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Abstract: Tectonic uplift of mountain ranges and plateaus have a significant impact on 

the geological record by influencing drainage systems and sediment supply, and on 

climate and on biogeography. Recent geomorphological, geochronological and 

geophysical studies have provided some understanding of time constraints and uplift rate 

distribution patterns, especially in convergent plate margins. Nevertheless, fewer studies 

took a comprehensive view over the topographic patterns, rates and changes in rates of 

tectonic uplift in continental rift systems. We do not know the how ground’s vertical 

motion is localized along the axis of rift and the relative roles of upwelling of magma and 

rift extensional processes play in tectonic uplift history. The East African Rift System 

(EARS) has long served as the ideal example of a continental rift to explore the 

distribution patterns, rates, and timing of tectonic uplift in the evolution of 

geomorphology. This work addresses fundamental questions of tectonic uplift and its 

footprint on the topography associated with rift systems. Specifically, three distinct 

segments along the EARS, the Rwenzori Mountains in the Western Branch, the 

southeastern Ethiopian Plateau in the Northern Branch and the Kenyan Rift in the Eastern 

Branch are investigated. The first chapter evaluated geomorphic proxies in the Rwenzori 

Mountains. We found that the linear geomorphic proxies (normalized steepness and chi 

integral) have strong positive correlation with the erosion rates. Additionally, our 

geomorphic proxy results suggest that the north and south sectors of the Rwenzori 

Mountains are in relative tectonic quiescence but that the central sector is experiencing 

higher levels of erosion and rock uplift. The second chapter used morphotectonic analysis 

to study the tectonic uplift history of the southeastern Ethiopian Plateau (SEEP). We find 

an increase in tectonic uplift rates from the southeastern escarpments of the Afar 

Depression in the northeast to that of the Main Ethiopian Rift to the southwest. We 

identify three regional tectonic uplift events at ~11.7, ~6.5, and ~4.5 Ma recorded by the 

development of regionally distributed knickpoints. This is in good agreement with ages 

of tectonic uplift events reported from the Northwestern Ethiopian Plateau. The third 

chapter examined the tectonic uplift history of the Kenya Rift.  This work found that the 

spatial and temporal pattern of the tectonic uplift inferred from the drainage incision is 

well-correlated with known phases of magmatic activities. Also, this work found that the 

rapid increase in drainage incision since ~4.5 Ma correlated well with a major change in 

vegetation from grassland to woodland. This suggests that the tectonic uplift coupled 

with Pliocene magmatic activities have caused a major shift in the ecosystem in the 

region. 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.0. Project Motivation 

Continental rifts, where the continental lithosphere begin stretching to ultimately form new 

oceans is a central tenet of plate tectonics. One of the most prominent features of rift systems is 

the uplifted flanks developed parallel to the axis of extension. Such tectonic uplift is fundamental 

for reconstructing extensional processes, evaluating changes of the paleo-environments, and 

assessing hydrocarbon resource potential. Success has been made for an integrated and 

quantitative investigation of tectonic uplift by using the feedbacks of topography, often referred 

to as morpho-tectonic analysis (Burbank and Anderson, 2011; Keller and Pinter, 2002). 

Nevertheless, few, if any of these previous studies took a comprehensive view over the 

topographic expression of patterns, rates and changes in rates of uplift in continental rift systems. 

We do not know how the ground’s vertical motion is localized along the axis of rift and the 

relative roles of upwelling of magma and rift extensional processes play in tectonic uplift history. 

Knowledge gaps remain regarding the questions on: (1) whether the topographic feedbacks to 

tectonic uplift (geomorphic proxies), which are successfully applied in convergent plate 

boundaries, can be as equally successfully applied to continental rift settings, where the 

erosion/uplift rates are comparatively lower; (2) what is the implication of the geomorphic  
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proxies on the distribution patterns of tectonic uplift rates on rift flanks; and (3) what is tectonic 

uplift history of the rift flanks and its potential interaction with rifting processes. 

1.1. Objectives 

The objectives of this work are to use the East African Rift System (EARS) to contribute to 

morpho-tectonic studies by providing examples these aims. (1) Examining the effectiveness of 

geomorphic proxies in depicting the spatial and temporal resolution of tectonic uplift rates in 

continental tectonic setting where the tectonic uplift rates are relatively low compared to those 

dominating convergent plate boundaries. (2) Using the well-tested geomorphic proxies to 

establish the uplift history of the southeastern flank of Northern Branch (mainly the Southeastern 

Ethiopian Plateau) of the EARS. (3) Using geomorphic proxies and topographic modeling to 

establish the relationship between tectonic uplift, magmatism and rifting in the Eastern Branch of 

the EARS (mainly the Kenya Rift).  First, morpho-tectonic analysis was carried out in the 

Rwenzori Mountains, which is situated within the Albertine Rift of the Western Branch of the 

EARS (Fig. 1). Efforts have been made to investigate the cooling history, erosion rate and climate 

of these mountains (Baber, 2013; Bauer et al., 2015; Bauer et al., 2010; Ring, 2008; Roller et al., 

2012), providing important independent constraints for the morpho-tectonic interpretation of our 

geomorphic proxy’s results. Here, the geomorphic proxies which are widely used in last decades 

are evaluated to verify if they can quantify erosion/ uplift rate regarding magnitude and location 

in continental rift settings.  

Second, this study used the most valid and robust geomorphic proxies to measure the relative 

uplift rates and tectonic activities of individual drainage basins in the southeastern Ethiopia 

Plateau, comparing the maturity state of the basins between north and south Main Ethiopian Rift . 

Moreover, we employed a knickpoint celerity model to determine the existence of multi-stage 

uplift history of southeastern Ethiopia, and compare the results to the findings from northwestern 

Ethiopian Plateau.  
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Third, the linkage between magmatism and tectonic uplift in the Kenya Rift is explored using 

morpho-tectonic analysis and published geochronological data. Also, the correlation between 

tectonic uplift, curst cooling history, magmatism, and paleoclimate is investigated since 15 Ma. 

  

Figure 1- 1 Digital Elevation Model (DEM) generated from the 1 km spatial resolution Global Multi-
resolution Terrain Elevation Data, showing the East African Rift System (EARS) and Northern, Eastern, 

Western Branches, and the three sections present in this work. AD= Afar Depression. MER= Main 

Ethiopian Rift. KR=Kenya Rift. TDZ=Tanzania Divergent Zone. AR=Albertine and Rhino Grabens. 

ER=Edward-George Rift. KG=Kivu Graben. TR=Tanganyika Rift. RR=Rukwa Rift. MR=Malawi Rift. 

1.2. Significance  

Results from this work advance the knowledge base of tectonic geomorphology. The usefulness 

of geomorphic proxies is assessed in quantifying the uplift and/or erosion rates in rift setting, 

where the erosion rate, or uplift rate in steady state, is much lower compared to collision zone 

(Kirby and Whipple, 2012; Perez-Pena et al., 2010). Therefore, this research will develop a new 
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framework for applying morpho-tectonic analysis to rift systems and in doing so, will move the 

scientific community toward a more comprehensive and quantitative understanding of the 

geomorphic response to both lateral and vertical crustal motion. Moreover, this work is the first 

attempt to correlate the spatial patterns of uplift to the Moho depth derived from two-dimensional 

(2D) spectral analysis of gravity data to explore the possible triggers and timing of uplift events. 

Such interdisciplinary study will complement our understanding of the techniques of morpho-

tectonic analysis, which has the potential to apply to other rift systems around the world.  

Besides, the results of this project yield important first-order observations on the linkage between 

topography and uplift in three distinct regions across the EARS. These results provide a spatially 

continuous image of uplift process from MER in the Northern Branch, the Rwenzori Mountains 

in the Western Branches, to the Eastern Branch. The distribution pattern of geomorphic proxies 

and knickpoint celerity models addresses long-standing controversy about the uplift history of the 

mountain belts, including the Rwenzori Mountains and Ethiopia Plateau, and mechanisms behind 

uplift. Moreover, insights in to uplift history and the approach to equilibrium among lithology, 

topography and erosion (and their spatial variation) will be compared to the mantle flow field and 

lithospheric structure gained from the gravity study. Such a powerful combination of temporal 

and spatial constraints will enable the evaluation of the importance of episodicity of tectonic 

uplift and magmatism in accommodating extension and initiation of the uplift.  

Furthermore, the study of continental rift uplift evolution throughout the long-lived extensional 

process along the EARS has the potential to improve understanding of the range of contributions 

from isostasy and dynamic topographic mechanisms. While many studies focus on uplift history, 

this work examines the geomorphic development and how contributions from mantle upwelling 

and isostasy over time as rifting matures. Establishing how "fundamental rifting processes, and 

feedbacks between them, evolve in time and space" is one of the five key Rift Initiation and 
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Evolution questions identified in the GeoPRISMS draft science plan, thus the result of this project 

will interface with other GeoPRISMS efforts across disciplines to examine rift development. 

Moreover, quantifying the interaction between the tectonics and topography is relevant to a 

number of societal issues including the rate of sediment input to reservoirs, intensity of erosion 

processes in agricultural, and geo-hazards problems at potential locations of earthquake and 

landslides along EARS. Fatal earthquakes, landslides and volcanic hazards produced along the 

EARS have long threatened to the growing population of the region. Diffuse seismic activities 

associated with rifting are reported throughout EARS (Chorowicz, 2005). For the study area 

specifically, the second largest earthquake that ever occurred in East Africa was reported in the 

Rwenzori Mountains in 1966 (Foster and Jackson, 1998) and an earthquake in Ethiopia also 

recorded up to a magnitude of 6.3 (Ayele and Arvidsson, 1997). The geomorphic proxies make it 

possible to identify the basin’s maturity and deformation activity, allowing for identification and 

localization of potential seismic events. Moreover, in this work, related hazards including 

landslides and volcanism associated with rifting processes that can be evaluated within the 

drainage basins along EARS. The region constitutes a large portion of the drainage systems for 

some of the most important rivers in Africa (e.g. White River, Semliki River), and their surface 

processes directly impact the well-being of millions of people in Africa.  

