 83 
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 84 
Figure 1: A Digital Elevation Model (DEM) topographic map of the areas surrounding the Red Sea showing the elevation 85 
variation along the Red Sea coast and escarpments. Black lines: faults and Mid-Ocean Ridge (MOR) (dashed where uncertain; 86 
compiled from Bosworth et al. (2005), Tubbs et al. (2014) and Szymanski et al. (2016)). Red polygon:  extent of study area.  87 
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2. Geologic setting 88 

Rifting across the Arabian-Nubia Shield commenced in the Oligo-Miocene times, 89 

producing ~20-30 km-long normal faults that likely reactivated Precambrian structures such as 90 

parts of the Najd Fault System (Figure 1; Bosworth et al., 1998; Bosworth et al., 2005; 91 

Gawthorpe et al., 1997). The early rifting phase was also associated with NNW-SSE striking 92 

basaltic dykes on the Arabian margin (~24 Ma; Hughes & Filatoff, 1995; Pallister, 1987). By the 93 

end of the Aquitanian period, fault segment linkage had been established (Bosworth & McClay, 94 

2001). 95 

Fault coalescence, relay ramp breaching and shoulder uplift continued in the Aquitanian-96 

Burdigalian ages (Bosworth & McClay, 2001; Koeshidayatullah et al., 2016), leading to an 97 

angular unconformity at ~21 Ma (Tubbs et al., 2014), coeval with basinal accelerated subsidence 98 

(Steckler et al., 1988). This period lacked magmatism (19-13 Ma; Coleman et al., 1983) and 99 

featured strain migration towards the rift axis (Bosworth et al., 2005). Uplift was associated with 100 

normal faulting during the Late Oligocene-Early Miocene extension across a 150 km-wide zone 101 

of deformation (Szymanski et al., 2016). In a synthesis of published low-temperature 102 

thermochronological data, Bosworth (2015) concluded that denudation of the footwall blocks 103 

around the Red Sea commenced between 24-23 Ma and the regional rift shoulders developed by 104 

22-20 Ma.  105 

Postdating the subsidence, another unconformity surface signifies plate-scale stress 106 

reorganization prior to the Gulf of Aqaba strike-slip activity (Bosworth et al., 2005; Tubbs et al., 107 

2014). Between 14-12 Ma, deformation along the future transform commenced as extension 108 

directions became NNE-SSW (Bosworth et al., 2005). Coevally, N-S-oriented transitional-109 

alkalic volcanism (implying mantle upwelling influence) occurred on the Arabian side (12 Ma; 110 

Camp & Roobol, 1992, and 13 Ma; Ilani et al., 2001).  111 

Deformation intensified along the Gulf of Aqaba during the Pliocene epoch, coeval with 112 

seafloor spreading (5 Ma) in the southern Red Sea and continental extension and signs of early 113 

oceanization further north (Bosworth et al., 2005; Cochran, 2005). Uplift along the Gulf is 114 

evidenced by elevated Pleistocene marine coral terraces that, when global sea-level drop is taken 115 

into consideration, suggest an average uplift rate of 0.15 mm/a since 125 ka (Bosworth et al., 116 

2017). The time-equivalents of these marine terraces along the Red Sea have not been uplifted 117 

(Plaziat et al., 1998). 118 

Tectonic, magmatic and geomorphic changes, which accompanied rifting, have been 119 

described from several locations along the Red Sea, Gulf of Suez and Gulf of Aqaba, and they 120 

indicate a general northward paleo-drainage direction prior to, and during, the early rifting phase. 121 

Anvi et al. (2012) suggested a regional-scale northward topographic slope at western Arabia and 122 

northeastern Africa during the Oligocene epoch. This slope would likely have been an important 123 

control on the drainage direction (e.g., Brown et al., 1989). Furthermore, sedimentological 124 

observations from the Levant suggest that the Early Miocene sediments were at least partly 125 

supplied from south (i.e., northward river direction; Zilberman & Calvo, 2013).  126 

3. Methodology 127 

Geomorphic analyses were performed here to establish the tectono-geomorphic evolution 128 

of uplifted margins using ~30 x 30 m-horizontal resolution Advanced Spaceborne Thermal 129 

Emission and Reflection Radiometer global digital elevation model (ASTER GDEM is a product 130 



6 

 

Saudi Aramco: Public 

of NASA and METI; https://gdex.cr.usgs.gov/gdex/). The data cover the drainage catchments 131 

that have their outlets at the coastline of the northeastern Red Sea and eastern Gulf of Aqaba 132 

(Figure 1). ArcMap was used to extract drainage networks from the DEM following the D-8 flow 133 

routing procedure (O’Callaghan & Mark, 1984; Tarboton et al., 1991).  134 

3.1. Drainage inverse modeling 135 

Geomorphic metrics, such as normalized steepness indices (ksn) or chi-elevation integral 136 

analyses, are widely used to constrain histories of landscape evolution (e.g., Kirby & Whipple, 137 

2012; Perron & Royden, 2013; Snyder et al., 2000; Whipple & Tucker, 1999). A challenge with 138 

using such approaches is that one is forced to assume that rivers are at steady state or that the 139 

functional form of uplift is known a priori. Alternatively, inverse approaches have been used to 140 

solve the stream power model to calculate temporal and spatio-temporal uplift histories (see e.g., 141 