This work reveals the favorable geodynamic settings for mineralization associated with 

magmatism and trapped hydrocarbon resources in the EARS.  A large volume of mineral 

explorations is carried out along the EARS, because of the magmatism associated with 

continental rifting (Chorowicz, 2005; Goldrick and Bishop, 2007; Kanazawa and Kamitani, 

2006). In the meanwhile, organic-rich units with lacustrine origin are a significant source of 

hydrocarbons throughout the world, and a large number of such extant lakes are located in the 

continental extensional basins (Karp et al., 2012). By quantifying the erosion pattern and rate, this 
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project can provide insight on localization of sediment accumulation and further improve the 

understanding of the relationship between rift evolution and hydrocarbon habitat.   
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CHAPTER II 
 

 

GEOMORPHOLOGIC PROXIES FOR BEDROCK RIVERS: A CASE STUDY FROM THE 

RWENZORI MOUNTAINS, EAST AFRICAN RIFT SYSTEM 

 

2.0. Abstract 

Geomorphic proxies yield useful insights into understanding long-term endogenic and exogenic 

response to erosion and/or rock uplift rate. By evaluating these geomorphic proxies, especially 

those obtained from bedrock streams (areal proxies including asymmetry factor (AF), mountain 

front sinuosity (Smf), hypsometric integral (HI), geophysical relief, and shape factor (Shp), and 

linear proxies including normalized steepness index (ksn), length-gradient index (SLk) and Chi 

gradient (Mχ)), the erosion and/or rock uplift rate can be quantified. We carried out morpho-

tectonic analysis in the Rwenzori Mountains, which represents an anomalously uplifted 

Precambrian horst within the western branch of the East African Rift system (EARS). This study 

aims to: (1) evaluate the relationship between geomorphic proxies and drainage basin maturity; 

(2) evaluate the usefulness of geomorphic proxies as recorders of erosion and/or rock uplift rate; 

(3) evaluate the sensitivity of each geomorphic proxy to the drainage basin size and geometry, 

stream order, glaciers extent, and local structures; (4) explore internal correlation within the 

geomorphic proxies; and (5) contribute to the understanding of morphotectonic evolution of the 

Rwenzori Mountains. 
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For this, we computed the stream’s ‘Good of Fitness’ (R2, an indicator of the drainage basin’s 

maturity) and geomorphic proxies for the drainage basins and their streams in the Rwenzori 

Mountains from the Advanced Spaceborne Thermal Emission and Reflection Radiometer 

(ASTER) digital elevation model (DEM). Subsequently, we correlated the areal geomorphic 

proxies with each other and with R2. Also, we correlated the linear geomorphic proxies with each 

other and with published erosion rates obtained from cosmogenic 10Be analysis. Our results show 

that the areal geomorphic proxies (AF, Smf, HI, relief, and Shp), considering the drainage basin 

size and geometry, stream order, glacier extent, and local structures, can be applied to locally 

evaluate the maturity of the drainage basin. We also found that the linear geomorphic proxies (ksn, 

SLk, and Mχ) have strong positive correlation with the erosion rates, they are effective in 

detecting fault activities, and some of them (ksn and Mχ) are highly correlated with each other. 

Additionally, our geomorphic proxy results suggest that the north and south sectors of the 

Rwenzori Mountains are in relative tectonic quiescence but that the central sector is experiencing 

higher levels of erosion and rock uplift. 
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2.1. Introduction 

A wide range of geomorphic proxies have proven to be valuable in estimating the erosion 

and/or rock uplift rate in different tectonic settings. These geomorphic proxies include asymmetry 

factor (AF; Hare and Gardner, 1985; Keller et al., 1997; Perez-Pena et al., 2010), mountain front 

sinuosity (Smf; Ouchi, 1985; Schumm et al., 2002), hypsometric integral (HI; Ohmori, 1993; 

Perez-Pena et al., 2009a), geophysical relief (Burbank et al., 1996; Binnie et al., 2007; Carretier et 

al., 2013), shape factor (Shp; Bull and McFadden, 1977; Kale and Shejwalkar, 2008), normalized 

steepness index (ksn; Kirby and Whipple, 2001, 2012; Wobus et al., 2006), length-gradient index 

(SLk; Hack, 1973; Chen et al., 2003; Perez-Pena et al., 2009b, 2010), and Chi gradient (Mχ; 

Perron and Royden, 2013; Mudd et al., 2014; Willett et al., 2014). The AF, Smf, HI, geophysical 

relief, and Shp are grouped into areal geomorphic proxies whereas ksn, SLk, and Mχ are grouped 

into linear geomorphic proxies. Under certain constraints and theoretical assumptions, these 

geomorphic proxies can be used to quantify the erosion and/or rock uplift rate.  

The relationship between the geomorphic proxies and erosion and/or rock uplift rates is 

built upon empirical equations as well as theoretical assumptions (Delunel et al., 2010; 

Champagnac et al., 2014). Hence, a number of factors need to be considered when applying these 

geomorphic proxies for morphotectonic analysis. This is because the numerical value of a 

geomorphic proxy that is successfully used to estimate the erosion and/or rock uplift rate in one 

tectonic setting (such as collision zone with high uplift rate > 0.5 mm/y) may not be applicable to 

a different tectonic setting (such as continental rift systems with low to moderate uplift rate < 0.5 

mm/y (Perez-Pena et al., 2010; Kirby and Whipple, 2012). 

Furthermore, different approaches that are implemented to extract the geomorphic 

proxies from the digital elevation model (DEM) can result in different numerical values for these 

proxies. For example, changing the length of the channel’s intervals with which the SLk is 

calculated results in significantly different numerical values for this proxy, and this can lead to 

distinctively different morphotectonic interpretations (Perez-Pena et al., 2009b). Also, factors 
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such as the drainage basin size and geometry, stream order, glacier extent, and local structures 

can influence the numerical values calculated for some geomorphic proxies and their spatial 

distribution. For example, it is documented that geomorphic proxies calculated from channels 

with lower first and second stream order are more influenced by local structures than those 

calculated for channels with higher third and fourth stream order (Ries, 2013). Therefore, when 

using lower-order streams, the variation in the numerical values of the geomorphic proxies is not 

directly reflective of the erosion and/or rock uplift rate. Rather, this variation is more reflective of 

local tectonic activities.  

Geomorphic proxies have been successful in investigating morphotectonic evolution of 

contractional tectonic regimes such as the Himalayas, the Andes, and the Alps (Keller et al., 

1997; Perez-Pena et al., 2010; Daxberger and Riller, 2015). However, the application of 

geomorphic proxies for studying morphotectonic evolution of extensional tectonic regimes has 

not yet been fully explored. The East African Rift system (EARS) represents an excellent 

example of a continental rift system that can be used to test the usefulness of geomorphic proxies 

in quantifying the erosion and/or rock uplift rate as well as the drainage basin’s maturity in an 

extensional tectonic setting. Yet, only a few morphotectonic studies have been carried out in the 

EARS. These studies focused on the northwestern Ethiopian Plateau (Fig. 1; Gani et al., 2007; 

Ismail and Abdelsalam, 2012; Gani, 2015; Molin and Corti, 2015; Sembroni et al., 2016).  

In this work, we used geomorphic proxies to carry out morpho-tectonic analysis of the 

Rwenzori Mountains, which represent an anomalously uplifted Precambrian horst situated 

between the Albertine and Edward-George rifts of the western branch of the EARS (Figs. 1 and 

2). Efforts have been made to investigate the cooling history, erosion rate, and climate of these 

mountains (Ring, 2008; Bauer et al., 2010, 2015; Roller et al., 2012; Baber, 2013). Some of these 

studies provided important independent constraints for the morpho-tectonic interpretation of our 

geomorphic proxy’s results. Our objectives are to use the Rwenzori Mountains as an example of 

an uplifted terrain developing in association with a continental rift system exemplifying an 
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extensional tectonic regime to (i) evaluate the relationship between geomorphic proxies and the 

drainage basin’s maturity as defined by the channel’s longitudinal profile ‘Good of Fitness’ (R2); 

(ii) evaluate the relationship between these geomorphic proxies and erosion rate estimated for 

different drainage basins of the Rwenzori Mountains using cosmogenic 10Be analysis (Roller et 

al., 2012); (iii) evaluate the influence of the drainage basin’s size and geometry, stream order, 

glacier extent, and local structures on the geomorphic proxy anomalies; (iv) explore the internal 

correlation within the areal geomorphic proxies on the one hand and the linear geomorphic 

proxies on the other hand; and (v) explain aspects of morpho-tectonic evolution of the Rwenzori 

Mountains using these geomorphic proxies. 

 

2.2. Geologic setting 

2.2.1. The East African Rift system (EARS) 

The EARS represents a series of continental rift segments extending in eastern Africa 

(Fig.1). It can be broadly divided into a northern branch (constituting the Afar depression and the 

main Ethiopian Rift), an eastern branch, and a western branch (Fig. 1). The Rwenzori Mountains, 

the focus of this study, are located within the northern part of the western branch (Fig. 1). The 

western branch comprises, from north to south, the NE-trending Albertine-Rhino Rift and the 

Edward-George Rift, the N-trending Kivu graben, the NNW-trending Tanganyika Rift, the NW-

trending Rukwa Rift, and the N-trending Malawi Rift (Figs. 1 and 2A). The western branch marks 

the boundary between the Nubian and the Victoria plates (Fig. 1). The Victoria plate is currently 

moving eastward away from the Nubian plate with a surface rift opening velocity ranging from 
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1.1 mm/y in the north to 2.9 mm/y in the south (Saria et al., 2014; Katumwehe et al., 2015). 