Goren et al., 2014; Paul et al., 2014; Pritchard et al., 2009; Roberts & White, 2010; Roberts et 142 

al., 2012; Rudge et al, 2015). 143 

Here, the inverse approach of Rudge et al. (2015) was used to calculate the uplift history 144 

of the northern Red Sea and eastern Gulf of Aqaba onshore margins. The equation describing the 145 

relationship between uplift, erosion and profile shape is given by: 146 ∂z∂t = U(𝑥𝑥, 𝑡𝑡) − E(𝑥𝑥, 𝑡𝑡)     (1) 147 

where U and E are the rates of uplift and erosion, respectively. ∂z/ ∂t is the rate of change of 148 

elevation with time, and 𝑥𝑥 is the distance along the river (e.g., Roberts & White, 2010; Whipple 149 

& Tucker, 1999; Wilson et al., 2014). It is generally accepted that the stream power erosional 150 

model provides a practicable way of modeling longitudinal river profile evolution on long length 151 

and time (more than 1 Myrs) scales (e.g., O’Malley et al., 2021; Roberts et al., 2019; 152 

Rosenbloom & Anderson, 1994; Whipple & Tucker, 1999). The erosional model includes 153 

advection (i.e. kinematic waves of erosion propagating upstream) and erosional ‘diffusion’ (e.g., 154 

Rosenbloom & Anderson, 1994; Whipple & Tucker, 1999) so that: 155 𝐸𝐸 = −𝑣𝑣𝐴𝐴𝑚𝑚 �∂z∂𝑥𝑥�𝑛𝑛 + κ �∂2z∂𝑥𝑥2�,    (2) 156 

where n and m are dimensionless positive exponents of the stream gradient (∂z/ ∂x) and 157 

upstream area (A), respectively. The prefactor v determines advective velocity when n=1 and 158 

m=0, and κ is a ‘diffusion’ constant. Am is a proxy for discharge and n and m control profile 159 

concavity.  160 

To solve for uplift rate, erosional parameters must first be calibrated. Here, the v and m 161 

values are set to 120 m0.6 /Myr and 0.2, respectively. These values were calibrated by Wilson et 162 

al. (2014) from the history of incision of radiometrically-dated lava flows of Harrat Rahat, which 163 

lies partially within the southern part of our study area. κ can vary by many orders of magnitude 164 

without significantly affecting calculated uplift histories (e.g., Rosenbloom & Anderson, 1994). 165 

Following Wilson et al. (2014), Equation 1 is simplified to a linear version of stream power 166 

model in which n = 1 and κ = 0 such that: 167 ∂z∂t = 𝑈𝑈(t)− 𝑣𝑣𝐴𝐴𝑚𝑚 �− ∂z∂𝑥𝑥�.    (3) 168 
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Rearranging using the method of characteristics and integrating (using present-day values 169 

of x and z as boundary conditions at t = 0, and x = 0 and z = 0 as boundary conditions at a time 170 

in the past), this equation can be rewritten as: 171 𝑧𝑧∗ = ∫ 𝑈𝑈(𝑥𝑥(𝑡𝑡), 𝑡𝑡)𝑑𝑑𝑡𝑡𝜏𝜏𝐺𝐺0      (4) 172 𝜏𝜏𝐺𝐺 = ∫ 𝑑𝑑𝑥𝑥𝑣𝑣𝑣𝑣𝑚𝑚𝑥𝑥∗0       (5) 173 

and     𝜏𝜏𝐺𝐺 − 𝑡𝑡 = ∫ 𝑑𝑑𝑥𝑥𝑣𝑣𝑣𝑣𝑚𝑚𝑥𝑥(𝑡𝑡)0      (6) 174 

where z* and x* are the present-day elevation and distance, respectively. 𝜏𝜏𝐺𝐺 is the landscape 175 

response time to an erosional signal propagating upstream (e.g., from x = 0; Rudge et al., 2015). 176 

Equations 4-6 can be used to invert longitudinal river profiles for spatio-temporal uplift 177 

rate histories (U). In this paper, uplift rates are defined on a spatial grid with vertices 10-15 km-178 

apart and time steps of 1 Ma. Uplift rates are then linearly interpolated between these vertices at 179 

each time step to build uplift rate maps. Integration of uplift rates with respect to time,∫𝑈𝑈𝑑𝑑𝑡𝑡, 180 

gives cumulative rock uplift.  181 

The horizontal positions, elevations and upstream drainage areas were extracted along 182 

longitudinal profiles of rivers (bed elevation vs. distance from outlet; Figure 2). The profiles 183 

were jointly inverted, whereby the model iteratively compares actual river shapes with predicted 184 

profiles. We seek the smoothest uplift rate history that minimizes the misfit between the two.  185 

Changes in sea-level during the Neogene period, and associated changes to the length of 186 

rivers as more or less of the continental shelf was exposed, are unlikely to have affected 187 

calculated uplift rate histories substantially (Wilson et al., 2014). Therefore, for simplicity, we 188 

assume that base-level was constant across the study area. If this eustatic sea-level drop signal 189 

has an effect on the modeled uplift rate maps, it is expected to have had the same effect on all of 190 

the study area. It is also noted that the amount of average sea-level drop around Arabia since the 191 

start of the Miocene epoch is ca. 150 m (Haq & Al-Qahtani, 2005), which is an order of 192 

magnitude smaller than calculated uplift.  193 

Landscape response times calculated using calibrated erosional parameter values indicate 194 

that pre-Miocene events are likely to be poorly resolved (Figure 10 in Wilson et al., 2014). We 195 

note that geologic evidence, including marine sedimentary rocks and laterites overlain by 196 