 

Figure 2-1 Digital elevation model (DEM) generated from the 1-km spatial resolution Global Multi-

resolution Terrain Elevation Data, showing the East African Rift system (EARS) and its northern, eastern, 

and western branches. AD= Afar Depression. MER= Main Ethiopia Rift. KR=Kenya Rift. TDZ=Tanzania 

Divergent Zone. AR=Albertine and Rhino Grabens. ER=Edward-George Rift. KG=Kivu Graben. 
TR=Tanganyika Rift. RR=Rukwa Rift. MR=Malawi Rift. 
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2.2.2. The Rwenzori Mountains  

The NNE-trending Rwenzori Mountains, situated at the border between Uganda and the 

Democratic Republic of Congo, is ~110 km long and ~50 km wide (Fig. 2A). These mountains 

are located at the contact between the Precambrian Kibara-Karagwe-Ankole belt and the 

Rwenzori belt (Nyakecho and Hagemann, 2014). It is bounded by the Cenozoic Albertine Rift in 

the northwest and the Edward-George Rift to the southeast (Katumwehe et al., 2015; Fig. 2B). 

Physiographically, the Rwenzori Mountains can be divided into a north sector, a central sector, 

and a south sector (Fig. 3). The margins of the long and narrow north sector are intersected by the 

NE-trending Ruimi-Wasa fault in the east and the Bwamba Border fault to the west (Fig. 3). The 

central sector yields the highest elevations (5109 m) and the widest width and forms the core of 

the Rwenzori Mountains (Fig. 3). Its western side is intersected by the Lamya fault (Fig. 3). The 

south sector is where the elevation of the Rwenzori Mountains drops steeply southward (Fig. 2A). 

Below we describe the lithology, tectonic uplift history, and climate and glacial history of the 

Rwenzori Mountains because these are factors that influence the geomorphic proxy’s variation.  

2.2.2.1. Lithology 

The majority of the lithological units exposed in the Rwenzori Mountains are low-to 

high-grade metamorphic rocks of Archean–Paleoproterozoic age (Fig. 3; Ring, 2008; Bauer et al., 

2010, 2012, 2013; Westerhof et al., 2014; Koehn et al., 2016). Minor Plio-Pleistocene basaltic 

rocks are exposed in the southern part of the mountains (Fig. 3). The Archean lithological units 

are made up of high-grade gneisses and migmatites that dominate the northern and southern parts 

of the Rwenzori Mountains. These are separated by an E-W trending belt of Paleoproterozoic 

amphibolite schists sandwiching Paleoproterozoic amphibolites (Fig. 3). The Paleoproterozoic 

amphibolite schists are also exposed in the southeastern part of the Rwenzori Mountains (Fig. 3). 

The Paleoproterozoic amphibolite schists and amphibolites belt that traverse the central part of 

the Rwenzori Mountains in an east-west direction are considered to represent a N-verging, thick-
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skinned, fold-and-thrust belt—referred to as the Buganda-Toro belt (Koehn et al., 2016) and 

interpreted as the origin of the Paleoproterozoic amphibolites to be mafic volcanic rocks. Also, 

because of the stacking of the nappes from south to north, Koehn et al. (2016) found a decrease in 

the grade of metamorphism northward. In this graded metamorphic setting, Koehn et al. (2016) 

found that the Archean gneisses and Paleoproterozoic amphibolite schists in the south are 

metamorphosed into high-grade amphibolite facies, whereas the amphibolite schists in the north 

are metamorphosed into low-grade green schist facies. Also, Koehn et al. (2016) found that the 

Archean gneisses in the north, at the front of the N-verging nappes, are overprinted by a low-

grade green schist facies metamorphic event. 

 

Figure 2-2(A) Digital elevation model (DEM) generated from the Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) data showing the Albertine Rift, the Edward-George Rifts and the 
Rwenzori Mountains. (B) Tectonic map of the Albertine Rift, the Edward-George Rifts and the Rwenzori 

Mountains, showing the dominant Precambrian units (modified from Katumwehe et al., 2015). 
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Roller et al. (2012) evaluated the strength characteristics of the lithological units in the 

Rwenzori Mountains to quantify their level of erodibility. Roller et al. (2012) found that the 

Paleoproterozoic amphibolite schists of the Buganda-Toro belt that stretches in an E-W direction 

in the center of the Rwenzori Mountains have medium erodibility, the Archean gneisses that crop 

Figure 2-3 Geologic map of the Rwenzori Mountains showing major rock units 
and fault systems (modified from Ring, 2008; Bauer et al., 2010, 2012, 2013, 
2015; Westerhof et al., 2014). The orange, blue, and pink dashed lines show 
the north, central, and south sectors of the Rwenzori Mountains, respectively. 
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out north and south of the Buganda-Toro belt have low erodibility, and the Paleoproterozoic 

amphibolites that form an E-W trending belt in the center of the Buganda-Toro belt have a very 

low erodibility. As such, the Precambrian bedrock formations are highly resistant to erosions, and 

this leads to low erosion rates by the streams within the drainage basins in the Rwenzori 

Mountains (Eggermont et al., 2009; Jacobs et al., 2015).  

 

2.2.2.2. Uplift history   

A number of models have been proposed to explain the unusually high elevation of the 

Rwenzori Mountains as a Precambrian uplifted horst structure within the Albertine and Edward-

George Rift. The earliest of these models advocated for a two-phase flexural uplift of the footwall 

of the Albertine Rift facilitated by the rearrangement of border faults (Kusznir et al., 1995; 

Karner et al., 2000). This rift-flank flexural uplift mechanism accounted for ~4 km of rock uplift 

of the Rwenzori Mountains, hence an additional mechanism is needed to account for the 

remainder ~1 km elevation of the mountains (Karner et al., 2000). Glaciation erosion starting in 

the middle Pleistocene (which is suggested to have removed 1-2 km of geological material from 

the top of the Rwenzori Mountains), glacier retreat during interglacial periods, and subsequent 

isostatic rebound that facilitated normal faulting were called for as an explanation for the 

additional ~1 km rock uplift of the Rwenzori Mountains (Ring, 2008).  

Alternatively, a deeper lithospheric process (referred to as ‘rift-induced delamination’) 

was introduced to explain the anomalous rock uplift of the Rwenzori Mountains (Wallner and 

Schmeling, 2010). In this model, it was suggested that the southward propagation of the Albertine 

Rift and the north propagation of the Edward-George Rift (Fig. 2) resulted in the overlapping of 

the two rifts at the site that became the Rwenzori Mountains. Hence, the overlapping of the two 

rifts triggered the delamination of subcontinental lithosphere. Removal of the sub-continental 
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lithospheric mantle caused reduction of the viscosity and strength of the ‘Rwenzori’ lower crust, 

allowing for a rapid uplift of the less dense ‘Rwenzori’ crust. 

Recently, it was suggested that part of the reason for the extreme rock uplift of the 

Rwenzori Mountains is its position in relationship to the E-W trending Paleoproterozoic 

Buganda-Toro belt (Koehn et al., 2016). This study pointed to the fact that the Rwenzori 

Mountains are located at the northern deformation front of the Buganda-Toro belt, which is 

dominated by N-verging, thick-skinned nappes showing increased levels of exhumation from 

south to north. This study also drew attention to the fact that the south terminal tip of the 

Albertine Rift and the north terminal tip of the Edward-George Rift are found within the 

Buganda-Toro belt enclosing the Rwenzori Mountains. This work proposed that the presence of 

this preexisting inherited structure might have influenced rift propagation leading to the 

development of brittle faults that enabled significant rock uplift of the Rwenzori Mountains 

within the overlap zone between the two rifts.            

Linking the evolution of the Rwenzori Mountains to that of the Albertine and Edward-

George rifts precipitated the understanding that the rock uplift of the mountains is a relatively 

recent event. For example, it was proposed that Lake Albert north of the Rwenzori Mountains and 

Lake Edward south of it were once connected, forming a bigger paleolake that existed between 

7.5 and 2.5 Ma (Van Damme and Pickford, 2003). Subsequent uplift of the Rwenzori Mountains 

that started at 2.5 Ma resulted in rift segmentation and the separation of the paleolake into Lake 

Albert and Lake Edward. However, recent low-temperature thermochronological studies revealed 

a more complicated exhumation and cooling history for the Rwenzori Mountains that might have 

started as early as Permo-Triassic (Bauer et al., 2010, 2012, 2013). Results of these studies can be 

summarized into (i) an early exhumation at the Permo-Triassic that might be related to the 

beginning of the fragmentation of supercontinent Pangaea and possibly the formation of the 

Karoo basins. (ii) A rapid exhumation in the Middle to Upper Jurassic that might have produced 

positive topography as high as ~1500 m in the absence of erosion rates high enough to balance 
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the high rock uplift rates. The possible positive topography formed during this phase is referred to 

as the ‘Mesozoic Albertine high’ (Bauer et al., 2013). (iii) A phase where fault-controlled low 

differential topography was formed during the Cretaceous and Paleogene because the rock uplift 

phase might have been slightly higher than the erosion rates. (iv) An accelerated Neogene age 

exhumation that resulted in the formation of low relief because rock uplift rates was slightly 

higher than erosion rates. This phase might be associated with the onset of the Albertine and 

Edward-George rifts. (v) A final phase of accelerated rock uplift that produced the modern 

topography of the Rwenzori Mountains because the uplift rates are much higher than can be 

compensated by the erosion rates. 

Results of low-temperature thermochronological studies also show that the rock uplift in 

the Rwenzori Mountains was not uniform and that the western flank of the mountains might have 

witnessed a higher level of rock uplift compared to their eastern flank (Bauer et al., 2013). It is 

also shown that different blocks within the central sector of the Rwenzori Mountains witnessed 

rock uplift at distinctively different times (Bauer et al., 2013). This study showed the presence of 

a NW-trending fault in the central sector of the Rwenzori Mountains separating a northeastern 

block that gave an apatite fission track age of ~130 Ma from a southeastern block that gave an 

age of ~300 Ma. 

 

2.2.2.3. Precipitation and glaciers  

Precipitation in the Rwenzori Mountains is controlled by the movement of the Inter 

Tropical Convergence Zone (ITCZ) and the orographic effect from the height of the mountains 

(Taylor et al., 2009). Movement of the ITCZ controls the seasonal variation in precipitation that is 

characterized by March-May and August-November rainy seasons (Taylor et al., 2009). The 

orographic effect is reflected in the general increase in mean annual precipitation from the foot of 

the Rwenzori Mountains to the middle-higher altitude (~3000 m) of the mountains. This generally 
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is shown by 1998 to 2009 annual rainfall received by the Rwenzori Mountains from Tropical 

Rainfall Measuring Mission (TRMM) data (Fig. 4). The orographic effect is also demonstrated 

from in situ measurements between 1964 and 1995 showing mean annual precipitation of 1540 

mm at ~1370 m elevation that drops to 890 mm at ~960 m elevation (Taylor et al., 2009). 

Available precipitation data are scarce for the Rwenzori Mountains at elevations higher than 

~1370 m. It is observed from data collected between 1951 and 1954 in four stations that the mean 

annual precipitation increases from 1150 mm at ~1250 m elevation to 2500 mm at 3290 m 

elevation (Osmaston, 1989).   

 

Figure 2-4 Contour map of the 1998 to 2009 annual rainfall received by the Rwenzori Mountains from the 

Tropical Rainfall Measuring Mission (TRMM) data. The red, pink, and green polygons illustrate the 
maximum extent of modern glaciers, Mahoma Lake glaciers, and Ruimi and Katabarua moraines, 

respectively (modefied after Kaser and Osmaston, 2002; Ring, 2008; Roller et al., 2012). 
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At present, Mount Stanley, the highest peak in the Rwenzori Mountains, is covered by 

0.5 km2 of permanent snow (Fig. 4; Kaufmann and Romanov, 2012). However, in the past the 

topography of the Rwenzori Mountains was carved by several glacial events starting in the 

middle Pleistocene (Kaser and Noggler, 1991; Kaser and Osmaston, 2002). The last three glacial 

maxima referred to as the Katabarua, the Rwimi Basin, and the Mahoma Lake glaciers (Fig. 4) 

occurred ~300, ~100, and 23-20 ky ago, respectively (Kaser and Osmaston, 2002; Ring, 2008; 

Kelly et al., 2014). The two oldest stages, the Katabarua and the Rwimi Basin glaciers, are 

suggested to have occurred before the last ice age (Osmaston, 1989). The Rwimi Basin glacier is 

characterized by the development of U-shaped valleys; while the Katabarua glacier is marked by 

large, eroded terminal moraines covering ~500 km2 (Osmaston, 1989). The Mahoma Lake glacier 

is defined by prominent lateral moraines extending down to 2070 m elevation for the peak of the 

Rwenzori Mountains (Fig. 4: Kelly et al., 2014). These moraines define the maximum extent (260 

km2) of the Rwenzori glaciers at the end of the last glacial period before the ice cap started to 

retreat (Baber, 2013). Because of the tilt of the Rwenzori Mountain, the moraines on the eastern 

flank are found at a lower altitude compared to the moraines of similar size on the western flank 

of the mountains (Ring, 2008). The tilted morphology of the Rwenzori Mountains is reported to 

have started developing as a result of glacial rebound starting in the middle Pleistocene (Kaser 
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and Osmaston, 2002; Ring, 2008). 

 

Figure 2-5 Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation 

model (DEM) (30-m spatial resolution) of the Rwenzori Mountains showing spatial distribution of 40 
basins and the stream orders. The stream orders are labelled from1 to 4 based on Strahler (1952). The 

locations of cosmogenic 10Be analysis (Roller et al., 2012) are marked by solid red dots. The open red 

circles indicate the drainage basins used for the examples of knickpoint analysis shown in Fig. 6. 
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2.3. Data and methods 

Morphotectonic analysis was performed on 37 representative drainage basins with first to 

fourth stream order, which covers 92% of the total surface area of the Rwenzori Mountains (Fig. 

5). To ensure similar discharge, the drainage basins were chosen to be confined to those 

containing channels with third and fourth stream order. These drainage basins are identified with 

serial numbers ranging from 1 to 37 based on the size of the basin. The smallest size drainage 

basin (23 km2) is given the number 1, and the number 37 is assigned to the largest basin (448 

km2). To compute the geomorphic proxies, we used a DEM extracted from the 30-m spatial 

resolution ASTER data. Sinks and depressions were removed from the DEM, and lakes were 

leveled before the extraction of the geomorphic proxies. We also used erosion rates measured 

using cosmogenic 10Be analysis for 16 samples collected from perennial streams on the Ugandan 

side of the Rwenzori Mountains (Roller et al., 2012; Fig. 5). 
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Table 1 Summary of areal and linear geomorphic proxies and their applications used in this study 

  Proxies Application References  

Areal 

and 
relief 

proxies 

Asymmetry 

factor  (AF) 

AF is suggested to quantify and compare the 

amount of tilted area on both sides of the main 
stream within the entire drainage basin 

Silva et al., 

2003; Ries, 
2013 

Mountain front 

sinuosity (Smf) 

Tectonically active mountain front preserves a low 

Smf value regardless of lithology, whereas inactive 

mountain fronts are characterized by high 

sinuosity values  

Silva et al., 

2003 

Hypsometric 

integral (HI) 

Hypsometric analysis can differentiate erosional 

landforms at progressive stages and can be 
positively correlated to uplift rate 

Perez-Pena 

et al., 2009a 

 Relief 

Geophysical relief has been applied to reconstruct 

paleodatum surfaces to quantify the volume of 

eroded rocks and to evaluate the isostatic rebound 
from erosion 

Small and 
Anderson, 

1998; 

Barcos et 

al., 2014  

Shape factor 

(Shp) 

Shp describes the shape of the drainage basin and 

maturity of the landscape 

Nexer et al., 

2015 

Linear 

proxies 

Normalized 

steepness  (ksn) 

ksn is proportional to the local erosion rate for the 

steady-state basins when bedrock lithology and 

climate are steady 

Kirby and 

Whipple, 

2012 

Length-gradient 

index  (SLk) 

SLk has been applied to quantify tectonic forcing 

in drainage basins; specifically, high SLk values 

are associated with large erosion/uplift rate 
assuming uniform climate and lithology 

Chen et al., 

2003; Kobor 
and 

Roering, 

2004 

Integral proxy 
chi (χ) and 

gradient chi 

(Mχ) 

χ values for the streams sharing the same divide 

suggest the movement direction of the divide; the 
Mχ values reflect uplift rate in steady-state 

Mudd et al., 
2014; 

Willett et 

al., 2014 
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The geomorphic proxies extracted from the ASTER DEM are classified into areal proxies 

and linear proxies (Table 1). The areal geomorphic proxies describe the general characteristics of 

the drainage basin and provide an overview of the basin’s extent, shape, and relief. These 

geomorphic proxies are commonly used to assess the drainage basin’s maturity and equilibrium 

stages (Perez-Pena et al., 2009b; Nexer et al., 2015). These geomorphic proxies include AF, Smf, 

HI, geophysical relief, and Shp. The linear geomorphic proxies including ksn, SLk, Mχ are derived 

from the stream’s longitudinal profiles. These have been suggested to be proportional to local 

erosion and/or rock uplift rate in certain tectonic settings (Montgomery and Brandon, 2002; 

Wobus et al., 2006; Kirby and Whipple, 2012).   

To evaluate the geomorphic proxies, we first extracted areal proxies for the drainage 

basins in the Rwenzori Mountains and linear proxies for the major streams within these drainage 

basins. Subsequently, using R2 as a measure of the drainage basin maturity, we correlated the 

areal geomorphic proxies with R2 in terms of spatial distribution and magnitude. For the linear 

geomorphic proxies, we compared their magnitude and distribution pattern with the erosion rates 

obtained from cosmogenic 10Be analysis (Roller et al., 2012). We did not compare the areal 

geomorphic proxies (with the exception of geophysical relief) to erosion rates because the 

samples used in the cosmogenic 10Be analysis are from individual streams, hence they are not 

representative of the erosion rates of the entire drainage basin. We compared the geophysical 

relief to erosion rates because this geomorphic proxy measures the minimum amount of bedrock 

incision of streams—a parameter that can be correlated to erosion rate. Finally, we used matrix 

scatter plots to examine the internal relationship between the areal geomorphic proxies on the one 

hand and the linear geomorphic proxies on the other hand. 
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2.3.1. Drainage basin’s maturity  

To investigate the relationship between the areal geomorphic proxies and drainage 

basin’s maturity, we evaluated the longitudinal profiles of 75 third order streams within the 

drainage basins of the Rwenzori Mountains. Knickpoints along the stream’s longitudinal profiles 

can be used to define the transient response of the stream to variation in lithology, climate, and 

rock uplift and/or subsidence (Kirby et al., 2003; Pedrera et al., 2009; Pederson and Tressler, 

2012). The location of knickpoints records a perturbation event where the upstream retains the 

characteristics of the preexisting state and where the downstream is adjusted to a new state (Kirby 

and Whipple, 2012). The idealized stream’s longitudinal profile at a dynamic equilibrium stage is 

described by the empirical power-law equation (Hack, 1973; Flint, 1974): 

 𝑆 = 𝑘𝑠𝐴−θ (1) 
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where ks is the steepness index, A is the basin’s drainage area, and 𝜃 is the concavity. 

 

Figure 2-6 Longitudinal stream profiles of the mean streams in basins 6 (A) and 7 (B) of the Rwenzori 

Mountains. See drainage basin locations in Fig. 5. Insert graphs show slope-area relationships of the two 

streams. When the stream is in an equilibrium stage, its slope-area profile tends to have a linear fit and a 

high ‘Good of Fitness’ (R2) value to the concave longitudinal profile as the main stream profile of basin 36. 

When the stream's longitudinal profile is modified by external forces, knickpoint migration will start from 

downstream to upstream as a transient response, resulting in the interruption of the linear fit in slope-area 
profile and a low R2 value as in the case of the main stream longitudinal profile of basin 7. 