Oligocene basalts, indicates that much of Arabia was likely characterised by subdued topography 197 

and shallow submergence during Late Mesozoic-Early Cenozoic times (e.g., Bohannon et al., 198 

1989; Burke & Gunnell, 2008; Wilson et al., 2014). O’Malley et al. (2021) showed that 199 

precipitation rate variations with frequencies of order 1 Ma or less do not generate significant 200 

changes in calculated stream profiles. For simplicity we start by assuming constant precipitation 201 

rates and return to this issue later.    202 
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 203 
Figure 2: An example of the drainage data used in the inverse modeling to estimate uplift rates. a) A DEM (ASTER GDEM) map 204 
of one catchment (see inset for location) showing the stream network and points (red stars 1-6) where data were extracted for 205 
modeling. ASTER GDEM is a product of NASA and METI. b) The data extracted for each point (i.e., X, Y, Z, distance along 206 
stream and upsteam drainage area). The points are only examples and the actual dataset is much denser (~30-43 m-apart). 207 

Substrate lithology in the study area is variable and encompasses igneous, metamorphic 208 

and sedimentary units (Figure 3). Nonetheless, the effect that lithological variation has on the 209 

input to the inverse modeling (i.e., the stream profile shapes) appears to be minimal (Figure 4). 210 

The notable exception is where catchment NERS4 main stream crosses the escarpment. We, 211 

therefore, start by assuming that erosional parameter values (v, m) are constant. 212 

The assumption that river network planforms are static is often used as a starting point to 213 

infer the control of tectonics, climate and eustatic sea-level change on the topography. In 214 

contrast, some studies suggest that drainage divide migration can be an important means of 215 

modifying landscapes (e.g., Willett et al., 2014). Here, as a starting point the network is assumed 216 

to be static, we then examine how drainage reorganization might impact evolution of the fluvial 217 

network using guided forward models.  218 



9 

 

Saudi Aramco: Public 

3.2. Landscape evolution forward modeling 219 

Simulators capable of predicting landscape evolution at continental scales, with variable 220 

precipitation, planforms and substrate erodibilities, have recently been developed (e.g., Landlab: 221 

Hobley et al., 2017; Badlands: Salles and Hardiman, 2016). Using these models to invert for 222 

uplift histories, which can require O(106) iterations, at continental scales is currently 223 

prohibitively expensive. Nonetheless, we can test the impact of changing precipitation, 224 

planforms and starting conditions by making use of a closed-loop modelling strategy (O’Malley 225 

et al., 2021). In this strategy, first, longitudinal river profiles were inverted to calculate the uplift 226 

rates histories using the model described in the previous section. Secondly, the calculated 227 

histories were used to drive forward model simulations of landscape evolution using the 228 

Badlands libraries (Salles & Hardiman, 2016). These models allow drainage networks to evolve 229 

dynamically under a range of precipitational histories. Thirdly, river profiles are extracted from 230 

the ‘modern’ simulated landscapes and inverted for an uplift rate history, which can then be 231 

compared with results generated by inverting Arabia’s actual river profiles using the relatively 232 

simple erosional model (e.g. constant precipitation, fixed planforms). In this way, we can 233 

examine the impact of changing model parameters on calculated uplift patterns.  234 

Geomorphic and sedimentological observations and interpretations (e.g., Anvi et al., 235 

2012; Brown et al., 1989; Zilberman & Calvo, 2013) indicate that the pre-rift drainage was 236 

directed in general towards the north. As a separate test, we therefore, examine the impact of 237 

initiating models with flat-lying and north-dipping different initial topographies. The results of 238 

this exercise are discussed later when evaluating the inverse modeling (Discussion section). 239 

3.3. Local relief and minimum erosion estimate 240 

Cumulative uplift distribution can lead to erosion variation in space (e.g., Forte and 241 

Whipple, 2018). It can, therefore, be compared against the topography in terms of local relief and 242 

minimum erosion magnitude. Using DEM data, local relief and the minimum erosion maps were 243 

constructed. The local relief was computed with an average window of 10 x 10 km cells by 244 

calculating the difference between the maximum and minimum elevations within each cell.  245 

A minimum erosion height map was constructed by subtracting the present-day 246 

topography from a surface connecting the interfluve elevations within the catchments. This latter 247 

surface is assumed here to represent the elevation of the pre-incision (pre-rift) surface. A similar 248 

methodology was followed to assess erosion variation in tectonically active regions (e.g., Bellin 249 

et al., 2014; Giaconia et al., 2012). For each drainage catchment, the estimated erosion heights 250 

were summed to yield a minimum erosion volume. To normalize the minimum erosion volume 251 

between the catchments, its values were divided by the corresponding catchments’ areas to find 252 

the ratio of volume-to-area (Rva), which makes a comparison between the catchments possible. 253 

This approach is simplistic and subject to uncertainty in terms of the exact height of erosion. 254 

Here minimum erosion maps were used to understand the relative spatial distribution of erosion.  255 

4. Results 256 

4.1. Geomorphic characterization  257 

Arabian drainage catchments emptying into the northern Red Sea and the Gulf of Aqaba 258 

are shown in Figure 3. Topographically, the onshore margin can be divided into high-elevation 259 

southern and northern zones separated by a low-elevation area (Figure 3a). Two c.100 km-wide 260 
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swatch profiles capture clearly the topographic variation between these zones (Figure 5). The 261 