When the stream is in equilibrium stage, its longitudinal profile will have a concave 

shape and the slope-area profile tends to have a linear fit. As a transient response, if the stream is 

modified by external factors, knickpoint migration will start from downstream to upstream. This 

will result in the disruption of the linear fit of the slope-area profile and change the stream’s 

longitudinal profile into a convex shape (Whipple and Tucker, 1999; Snyder et al., 2000; Duvall 

et al., 2004). In this case, R2 values will be reflective of the equilibrium and maturity of the 
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stream and its associated drainage basin (Ismail and Abdelsalam, 2012). For example, the 

longitudinal profiles in Figs 6A and B are extracted from the main streams in basins 36 and 7, 

respectively (Fig. 5). The stream in basin 36 is relatively closer to steady-state condition 

compared to the stream in basin 7. This is because the first stream has an R2 value of 0.991, 

whereas the second stream has an R2 value of 0.986. A higher R2 value of a stream’s longitudinal 

profile indicates a higher level of maturity and the approach of equilibrium state. Therefore, high 

R2 values calculated for the majority of the stream’s longitudinal profiles in a given drainage 

basin compared to another basin indicate that this basin is closer to reaching the equilibrium state. 

Thus, we interpolated using kriging the R2 values calculated for the 75 third-order streams from 

the ASTER DEMs to construct a maturity index map for the drainage basins in the Rwenzori 
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Mountains (Fig. 7). 

 

Figure 2-7 Drainage basin maturity map interpolated from the ‘Good of Fitness’ (R2) values of 75 third 

order streams in the Rwenzori Mountains. The green color represents mature drainage basins, while the red 

color reflects an unstable stage of the basins influenced by tectonics and climate. 
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2.3.2. Aerial geomorphic proxies 

2.3.2.1. Asymmetry factor (AF) 

Generally, streams flowing on homogenous lithological units that are not experiencing 

rock uplift are symmetrical and exhibit a dendritic drainage pattern (Schumm et al., 2002). Thus, 

the effect of rock uplift that results in tilting of the lithological units is preserved in the form of 

asymmetry of the drainage network of the basin. Regional-scale tectonic tilting causes asymmetry 

in the higher-order streams, whereas local faulting results in asymmetry in the lower-order 

streams (Ries, 2013). Also, asymmetry recorded in a stream is more obvious when the tilting is 

near perpendicular to the flow direction of the stream. Therefore, the AF can be used to quantify 

the amount of tilting experienced by a given drainage basin (Hare and Gardner, 1985; Keller et 

al., 1997; Perez-Pena et al., 2010). The AF is computed using the following equation:  

 AF = │
AR

AT
∗ 100 − 50│ (2) 

where AR is the basin’s drainage area to the right of the main stream (looking downstream), and 

AT is the basin’s total drainage area.  

 

2.3.2.2. Mountain front sinuosity (Smf) 

The Smf is used to evaluate tectonic activities, specifically in mountain front zones (Bull, 

1976, 2008; Keller et al., 1997; Silva et al., 2003). The Smf  is expressed as: 

 Smf =
Lmf

Ls
 (3) 

where Lmf is the length of the mountain front along the foot of the mountain, and Ls is the length 

of the mountain front measured along a straight line.  

Straight mountain fronts are characteristics of zones where rock uplift rates exceed 

erosion rates. When the rock uplift decreases or ceases, continued erosion will produce sinuous 



31 
 

mountain fronts. Hence, regardless of lithological variation, tectonically active mountain fronts 

will have low Smf values, whereas inactive mountain fronts are characterized by relatively high Smf 

values because the retreating erosion will dominate the mountain front (Keller and Pinter, 2002; 

Perez-Pena et al., 2010; Giaconia et al., 2012; Mahmood and Gloaguen, 2012; Daxberger and 

Riller, 2015). 

 

2.3.2.3. Hypsometric curve and hypsometric integral (HI) index 

Hypsometric analysis describes the distribution of land surfaces at different elevations 

within a drainage basin by comparing their relative height and relative area (Strahler, 1952). The 

relative height is defined as the ratio between the height of a specific elevation within the 

drainage basin and the difference in elevation between the highest and lowest point in that basin. 

The relative area is defined as the ratio between the area of a horizontal plane at a given elevation  

within the drainage basin and the area of the entire drainage basin (Strahler, 1952). The shape of 

the hypsometric curve reflects the geomorphic development of the drainage basin and its stage of 

maturity. Drainage basins in a disequilibrium stage tend to have convex hypsometric curves, 

whereas mature and in equilibrium stage drainage basins have S-shape hypsometric curves 

(convex at high elevations and concave at low elevations; Strahler, 1952; Keller et al., 1997). 

Cheng et al. (2012) suggested that the shape of the hypsometric curves can be correlated with the 

drainage basin maturity and tectonic activities within 0.5 to 2.0 Ma time span. 

The HI is an attribute of the hypsometric curve that can be considered as the proportions 

of the volume of horizontal slabs at a given thickness interval (h; Strahler, 1952). It can be 

expressed as 

 HI = ∫ A dh
Max el.

Min el.

 (4) 

where A is the relative area in the drainage basin, and Max el. and Min el. are the maximum and 

the minimum elevation of the basin, respectively. The dh is the delta height.     
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Strahler (1952) suggested that HI values < 0.3 represent stable, mature, and in 

equilibrium drainage basins and that proposed that HI values > 0.6 are associated with unstable, 

immature drainage basins that are in a disequilibrium stage. Hence, the hypsometric analysis can 

differentiate between erosional landforms at progressively different equilibrium stages and can be 

positively correlated with the rates of rock uplift. Therefore, this geomorphic proxy has been 

widely used in morphotectonic analysis of tectonically active regions (Lifton and Chase, 1992; 

Ohmori, 1993; Chen et al., 2003). We used CalHypso ArcGIS extension (Perez-Pena et al., 

2009a) to extract the hypsometric curves from the ASTER DEM and to calculate the HI for the 

37 drainage basins in the Rwenzori Mountains (Fig. 10).  

 

 

2.3.2.4. Geophysical relief 

The evolution of relief records the relationship between rock uplift and erosion (Molnar, 

2009). Geomorphic proxies based on relief evolution can be divided into local relief and 

geophysical relief (Champagnac et al., 2014; Nexer et al., 2015). Local relief infers the elevation 

difference between the envelope surface (an imaginary topographic surface constructed by ridges, 

peaks, or high-elevated surfaces) and the stream network or any specific points of low elevation 

such as valley bottoms (Ahnert, 1970; Champagnac et al., 2014; Nexer et al., 2015). Differently, 

geophysical relief is defined by the difference in elevation between the envelope surface and 

present-day topography (Small and Anderson, 1998; Champagnac et al., 2014; Nexer et al., 

2015). Additionally, in contrast to local relief, geophysical relief considers the entire drainage 

basin as a low elevation surface rather than low elevation points. Geophysical relief has been 

applied to reconstruct paleodatum surfaces to quantify the volume of eroded geological material 

and to evaluate the isostatic rebound from erosion (Clark et al., 2006; Gani et al., 2007; Sternai et 

al., 2012; Champagnac et al., 2014).  
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We constructed the geophysical relief to estimate the minimum incision of bedrock 

streams in the Rwenzori Mountains since the initial time of the exhumation of the mountains. 

Initial exhumation of the Rwenzori Mountains might have started as early as the Paleozoic (Bauer 

et al., 2012). Using ArcGIS, we identified and extracted isolated erosional remnants in the 

Precambrian bedrock units based on the 1:1,000,000 geological map of Uganda (Westerhof et al., 

2014) as well as other published data (Ring, 2008; Roller et al., 2012; Bauer et al., 2013). To 

avoid using remnants of different erodibility, the relief formed by Cenozoic volcanism in the 

south sector of the Rwenzori Mountains is excluded. We interpolated the remnants using the 

nearest neighbor algorithm to construct a composite paleodatum that represents the minimum 

elevation before the exhumation of the Rwenzori Mountains. Subsequently, we constructed the 

geophysical relief map by subtracting the modern topographic surface from the composite 

paleodatum surface (Fig. 11).  

 

2.3.2.5. Shape factor (Shp) 

The shape of the drainage basin directly controls the water supply to the main stream and 

therefore provides hydrological information about the basin’s dynamics. Shp, also known as the 

elongation ratio, describes the shape of the drainage basin and the maturity of the landscape (Bull 

and McFadden, 1977; Kale and Shejwalkar, 2008). Drainage basins that are influenced by 

tectonic activities generally are more elongated in shape. On the other hand, circular-shaped 

drainage basins often are developed during tectonic quiescence (Bull and McFadden, 1977). Shp 

is calculated as follows: 

 Shp =
√A

d
 (5) 

where A is the basin’s drainage area, and d is the diameter of the basin (maximum distance 

between two points on the basin’s edge; Bull and McFadden, 1977; Nexer et al., 2015). 

 



34 
 

2.3.3. Linear geomorphic proxies 

2.3.3.1. Normalized steepness (ksn)  

As defined in Eq. (1), the power law relationship between the stream’s slope and the 

basin’s drainage area can be empirically supported (Flint, 1974; Wobus et al., 2006). The ks is 

commonly normalized to a reference θ. However, using different θ values for the stream’s 

longitudinal profiles result in large differences in the calculated ks. In this work, we used a θref 

value of 0.45 as recommended by Whipple (2004), which produced reliable results in the 

northwestern Ethiopian Plateau (Ismail and Abdelsalam, 2012). ksn and θ are determined through 

regression of the stream’s slope and the basin’s drainage area.  

We used the stream profiler tool (Kirby et al., 2003) in ArcGIS to extract the slope-area 

profiles and ksn from the ASTER DEM for the main streams within the drainage basins in the 

Rwenzori Mountains. Subsequently, we interpolated the ksn values using kriging to construct a ksn 

anomaly map for the drainage basins of the Rwenzori Mountains (Fig. 13). 

 

2.3.3.2. Length-gradient index (SLk) 

SLk is a geomorphic proxy that highlights a stream’s power by calculating the gradient 

changes along the stream’s longitudinal profile (Hack, 1973). Length-gradient, SL, is calculated 

using the equation  

 SL =
dH

dL
L (6) 

where L is the total length of the stream, and dH/dL is the local stream gradient.  