DEM map and swath profiles show a discontinuous mountain range in the south with an average 262 

elevation of ~650 m, and a more continuous escarpment with an average elevation of ~1100 m in 263 

the north (Figure 5). The drainage divide coincides with the top of the escarpment where clearly 264 

mapped, except at catchments NERS1 and 4 and parts of NERS11 (Figures 3 and 5).  265 

As indicated in the Methodology section, only Red Sea catchments with sizes larger than 266 

200 km2 are considered in this study. Those catchments have a variable range of sizes with mean 267 

values of 1,400 km2 (northern zone) and 1,100 km2 (southern zone; Figure 3b). The catchment in 268 

between (i.e., NERS20) has a significantly larger area of ~105,000 km2.  269 
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 272 
Figure 3: Topography, drainage and geology of the study area. a) ASTER GDEM map showing the drainage network and 273 
catchments. Faults are compiled from Brown et al. (1989), Tubbs et al (2014) (northern zone), and Szymanski et al. (2016) 274 
(southern zone). Circled numbers = selected NERS catchments for reference. b) Catchment sizes for the northeastern Red Sea 275 
(NERS#; >200 km2) and eastern Gulf of Aqaba (EGA#; >20 km2). c) Simplified geologic map showing drainage catchments 276 
(modified from Saudi Geological Survey (2016) and Powell et al. (2014)).  277 
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 278 
Figure 4: Main stream profiles extracted for selected Northeastern Red Sea catchments showing the main bedrock lithologies at 279 
the bottom of each panel (lithology modified from Saudi Geological Survey (2016)). These streams were used as inputs in the 280 
inverse modeling. Note that where the stream is covered by Quaternary clastics in upper sections the profile is colored in gray. 281 
Note that no km-scale change in profile slopes correlates with the lithology except at catchment NERS4 at the escarpment.  282 
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 283 
Figure 5:  Black line = mean elevation, gray area = maximum and minimum elevation limits, along swath profiles of the 284 
escarpments. a) Northern zone. b) Southern zone. Locations of swaths are shown on the map (thin black outlines) and the 285 
escarpments are shown as thick black lines.  286 

Approximately 100 km from the coast, NERS20’s width increases dramatically from ~40 287 

km to >700 km (Figure 3). Two main channel orientations are identified within NERS20; a NW-288 

SE (semi-parallel to the Red Sea trend) and a WNW-ESE. West of the escarpments, the 289 

catchments that are <1000 km2 are perpendicular to the coastline and ~90 km long in the south, 290 

becoming progressively shorter towards the NNW (~40 km; Figure 3). Catchment outlets are 291 

spaced at ~20-40 km intervals, with relatively short streams (generally <60 km) semi-292 

perpendicular to the coastline. Larger catchments (1000 km2-7000 km2 in area), including 293 

NERS1, 4, 11, 13 and 37, have more irregular shapes that are narrow close to the coastline but 294 

wider away from it (Figure 3).  295 

Along the Gulf of Aqaba, the elevation increases substantially to >1800 m (Figure 3a). 296 

The coastal plain widens gradually towards the north from very narrow (~3 km) to a maximum 297 

width of ~15 km, before narrowing again. Catchments along the Gulf with areas >20 km2 have a 298 

mean area of ~130 km2 excluding the regional EGA1 catchment (~59,000 km2); remarkably 299 

smaller than catchments draining to the Red Sea (Figure 3b, inset box). The Gulf’s catchments 300 

have axes that are perpendicular to its main axis. The exceptions are the catchments along the 301 

southern part of the gulf margin, which have more oblique shapes with long axes trending 302 

approximately 35° from the Gulf axis (e.g., EGA21 and 23; Figure 3b).  303 

Drainage network planform of the study area is characterized mostly by a dendritic 304 

pattern. However, semi-linear trends of drainage streams stand out with respect to the overall 305 

dendritic pattern and characterize the network across catchment boundaries of NERS19, 17 and 306 

13 (Figure 6c). Additionally, misfit streams are located east of the escarpments with NW-NNW 307 

and NE orientations in catchment NERS11, and at the boundary between catchments EGA1 and 308 

NERS1 (Figures 6a-b). As clearly shown on Figure 6a-c, although the streams are of low order, 309 

the valleys hosting them can be 0.5-1 km-wide.  310 

Stream profiles (stream-bed elevation vs distance from outlet) have been extracted from 311 

Gulf of Aqaba catchments and northern Red Sea catchments (Figure 7). The observed NRS 312 

stream profiles are characterized by a general concave shape. Nonetheless, knickpoints exist 313 

along a few profiles, particularly in the northern part of the study area, spanning a distance from 314 

70-160 km from the coastline (Figure 7b-c). In contrast, the Gulf of Aqaba stream profiles are 315 
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more convex-shaped, with knickpoints and knickzones being within 40 km from the coastline 316 

(Figure 7a). 317 

 318 
Figure 6: a) Drainage at the boundary between NERS1 and EGA1 showing examples of misfit streams (white arrows) where 319 
large valleys host low order streams. b) Bird’s-eye view of the same extent of (a) showing the streams overlaid on a Google 320 
Earth image. Note the large valleys hosting the streams (black arrows). c) Close-up image of the Google Earth image in (b) 321 
showing detailed examples of misfit streams. Note location in (b). d) Drainage at NERS13 and surrounding catchments showing 322 
anomalously linear streams within and across catchments (indicated by black dashed lines). Refer to Figure 3a for locations. 323 
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4.2. Uplift estimation using inverse modeling  324 

The best-fitting theoretical profiles fit the observed profiles well, with the exception of 325 

small misfits (~ ±50 meters) of headwater streams (Figure 7). The magnitudes of misfits between 326 

the observed elevations along the profiles and those modeled by the inverse algorithm cluster 327 

narrowly around zero (Figure 7e-g). Most of the misfits are located at the upper steep reaches of 328 

streams in the northern part of the study area west of the escarpment (Figure 7e-g). 329 

The model predicts early uplift in the southern part of the study area that later shifted 330 

northward with minimal uplift in central areas (i.e., NERS20; Figure 8). Between 21-15 Ma, 331 

calculated uplift was distributed over an area >150 km wide with an average rate of ~0.14 mm/a 332 

(Figure 8b). During this period, the uplift wavelength became narrower from ~200 km (21 Ma) 333 

to ~120 km (15 Ma). 334 

Starting at ~12 Ma, calculated uplift shifted northward, becoming focused with 335 

wavelengths of ~60 km and an average rate of ~0.14 mm/a (Figure 8b). Longer wavelength uplift 336 

is observed at the northwestern part of Harrat Uwayridh/ar Rahah, with a wavelength of ~100-337 

120 km and an average rate of ~0.1 mm/a (9 Ma). During this period, ~60 km-wide uplift 338 

initiated along the eastern Gulf of Aqaba, narrowing down to ~20 km (6 Ma). Starting at ~3 Ma, 339 

zones of focused uplift (~20-60 km-wide) became dominant at the northernmost blocks (0.36-340 

0.29 mm/a; Figure 8b). Presently, those zones are flanked by a ~200 km-wide zone of more 341 

diffuse uplift, with an average uplift rate of ~0.17 mm/a. 342 
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 344 
Figure 7: (a-d) Left: Extracted profiles (gray solid lines) and modeled profiles (black dotted lines) generated by the inverse 345 
model for (a) the Gulf of Aqaba streams and (b-d) the northern Red Sea streams. Note that the horizontal distances along the 346 
panels are different. Right: Corresponding locations of streams (blue lines). Note that the Gulf of Aqaba streams are generally 347 
convex-shaped (a) whereas the northern Red Sea streams are generally concave-shaped (b-d). Knickpoints and knickzones 348 
(purple stars) are observed along both Gulf of Aqaba and northern Red Sea stream profiles (a-c). (e-g) The misfit between the 349 
observed and theoretical profiles. (e) Residual positive misfit map. (f) Residual negative misfit. (g) Histogram of residual misfit, 350 
showing that the misfits cluster around zero difference.  351 

 352 

Figure 8: Uplift estimation from the stream profile inverse modeling. a) Estimated cumulative rock uplift magnitude at present-353 
day. Note the two areas of uplift in the northern and southern part of the study area. b) Estimated uplift rates maps starting from 354 
21 Ma until the present-day. Note that uplift in the southern area is estimated to have occurred earlier than the northern area. 355 
Faults (black lines) and volcanic fields (purple) are shown.  356 
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4.3. Minimum erosion volume and local relief estimation 357 

The location of greatest erosion varies, becoming both more confined and closer to the 358 

coast towards the north with time (Figure 9). In the south, erosion is spread across a 60-80 km 359 

wide area that is, on average, ~60 km away from the coastline (Figure 9a). Further north erosion 360 

becomes focused on a 20-40 km-wide area 0-30 km away from the coastline. The catchment area 361 

plays a crucial role in the minimum erosion volume (e.g., catchment NERS20; ~5400 km3; 362 

Figure 9b). Dividing the volume by the area yields high Rva values in the northern and southern 363 

zones compared to the central catchments (Figure 9c). 364 

A 50-100 km wide belt of high relief runs parallel to the coastline, and is separated from 365 

it by a lower relief area (Figure 10). In detail, the local relief map shows similarity to the Rva map 366 

with both southern and northern zones of high values (Figures 9 and 10). A 50-100 km wide belt 367 

of high local relief is observed parallel to the coastline throughout the study area (Figure 10). 368 

Local relief drops rapidly between this belt and the coastline to values reaching zero within each 369 

10 x 10 km window of observation.  370 

Moderately positive spatial correlation is noted between these geomorphic observations 371 

and the estimated uplift from the inverse modeling of drainage profiles. The southern and 372 

northern zones of relatively high relief and Rva values coincide with the high cumulative rock 373 

uplift values described earlier (Figures 8a, 9c and 10). 374 
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 375 
Figure 9: Erosional volume across the study area. a) Minimum erosion map produced using interfluve elevations to construct pre-erosion topography. b) Catchments draining to 376 
the Red Sea (NERS#) and Gulf of Aqaba (EGA#) with areas >200 km2 , showing the contribution of eroded volume from each catchment. c) Volume:area ratios (Rva) values for 377 
each catchment.378 
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 379 
Figure 10: Local relief (10x10 km2) map for the study area showing the areas of high relief. The catchment outlines are shown 380 
for reference.  381 

5. Discussion 382 

5.1. Evaluating the inverse modeling results 383 

For the whole of Africa and Arabia, several landscape evolution simulation scenarios 384 

were run with an initial flat topography close to sea-level, each with a different climatic 385 

(precipitation rate) history as a function of space (i.e., latitude) and time by O’Malley et al. 386 