SL remains constant when the drainage basin is in an equilibrium state  (Hack, 1973). 

The gradient of the stream is formed by differential shear stress or stream power, which can be 

affected by factors such as tectonic activities, lithological variation, and climate change (Keller et 

al., 1997; Burbank and Anderson, 2011). Thus, assuming no lithological variation and no change 

in the climate, SL is often used to identify the effect of tectonic activities in disrupting the 



35 
 

equilibrium state of the stream. SL is highly dependent on the stream’s length. This is because 

longer streams are capable of adjusting their longitudinal profiles more rapidly than shorter 

streams (Chen et al., 2003). Hence, to minimize the effect of stream length on the computation of 

SL and to be able to compare values from different drainage basins, SL is usually modified to 

SLk. This is achieved by normalizing SL by the term k, which represents the graded gradient of 

the stream’s longitudinal profile in the equilibrium stage (Chen et al., 2003; Perez-Pena et al., 

2009b). Hence, k can be expressed as 

 K =
C − hm

ln Lt
 (7) 

where C is the elevation of the highest point at the upstream, hm is the elevation at the mouth of 

the stream, and Lt is the entire length of the stream.  

SLk has been applied to quantify rock uplift in drainage basins in different regions 

around the world (Goldrick and Bishop, 2007; Perez-Pena et al., 2009b; Barcos et al., 2014; 

Dominguez-Gonzalez et al., 2015). In such analysis, assuming no change in climate and 

homogeneous bedrock lithology, high SLk values are associated with high rates of erosion and 

rock uplift (Keller et al., 1997; Chen et al., 2003). On the other hand, low SLk values suggest that 

the drainage basin is not witnessing tectonic activities.  

We used ArcGIS to extract the SLk for the main streams within the drainage basins in the 

Rwenzori Mountains from the ASTER DEM at 150 m equal spacing. Subsequently, we 

extrapolated these values using kriging to develop an SLk anomaly map for the drainage basins in 

the Rwenzori Mountains (Fig. 14). 

  

2.3.3.3. Chi analysis (Mχ) 

An integral geomorphic proxy, referred to as χ, is reported to be useful in characterizing 

the geometry of the drainage basin and its dynamic state (Perron and Royden, 2013; Willett et al., 

2014). At steady state, Eq. (1) can also be expressed as 
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 S =
𝑑𝑧

𝑑𝑥
= (

𝐸

𝐾
)

1
𝑛𝐴

−𝑚
𝑛  (8) 

where S is the stream’s local gradient, A is the basin’s drainage area, z is the elevation of the 

stream, x is the longitudinal coordinate (the distance from the head of the stream to the location 

along the longitudinal profile with a specific z value), E is the bedrock erosion rate, K is the 

erosion coefficient, and m and n are empirical constants (Whipple and Tucker, 1999). χ can be 

computed by integrating both sides of Eq. (8): 

 z(x) = 𝑧𝑏 + (
𝐸

𝐾𝐴0
𝑚)

1
𝑛𝝌 (9a) 
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Mχ = (

𝐸

𝐾𝐴0
𝑚)

1
𝑛 

(9c) 

where zb is the elevation at the mouth of the drainage basin, and A0 is a reference drainage area 

(Perron and Royden, 2013).  

Given the linear form of Eq. (9a), χ predicts an elevation for the stream’s steady state at 

location x (Willett et al., 2014). Therefore, different χ values across a divide in a constant rock 

uplift suggest motion of the divide from a high χ value toward a low χ value (Willett et al., 2014). 

Mχ, often referred to as the gradient in χ space, proportionally reflects the erosion rate at constant 

precipitation and uniform bedrock lithology (Struth et al., 2015; Yang et al., 2015).  

We computed Mχ for the main streams within the drainage basins in the Rwenzori 

Mountains from the ASTER DEM using the code of Mudd et al. (2014) and Perron and Royden 

(2013). To acquire the best fit for the m/n ratio, we carried out AICc-collinearity tests, a modified 

version of Akaike’s information criterion, following the method of Mudd et al. (2014). We 

determined the uniform m/n ratio as 0.4, and we applied this to all main streams within the 

drainage basins in the Rwenzori Mountains (Fig. 15). 
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2.4. Results 

2.4.1. Areal geomorphic proxies 

2.4.1.1. Asymmetry factor (AF) 

We found that the AF values for the drainage basins in the Rwenzori Mountains range 

between 0.4 and 34.8. We divided the basins into symmetrical ones where AF values are < 12.0, 

moderately asymmetrical ones where AF values are between 12.1 and 20.0, and highly 

asymmetrical where AF values are > 20.1 (Fig. 8). (i) The symmetrical drainage basins with AF 

values ≤ 12 are mostly found in the central sector (basins 5, 20, 22, 30, 31, 33, 34, and 35). This 

suggests that the drainage basins in the central sector of the Rwenzori Mountains did not witness 

significant tilting. (ii) The moderately asymmetrical drainage basins with AF values between 12.1 

and 20 are mostly located in the north sector (basins 1, 25, 26, 27, and 36), with a few in the 

central sector (basin 28) and south sector (basins 10 and 37). (iii) The highly asymmetrical 

drainage basins with AF values > 20 are scattered all over the Rwenzori Mountains, including the 

north sector (basins 2, 3, and 9), the central sector (basins 15, 19, 21, and 29), and the south sector 

(basins 11, 14, 17, 24, and 32). This suggests random tilting of the drainage basins throughout the 
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Rwenzori Mountains. 

 

Figure 2-8 Asymmetric factor (AF) and tilting map of the drainage basins in the Rwenzori Mountains. The 

AF values are classified into three categories into 0.4-12 (symmetrical basins), 12.1-20 (moderately 
asymmetrical basins), and 20.1-34.8 (highly asymmetrical basins) symmetric, asymmetric, and highly 

tilted, respectively. 
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2.4.1.2. Mountain front sinuosity (Smf) 

We found that the Smf values of the drainage basins in the Rwenzori Mountains range 

between 0.00 and 2.33 (Fig. 9). We classified the Smf values as high when they are > 1.22, as 

moderate when they are between 1.09 and 1.21, and as low when they are < 1.08 (Fig. 9). Bull 

(2008) considered Smf values to be low when they are < 1.4 and moderate when they are between 

1.4 and 3. It is suggested that low and moderate Smf values are indicative of mountain fronts 

witnessing a high level of tectonic activities (Keller and Pinter, 2002; Perez-Pena et al., 2010; 

Giaconia et al., 2012; Mahmood and Gloaguen, 2012; Daxberger and Riller, 2015). The majority 

of the drainage basins in the Rwenzori Mountains have Smf values < 1.4. However, some drainage 

basins including basins 2 and 9 in the north sector; basins 22, 30, 33, 34, and 35 in the central 

sector; and basins 6, 11, 24, 32, and 37 in the south sector have Smf  values > 1.4. Nonetheless, 

none of the drainage basins in the Rwenzori Mountains have Smf  values > 3 — an Smf  value range 

that is considered to be indicative of significant range-ward erosion and limited fault activities 

(Daxberger and Riller, 2015). Moreover, the distribution of the drainage basins of the Rwenzori 

Mountains with low Smf values coincides with the location of regional faults. The drainage basins 

with anomalously low Smf values in the north sector are intersected by the Ruimi-Wasa fault in the 

east and the Bwamba Border fault to the west (Fig. 9). Additionally, basins 5 and 20 (which have 

low Smf values in the central sector) are intersected by the Lamya fault. Moreover, basin 10 

(which is intersected by the Naymawamba Fault in the south sector) also has a low Smf value. 

Further, almost all drainage basins on the western side of the central and southern sectors have Smf 

values < 1.4, and these basins are intersected by the southern continuation of the Lamya fault 

(Fig. 9). 
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Figure 2-9 Mountain front sinuosity Smf map of the drainage basins in the Rwenzori Mountains. The Smf 

values of the drainage basins are classified into low (0.00-1.08), moderate (1.09-1.21), and high (1.22-

2.33). Note that most of the drainage basins with low Smf values are intersected by major faults. 
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2.4.1.3. Hypsometric curve and hypsometric integral (HI index) 

We divided the hypsometric curves of the drainage basins in the Rwenzori Mountains 

into concave, convex, S, and linear shape (Fig. 10A). Examples of these hypsometric curves are 

shown in Figs. 10C-E. We found that the HI values of these drainage basins range between 0.12 

and 0.50 (Fig. 10B). We classified the HI values as low when they are < 0.25, as moderate when 

they are between 0.26 and 0.37, and as high when they are > 0.38 (Fig. 10B). We found that none 

of the drainage basins in the Rwenzori Mountains have HI value > 0.6. The HI values > 0.6 was 

suggested by Strahler (1952) to indicate unstable, immature relief that is in disequilibrium stage. 

We attribute the absence of HI values > 0.6 to the low rate of rock uplift in the Rwenzori 

Mountains.  
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Figure 2-10 (A) Hypsometric index (HI) map of the drainage basins in the Rwenzori Mountains. The HI 

values are classified into low (<0.26) for stable at equilibrium basins, high (0.38-0.5) for at disequilibrium 

stage drainage basins, and moderate (0.26 < HI < 0.37) for drainage basins between the two end members. 

(B) Hypsometric curves map of the drainage basins in the Rwenzori Mountains. The S-shaped and concave 

hypsometric curves are represented in similar color (green) because they have similar tectonic implication. 

(C) Representative convex-shaped curves from drainage basins 21, 22, and 23 indicative of basins in 

youthful and disequilibrium stage. (D) Representative S-shape or concave-shaped curves from basins 3, 9, 

and 15 indicative of mature and at equilibrium stage basins. (E) Representative linear-shaped curves from 
drainage basins 13, 29, and 34 representing basins between the two end members. 

Generally, we observed that the drainage basins with high HI values also have convex 

hypsometric curves; those with moderate HI values have linear curves; and those with low HI 

value have concave or S-shaped curves. However, some of the drainage basins in the central 

sector of the Rwenzori Mountains (basins 20, 21, and 22) have high HI values and convex 
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hypsometric curves indicating that these basins are in a young and tectonically active stage. 

Differently, some of the drainage basins in the north sector (basins 1, 26, and 36) have low HI 

values and concave hypsometric curves indicating a mature stage as suggested by Strahler’s 

landscape evolution model (Strahler, 1952). Within the north sector, the drainage basins in the 

eastern slope (basins 1, 3, 8, and 36) show more concave hypsometric curves than those on the 

western slope (basins 2, 13, 16, and 27; Fig. 10A). Also, we observed a general increase in the HI 

values of the drainage basin from the north sector to the central sector of the Rwenzori Mountains 

(Fig. 10B). We also observed the presence of drainage basins with complex hypsometric curves. 

These show a convex shape only in their upper and lower parts and a concave shape in their 

middle part (e.g., curves 20 and 22 in Fig. 10C), suggesting a stream rejuvenation process. 

  

2.4.1.4. Geophysical Relief 

We found that the geophysical relief anomaly map shows an incision pattern that is 

generally following the modern drainage network of the Rwenzori Mountains (Fig. 11) with a 

maximum incision of 1280 m, occurring mostly in the central sector (basins 7, 28, 29, 31, and 

34). The geophysical relief anomaly map also shows that the western side of the central sector 

(basins 7, 17, 28, 29, and 31 and the western part of basin 34) has experienced more erosion 

compared to its eastern side (basins 19 and 30 and the eastern part of basins 34 and 35). This is 

possibly caused by the eastward tilting of the Rwenzori Mountains resulting from a higher rate of 

rock uplift on the western side of the mountains, hence more erosion. These results are in good 

agreement with those of Bauer et al. (2012) who observed that the slopes on the eastern side of 

the Rwenzori Mountains are less steep compared to those in the west side. The geophysical relief 

anomaly map also suggests that the drainage in the north sector has less incision depth compared 
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to that in the central and south sectors (Fig. 11). 

 

Figure 2-11 Geophysical relief map of the drainage basins of the Rwenzori Mountains. Values in meters 

represent the minimum incision depth. The Blue dots indicate the location and magnitude of the incision 

rate. Please refer to Fig. 13 for details.  
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2.4.1.5. Shape factor (Shp) 

We found that the Shp values of the drainage basins in the Rwenzori Mountains vary 

between 0.38 and 0.85 (Fig. 12). We classified the drainage basins as circular when their Shp 

values are > 0.68, as moderately elongated when their Shp values are between 0.62 and 0.67, as 

elongated when their Shp values are between 0.52 and 0.61, and as highly elongated when their 

Shp values are < 0.51 (Fig. 12). We observed that the drainage basins in the western side of the 

central sector (basins 5, 7, 20, 22, 28, 29, and 31) have the highest Shp values compared to the 

rest of the drainage basins of the Rwenzori Mountains (Fig. 12). This indicates that these basins 

are more elongated than the rest of the basins in the Rwenzori Mountains. Differently, the 

drainage basins in the eastern side of the central sector as well as those in the north and south 

sectors have low Shp values, indicative of more rounded basins (Fig. 12). Also, in general, we 

observed that the drainage basins in the western side of the north sector (basins 12, 13, 16, and 

27) have relatively higher Shp values compared to the basins in the eastern side of this sector 

(basins 1, 3, 18, 25, and 36).  
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Figure 2-12 Shape factor (Shp) map of the drainage basins in the Rwenzori Mountains. Based on the Shp 

values, the drainage basins are classified as circular (Shp > 0.62), slightly elongated (0.52 < Shp < 0.61), 

and highly elongated (Shp < 0.51). 
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2.4.2. Linear geomorphic proxies 

2.4.2.1. Normalized steepness index (ksn) 

 

Figure 2-13 Normalized steepness index (ksn) map of the drainage basins in the Rwenzori Mountains 

constructed through the interpolation of the ksn values of the main streams in the mountains. The blue 

circles show the locations and magnitudes of the erosion rates determined by Roller et al. (2012) from 

cosmogenic 10Be analysis. The solid white line defines the extent of the Mahoma Lake glaciers. 
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We found that the ksn values of the main streams within the drainage basins in the 

Rwenzori Mountains range between 2.3 and 1109 (Fig. 13). Mostly, the highest ksn values are 

recorded for the drainage basins on the western side of the central sector. On the other hand, the 

lowest ksn values are calculated for the drainage basins of the north and south sectors. We also 

observed that the ksn values of the streams within the drainage basins on the western side of the 

north sector are relatively higher compared to the eastern side. Also, the central part of the central 

sector is characterized by anomalously low ksn values (~100). The limits of these anomalously 

low ksn values coincide with the extent of the Mahoma Lake glaciers (Fig. 13).  

 

  

2.4.2.2. Length-gradient index (SLk) 

We found that the SLk values of the main streams within the drainage basins in the 

Rwenzori Mountains range between 34 and 39,000 (Fig. 14). The highest SLk values are found in 

the drainage basins of the central sector, especially basins 20 and 22 close to the intersection of 

the Lamya fault with the Bwamba fault (Fig. 14). The SLk values reach their lowest level in the 

drainage basins of the north and south sectors. The distribution pattern of the SLk values 

calculated for the main streams within the drainage basins of the Rwenzori Mountains seems to 

follow the distribution pattern of R2   (compare Figs. 7 and 14). As exemplified by basin 22, 

drainage basins with low levels of stream maturity (as indicated by low R2 values) also have 

anomalously low SLk values. Also, drainage basins within the extent of the Mahoma Lake 

glaciers exhibits lower SLk values than those of other regions in the central sector of the 
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Rwenzori Mountains. 

 

Figure 2-14 Stream length-gradient (SLk) anomaly map of the drainage basins in the Rwenzori Mountains, 

constructed by interpolation of SLk values that are calculated using an interval of 150 m along the main 

streams of the mountains. The blue circles represent the locations and magnitudes of the erosion rates 

determined by Roller et al. (2012) from cosmogenic 10Be analysis. The solid white line defines the extent 

of the Mahoma Lake glaciers. 
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2.4.2.3. Chi analysis (Mχ) 

We found that the Mχ values of the streams within the drainage basins in the Rwenzori 

Mountains range between 0 and 19 (Fig. 15). In general, the streams with the highest Mχ values 

are located in the drainage basins on the western side of the central sector (basins 7, 15, 20, 22, 

28, 29, 30, and 31). Differently, the streams within the drainage basins on the central part of the 

central sector have notable low Mχ values. This region coincides with the extent of Mahoma Lake 

glacier. Also, we found that the streams in the eastern slope on the north sector have relatively 

higher Mχ values compared to those in the western slope. This suggests differential erosion 

because of the eastward tilting of the Rwenzori Mountains. We also observed that the normal 

faults in the Rwenzori Mountains are depicted as divide lines between streams with low Mχ 

values in the hanging wall and streams with high Mχ values on the footwall of the faults (Fig. 15). 

We also noticed a distinct boundary separating low Mχ values for streams within the extent of 

Mahoma Lake glacier from relatively higher Mχ values for streams outside the glacier extent 



51 
 

(Fig. 15). 

 

Figure 2-15 Chi (Mχ) map of the main streams of the drainage basins in Rwenzori Mountains computed 

using 100-m interval. The blue circles represent the locations and magnitudes of the erosion rates 

determined by Roller et al. (2012) from cosmogenic 10Be analysis. The solid blue line defines the extent of 

the Mahoma Lake glaciers. 
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2.5. Discussion  

2.5.1. Areal geomorphic proxies, rock uplift, erosion rates, and drainage basin’s maturity 

 With the exception of Shp, at the regional Rwenzori Mountains scale, we found no direct 

correlation between the drainage basin’s maturity R2 on the one hand and the areal geomorphic 

proxies on the other hand. This is reflected in the low values of the correlation coefficient r when 

R2 is plotted against AF (r = 0.14); Smf (r = -0.15); HI (r = 0.10); geophysical relief (r = -0.04); 

and Shp (r = -0.28) (Fig. 16A). However, at the local drainage basin scale, we found that some of 

the areal geomorphic proxies are reflective of local tectonic activities, especially fault activities. 

We will then discussion the proxies as follows.  

   

2.5.1.1. Asymmetry factor (AF) 

The AF values are usually used as a proxy for differential rock uplift in a given drainage 

basin. High AF values indicate tilting and high level of rock uplift, whereas low AF values 

indicate tectonic quiescence of the drainage basin (Schumm et al., 2002). We found that the 

drainage basins with moderate to high AF values (>12) are located in the north and south sectors 

of the Rwenzori Mountains as well as the western side of the central sector (Fig. 8). This can be 

interpreted as because of eastward tilting and asymmetrical tectonic activities in the Rwenzori 

Mountains. However, this interpretation is not in agreement with the high level of maturity of the 

streams within these basins as indicated by their high R2 values (Fig. 7). This interpretation is also 

not in agreement with the low erosion rates reported from the streams within some of these 

drainage basins (Roller et al., 2012). Additionally, the lowest AF values are reported for the 

drainage basins occupying the middle and eastern parts of the central sector (Fig. 8). These 

drainage basins are expected to have high AF values because they occupy the part of the 

Rwenzori Mountains that is witnessing high tectonic activities. Below, we provide a possible 
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explanation for such discrepancy between the AF as a geomorphic proxy and the observed 

tectonic activities.  

The AF is sensitive to the size of the drainage basin as well as the stream order of the 

channels constituting the drainage network of the basin (Ries, 2013). Hence, it is likely that the 

variation in the AF values of the drainage basins in the Rwenzori Mountains is a reflection of 

variation in the size of the drainage basins and their stream orders rather than the level of tectonic 

activities. We noticed that all the drainage basins with low AF values (<12) are those that have 

large area and higher third and fourth stream order (Fig. 8). On the other hand, the drainage 

basins with high AF values (>20) are the ones with small area and lower first and second stream 

order (Fig. 8). For example, the drainage basins in the central sector of the Rwenzori Mountains 

are dominated by first and second order streams, and these basins have low AF values. This leads 

us to conclude that the AF can be an effective geomorphic proxy for describing the rock uplift 

only if the drainage basins used in the computation have similar size and similar stream order. 