(2021) (see their Figure 13). For the study area of this work, the uplift rate histories calculated 387 

through the inversion of synthetic profiles (generated from the landscape simulations) are similar 388 

to each other and to the uplift rate history recovered by inverse modeling of observed profiles 389 

(Figure 11). Planforms are permitted to migrate but they tend not to move dramatically when 390 

advective velocity is varied via precipitation or substrate erodibility. The results indicate that 391 

changing precipitation rate makes little difference to calculated uplift histories on the length and 392 

timescales with which this paper is concerned. A similar conclusion was reached using the same 393 

approach by O’Malley et al. (2021) for Angola, the Hoggar Massif and Yemen.  394 

Another set of landscape evolution models was run using the uplift rates recovered from 395 

the inversion of the observed profiles in this study (Figure 8) as inputs. The same erosional 396 
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parameters were used as described in Section 3.1 of this work, i.e. m = 0.2, v = 120m0.6 Ma-1. 397 

These forward models were run at a horizontal resolution of 2.5 x 2.5 km, and included both a 398 

flat initial topography and an adjusted initial topography to include a N-S gradient. These tests 399 

illuminate the effect of initial regional drainage direction (in this case, north-directed drainage) 400 

on the eventual planforms. Results show that applying an initial topographic gradient recovers 401 

some large-scale planform features (notably, the south-directed drainage in the northern part of 402 

catchment NERS20 starting from 10 Ma; Figure 12).  403 

 404 
Figure 11: (a) Observed African topography. Star = locations of nodes from the inverse models of O’Malley et al. (2021) at 405 
which uplift histories are plotted. (b) Uplift rate as a function of time averaged over nine nodes at the star shown in panel (a), 406 
from O’Malley et al. (2021). Black line = uplift rate history recovered by inverse modeling of observed drainage network; 407 
colored lines = uplift rate histories recovered by inverse modeling of synthetic drainage networks generated by landscape 408 
simulations forced by original uplift rate history but subject to different precipitation histories. See guide below panels for 409 
periodicities of precipitation rate which were applied. (c) Equivalent cumulative uplift histories. 410 
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  411 
Figure 12: Output drainage planform maps from the forward landscape evolution modeling for time steps 30 Ma, 20 Ma, 10 Ma 412 
and present-day. (a-d) Assuming flat initial topography at 98 Ma. (e-h) Assuming initial topographic gradient at 98 Ma with 500 413 
m elevation (+/- 50 m of white noise) in the south and 0 m in the north. (i-l) Same as a-d with 250 m (+/- 25 m of white noise) in 414 
the south and 0 m in the north. (m-p) Same as a-d but with the initial topographic gradient imposed at 30 Ma. (q-t) Same as e-h 415 
but with the initial topographic gradient imposed at 30 Ma. Dashed box: drainage reversal at catchment NERS20 discussed in 416 
body text. 417 



25 

 

Saudi Aramco: Public 

5.2. Evolutionary model 418 

By integrating the results of the stream profile inverse modeling and the drainage 419 

analysis, complemented with the other geomorphic descriptors (i.e., local relief and Rva), we 420 

propose an evolutionary model of this onshore part of Arabian margin (Figure 13). This model 421 

depicts how the drainage has been affected by pre-existing structures (that are aligned with large 422 

channels) and, more importantly, by the Cenozoic rifting and uplift. 423 
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 424 
Figure 13: A multi-stage model of the NE Red Sea and eastern Gulf of Aqaba utilizing results from the inverse model and 425 
observations from the geomorphic and drainage analyses. Ages of volcanics are from Camp et al. (1991) and Bosworth et al. 426 
(2005). 427 

5.2.1. Pre-rift drainage  428 

The pre-rift drainage, deduced from satellite imagery and drainage characterization and 429 

complemented by highlights of paleo-drainage from the literature (e.g., Brown et al., 1989), 430 
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flowed in a general northwest-ward direction (Figure 13a). The Arabian regional slope towards 431 

the north likely developed during the Oligocene in response to Afar doming (Avni et al., 2012), 432 

and may have controlled the direction of drainage in the study area. This drainage is likely to 433 

have been directed towards basins in the Levant as indicated by sediment provenance (e.g., 434 

Zilberman & Calvo, 2013).  435 

At the catchment-scale, drainage direction would have probably been affected by NW-SE 436 

oriented heterogeneities and weaknesses in the basement (e.g., the Neoproterozoic Najd Fault 437 

System; Johnson et al., 2011). This is indicated, for instance, by the semi-linear and contiguous 438 

trends of drainage streams across NERS19, 17 and 13 catchment boundaries and the NW-439 

oriented main channel in catchment NERS20 east of the escarpment that attest to a common NW 440 

paleo-drainage (Figure 6a-b).  441 

Further north, at the boundary between catchments NERS1 and EGA1, the large widths 442 

of valleys hosting small streams at their uppermost reaches in the EGA1 indicate that they were 443 

located at downstream areas of a paleo-drainage system (Figures 6a and 6d). Although this 444 

interpretation suggests dominantly west-ward direction for these valleys, they are interpreted 445 

here to be distributaries of a large paleo-drainage system. Being in this northern part of the study 446 

area and in the larger context discussed earlier, these mounting observations support an overall 447 

north-directed paleo-drainage interpretation. 448 

5.2.2. Early to main rift-related uplift (21-15 Ma) 449 

Denudation does not necessarily equate to uplift but it is probably reasonable to assume 450 

that relative base-level drop driven by rock uplift can result in denduation. Early Miocene uplift 451 

in the southern part of the study area estimated from the inverse modeling (Figure 8b) falls 452 

within published tectonic denudation age estimates that signify normal faulting (Bosworth, 2015 453 

and references therein). High Rva (catchments NERS37 and 42) and local relief values in this 454 

area are likely caused by the relative high values of uplift rate and subsequent erosion (Figures 9 455 

and 10). As relief and Rva are measurements of the present-day topography, they cannot be 456 

linked directly to temporal changes in uplift rate. However, the positive correlation between 457 

relief/Rva and cumulative uplift supports the modeled distribution of uplift in space. 458 

Furthermore, the end of the diffuse extension phase and migration of faulting towards the 459 

Red Sea basin at ~13 Ma proposed by Szymanski et al. (2016) at the Central Arabian Rift Flank 460 

(CARF) is reflected in the drainage inverse model whereby the uplift zone narrows down from 461 

21 Ma to 15 Ma before disappearing at 12 Ma (Figure 8b). The Early Miocene uplift is also 462 

supported by the existence of early rift granitic conglomerates in early rift basins, which indicate 463 

crestal erosion of the uplifted basement (Figure 3c; Hughes et al., 1999).  464 

Uplift in the northern part of the study area is not resolved until 15 Ma (Figure 8b), 465 

implying that resolvable uplift commenced between 18 and 15 Ma. This might indicate that the 466 

initial fault segments did not coalesce until the early Middle Miocene as supported, for example, 467 

by the structural context of a Late Burdigalian carbonate platform interpreted in 468 

Koeshidayatullah et al. (2016) to have developed within a relay zone that later became breached 469 

by a through-going basin-bounding fault. Geomorphic indications of uplift are grasped from the 470 

oblique Gulf of Aqaba catchments (e.g., EGA21 and 23) that are more perpendicular to the Red 471 

Sea axis, suggesting inheritance of incision of early uplifted footwall (i.e., prior to transform 472 

tectonics).  473 
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During this and the next tectonic stage, drainage had likely reorganized to form rift-474 

related catchments that are affected by the positions of rift basins and their bounding faults 475 

(Figure 13b). For instance, catchments with areas <1000 km2 that are located to the north and 476 

south of NERS1 outlet represent footwall drainage given their sizes and positions with respect to 477 

the bounding faults (e.g., NERS6-8 and NERS22-36; Figure 3b). Larger catchments (1000-7000 478 

km2) are likely to have formed as catchments behind the original footwall watershed (e.g., 479 

NERS13) or at early rift relay zones (e.g., NERS1, 4, 11 and 37) as indicated by their positions 480 

with respect to faults (Figure 3).  481 

The shape of the largest drainage catchment (NERS20) suggests an earlier NW-SE-482 

elongated pre-rift catchment that deviates from the typical rift-related drainage (see previous sub-483 

section). Miocene rifting resulted in the incorporation of this drainage first as an axial drainage in 484 

early inboard rift basins (Szymanski et al., 2016) before being captured by eastward fluvial 485 

erosion during the Middle Miocene.  486 

5.2.3. Oblique extension and early strike-slip tectonics: northward shift of uplift (15-6 487 

Ma) 488 

The onset of the strike-slip tectonics along the Gulf of Aqaba was associated with oblique 489 

extension and localized deformation both along the gulf and in the northern Red Sea (~14-12 490 

Ma; Bosworth et al., 2005; Koeshidayatullah et al., 2016; Tubbs et al., 2014). The northward 491 

shift of the uplift locus during and after this period (Figure 8b) was likely due to coalescence of 492 

fault segments (e.g., that resulted in relay ramp breaching; Koeshidayatullah et al.,2016), and the 493 

initiation of the strike-slip tectonics. The relatively short wavelengths and high uplift rates (~60 494 

km and 0.14 mm/a, respectively) support the conclusion of uplift due to normal faulting.  495 

Pre-existing fault scarps continued to retreat as, for instance, erosion continued of the 496 

Harrat Uwayridh/ar Rahah ~12 Ma-volcanics (Bosworth et al., 2005; Figure 13c). This age falls 497 

within the estimated uplift timing to the northwest (12-9 Ma) suggesting a potential driver for 498 

enhanced erosion (Figure 8b). Geochemically, the volcanics were interpreted to be derived from 499 

direct mantle melting (Camp & Roobol, 1992), suggesting mantle upwelling as a force for uplift. 500 

This agrees with the conclusion of Ball et al. (2021) who, using global Neogene-Quaternary 501 

volcanic rock geochemical data and shear wave velocities, demonstrate that intraplate uplifted 502 

volcanic rocks are primarily underlain by high-temperature upper mantle. 503 

It is important to note that misfit between observed and modeled stream profiles at the 504 

northern part of the northern Red Sea margin, where uplift is predicted during the time period 505 

from 12- 6 Ma, is the largest compared to the other parts of the margin (Figure 7e-f). We 506 

interpret this to reflect the role played by factors other than uplift (e.g., lithological variation 507 

affecting rock strength) in shaping the stream profiles. However, this does not rule out the role 508 

played by the uplift completely where, for example, convex drainage profiles are all within 509 

predominantly granitic rocks on the Gulf of Aqaba margin (Figures 3c and 7a). 510 

5.2.4. Intensification of strike-slip tectonics (3-0 Ma) 511 

Strike-slip tectonics and the strain localization along the northern area faults were 512 

associated with even higher uplift rates (Figures 8b and 13d). Along the Gulf of Aqaba margin, 513 

profile convexities (Figure 7a) signify a transient state with ongoing net uplift, whereby uplift 514 

rate exceeds erosion rate (Whittaker, 2012). Estimated uplift rates from the inverse model (mean 515 

uplift rate ≈ 0.17 mm/a; cumulative uplift ≈ 1.66 km; 15-0 Ma; Figure 8b) are in close agreement 516 
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with estimates from elevated Pleistocene coral terraces along the eastern side of the Gulf (0.15 517 

mm/a between125-0 ka) and conceptual projection of basement top assuming a near sea-level 518 

paleo-topography (0.12-0.16 mm/a between 14-11 Ma; Bosworth et al., 2017). Bosworth et al. 519 

(2017) concluded that a significant dip component accompanies the strike-slip tectonics. This 520 

agrees with the Gulf of Aqaba being largely a set of pull-apart basins with normal bounding 521 

faults separating the basins from uplifted areas on the flank. 522 

Geomophologically, misfit streams along the eastern boundary of NERS1 were likely 523 

related to drainage reversal during this or the previous uplift phase (Figures 5 and 10c-d). 524 

Furthermore, the high relief and Rva value for NERS1 compared to EGA1 suggest incision by 525 

NERS1 headwaters into the low relief landscape of EGA1 (Figure 9), pushing the boundary 526 

between the two catchments towards the east. Therefore, the effect of the uplift was to introduce 527 

1) an axis of uplift where drainage is reversed towards the east then to the north in EGA1 and 2) 528 

incision in the east-ward headwaters of NERS1 resulting in drainage area gain at the expense of 529 

EGA1 and generating the relief contrast between the two catchments.  530 

5.3. Geodynamic implications: on the contribution of mantle support 531 

Plate-scale uplift of the Arabian margin has been suggested to be caused by a long-532 

wavelength plate tilt driven by mantle flow upwelling (Japsen et al., 2012); a young uplift (~12 533 

Ma; Daradich et al., 2003) compared with the early rift-related uplift. This mantle support is also 534 

indicated by relatively thin lithosphere beneath the elevated flank (<70 km; Hansen et al., 2007) 535 

and low mantle shear velocity (Hansen et al., 2008; Park et al., 2008; Yao et al., 2017), and 536 

revealed using uplift estimation through inversion of river profiles (Wilson et al., 2014).  537 

The estimated uplift in the southern part of the study area lies north of a dynamically 538 

supported regional uplift zone in southwestern Arabia interpreted by Wilson et al. (2014). The 539 

timing of the uplift across the southern part of the study area vis-à-vis rifting is similar to that of 540 

the rift-related exhumation concluded by Szymanski et al. (2016) for the Central Arabian Rift 541 

Flank due to mechanical unloading by normal faulting. Additionally, the long uplift wavelength 542 

(~200 km; 21-15 Ma times in Figure 8b) suggests a possible additional dynamic uplift possibly 543 

due to mantle upwelling during the early rift phase. This latter conclusion is made here with 544 

caution given that the model coverage deteriorates back in time.  545 

A relatively low-velocity zone exists in the mantle (65-85 km depth) beneath in the 546 

southern part of our study area and continues northward to just southwest of Harrat Uwayridh/ar 547 

Rahah (Yao et al., 2017). This zone coincides with an uplift zone with a rate that has been 548 

increasing from 3 Ma to the present (Figure 8b). The spatial coincidence of this low-velocity 549 

zone in the mantle, the existence of young volcanics (<12 Ma) and the increasing uplift rate all 550 

indicate dynamic support by mantle material beneath the rift flank at least after the Middle 551 

Miocene.  552 

Elsewhere in the study area, the short period, if any, separating rifting from the uplift 553 

compared with mature passive margins (discussed in Japsen et al., 2012) indicate that the bulk of 554 

the uplift is related to rifting processes and later transform tectonics. The uplift in the 555 

northernmost part of the study area is underlain by higher-than-average shear wave velocities 556 

(e.g., Yao et al., 2017) reducing the possibility of an asthenospheric dynamic support. The lack 557 

of volcanism in this part of the margin and the relatively large amount of cumulative uplift 558 

(Figure 8a) support such a conclusion. 559 
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6. Conclusions 560 

A workflow integrating drainage network analysis and inverse modeling to estimate 561 

Cenozoic uplift is implemented to investigate the onshore evolution of NE Red Sea and the 562 

nearby eastern Gulf of Aqaba margins. The workflow benefits from its dependency on 563 

ubiquitous drainage data and geomorphic metrics. Such ubiquity makes the workflow application 564 

to other geologic settings feasible. In this study area, the catchments and streams reflect the 565 

interplay of basement heterogeneities, the tectonic (i.e., rifting and transform tectonics) and 566 

geomorphic evolution. Along-margin spatial geomorphic variation (minimum erosion and local 567 

relief) is interpreted to be associated with south-to-north spatio-temporal variation in uplift rate 568 

and magnitude. The uplift history records early uplift in the southern part of the study area and a 569 

later uplift in the north. Integrating our results with other geological observations (e.g. 570 

volcanism) indicates that early-rift uplift might have been caused by unloading due to normal 571 

faulting with possible additional mantle dynamic support. We tentatively suggest that later uplift 572 

was driven by fault coalescence, strain partitioning near transform tectonics and asthenospheric 573 

upwelling. 574 
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