The AF values are also reported to indicate the general tilting direction of the drainage basins 

(Ries, 2013). However, we found it not possible to accurately define the tilting direction of the 

drainage basins in the Rwenzori Mountains from the AF values alone. This is because the 

distribution of the AF values does not match the known tilting geometry of the asymmetrical 

horst constituting the Rwenzori Mountains. 

  

2.5.1.2. Mountain front sinuosity (Smf) and fault activity 

We found that the distribution pattern of the Smf values of the drainage basins in the 

Rwenzori Mountains is successful in highlighting the location of normal faults rather than the 

stage of drainage basin’s maturity or equilibrium (compare Figs. 7 and 9). For example, basins 

12, 13, 16, 21, 26, and 27 on the western side of the north sector are intersected by the Bwamaba 

fault. Similarly, basins 1, 3, 8, 18, 25, and 36 on the eastern side of the north sector are intersected 
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by the Ruimi-Wasa fault. All of these drainage basins have moderate to low Smf values (Fig. 9). 

Additionally, in the south sector, basin 10 has an anomalously low Smf value, and this basin is 

intersected by the Nymwamba fault (Fig. 9). Hence, we conclude that the Smf geomorphic proxy is 

effective in detecting local fault activities.  

We found that the level of maturity of the drainage basin is poorly reflected by the Smf  

geomorphic proxy for the following reasons: (i) it is difficult to distinguish the remnants of 

alluvial fans formed during different tectonic events. These alluvial fans could have been 

deposited during an earlier rock uplift pulse. Thus, if these older alluvial fans are included in the 

measurement of the mountain front, the Smf value will be unrealistically high (Bull, 2008); (ii) the 

shape and size of the drainage basin also needs to be taken into consideration when comparing the 

Smf values of different drainage basins. The drainage basins in tectonically active regions do not 

always form fan shapes but sometimes form an irregular and a rather small mountain front. In this 

case, the length of the mountain front was not long enough compared to the size of the drainage 

basin. For example, the mountain front of drainage basin 34 is only 4.5 km long. This resulted in 

calculating a low Smf  value for this drainage basin regardless that it is intercepted by the Bigo 

fault (Fig. 9). 

  

2.5.1.3. Hypsometric curve and hypsometric integral (HI) 

We found that the HI values are consistent with the shapes of the hypsometric curves for 

most of the drainage basins in the Rwenzori Mountains (Figs. 10A and B). Theoretically, the 

concave and S-shaped hypsometric curves are considered to be associated with low HI values 

(<0.25), and these low values are indicative of drainage basins in their equilibrium stage. On the 

other hand, the convex hypsometric curves are thought to be associated with high HI values 

(>0.38), and these high values represent drainage basins that are developing during tectonic 

activities (Strahler, 1952; Willgoose and Hancock, 1998; Perez-Pena et al., 2009a). The results 
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we obtained for the majority (32 out of 37) of the drainage basins in the Rwenzori Mountains are 

in good agreement with the theoretical relationship between the HI values and the drainage 

basin’s development stage. The drainage basins in the north and south sectors of the mountains 

have significantly low HI values and have concave hypsometric curves, while the basins in the 

central sector have moderate to high HI values and convex hypsometric curves (Figs. 10A and B). 

Regardless of the success we report here, there are some drawbacks in using the HI 

values and hypsometric curves as geomorphic proxies for drainage basins’ maturity. Willgoose 

and Hancock (1998) reported that the hypsometric curves and (HI) values can also be influenced 

by the shape of the drainage basin, hence hindering using them for the comparison between wide 

and narrow basins. For example, there is a close similarity between basins 12 and 13 in the north 

sector of the Rwenzori Mountains (Fig. 10A). They are adjacent to each other, drain within 

similar elevation and lithology, and have similar geographic extent (96 km2 for basin 12 and 99 

km2 for basin 13). They also have similar erosion rates (64 mm/ky for basin 12 and 61.8 mm/ky 

for basin 13) as calculated from cosmogenic 10Be analysis (Roller et al., 2012). However, the 

upstream hypsometric curves of these two drainage basins are significantly different in which 

basin 12 has a convex shape (Fig. 10C) and basin 13 has a linear shape (Fig 10E). This might be 

because of the relatively wider upstream area of basin 13, allowing for the draining of additional 

second order streams (Fig. 5). Hence, the shape of the drainage basin and the number of streams 

draining within it need to be considered when using the hypsometric curve and the (HI) values as 

geomorphic proxies.  

Also, in addition to the three end member shapes of the hypsometric curves (concave and 

S-shaped, convex, and linear), we also noticed the presence of more complicated hypsometric 

curves for some of the drainage basins in the Rwenzori Mountains. For example, the hypsometric 

curve of basin 21 has a concave shape of its upstream and downstream segments and a convex 

shape for its middle part (Fig. 10C). It is not easy to infer the state of the drainage basin’s 

maturity from such hypsometric curves. Nonetheless, we observed that the convex part of the 
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hypsometric curve of this drainage basin coincides with where the basin is intersected by the 

Bwambar fault (Fig. 10B). This suggests that the fault activities might have caused the convex 

shape of the hypsometric curve. Hence, we conclude that the interpretation of complex-shaped 

hypsometric curves requires detailed analysis of the drainage basin for the presence of sharp 

contacts between different lithological units and local faults. Also, it is possible to interpret such 

complex-shaped hypsometric curves using additional parameters for the drainage basin such as 

skewness and kurtosis, which can help distinguish between the erosion rates at the headward and  

lower reaches of the drainage basins (Luo, 2000).  

Moreover, the HI value alone might not be the single discrete value capable of fully 

capturing the shape of the hypsometric curve. Generally, most drainage basins in the Rwenzori 

Mountains have concave hypsometric curves and low HI values or convex hypsometric curves 

and high HI values. However, we found some exceptions. For example, basins 9 and 29 have the 

same HI values of 0.32. However, the shape of their hypsometric curves is different. Basin 9 has 

an idealized S-shaped hypsometric curve (Fig. 10D), whereas basin 29 has a linear curve (Fig. 

10E). This discrepancy might have been caused by the large difference in the size of the two 

drainage basins (83 km2 for basin 9 and 239 km2 for basin 29). This discrepancy is also 

recognized in previous studies ( Keller et al., 1997; Hurtrez et al., 1999). These studies suggest 

that small drainage basins tend to have unexpectedly high HI values because of the dominance of 

hillslope processes that decrease as the size of the drainage basin increases. Thus, it can be 

misleading to consider that the high HI value calculated for every drainage basin is an indication 

of high rock uplift without considering the shape of the hypsometric curve and the size of the 

basin.  

2.5.1.4. Geophysical relief  

Results of our geophysical relief analysis showing the spatial variation of the minimum 

amount of incision of the streams within the drainage basins in the Rwenzori Mountains are in 
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good agreement with the erosion rates obtained from cosmogenic 10Be analysis (Roller et al., 

2012; Fig. 11). We observed that the most deeply incised streams (high geophysical relief values) 

are found in basins 7, 22, 23, 28, 29, 30, 31, 34, 35, and 37 (Fig. 11). The streams within these 

drainage basins are expected to have low levels of maturity because high geophysical relief 

values (deep incision) are an indication of active rock uplift.  However, some of these drainage 

basins (such as basins 28, 29, and 34) have high levels of the drainage basin’s maturity as 

indicated by their high R2 values (Fig. 7). This reflects the uncertainties of the geophysical relief 

as a geomorphic proxy for evaluating the streams and drainage basins maturity.  

  

2.5.1.5. Shape factor (Shp) 

We found that the Shp values distribution pattern is relatively in good agreement with the 

drainage basin’s maturity, especially in the central sector of the Rwenzori Mountains (compare 

Figs. 7 and 12). Most round-shaped drainage basins with high Shp values are also found to be in 

an equilibrium stage and have low erosion rates obtained from cosmogenic 10Be analysis (Roller 

et al., 2012; Fig. 12), The only exception is basin 15, which is located in the central sector of the 

Rwenzori Mountains at the intersection of two segments of the Bwamba fault (Fig. 12). Because 

this drainage basin is tectonically active, it is expected to have a low Shp value. Nonetheless, the 

Shp value of this drainage basin is as high as 0.74 (Fig. 12). 

  

2.5.2. Linear geomorphic proxies, rock uplift, erosion rates, drainage basin’s maturity, and glacier 

extent  

We found that the ksn, SLk, and Mχ values for streams within the drainage basins of the 

Rwenzori Mountains have strong positive correlation with erosion rates measured by cosmogenic 

10Be analysis (Roller et al., 2012) from streams within basins 1, 3, 8, 11, 12, 13, 19, 21, 30, 32, 

34, 35, and 37 (Figs. 13, 14, and 15). The r between erosion rates and ksn is 0.73, between erosion 
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rate and SLk is 0.75, and between erosion rate and Mχ is 0.94. These geomorphic proxies predict 

similar tectonic implications, as they are derived from the analysis of perturbation to equilibrium 

state of stream channels (Keller et al., 1997; Perron and Royden, 2013; Willett et al., 2014). The 

linear proxies are proven to be useful in mapping the location of faults and predict their 

displacements in convergent tectonic settings such as Taiwan (Chen et al., 2003) and the Tibet 

Plateau (Kirby et al., 2003).  Here, we also show that these proxies are influenced by the presence 

of active faults of the Rwenzori Mountains. Almost all the drainage basins of the Rwenzori 

Mountains that are intersected by active faults have positive ksn (Fig. 13), SLk (Fig. 14), and Mχ 

(Fig. 15) anomalies. For example, drainage basin 37 is intersected by the Nyamwamba fault, 

basins 20 and 22 are intersected by the Lamya fault, and basins 34 and 35 are intersected by the 

Bigo fault. These basins have high ksn (Fig. 13), SLk (Fig. 14), and Mχ values. However, although 

basins 1, 3, 9, 13, 25, 26, 27, and 36 in the north sector of the Rwenzori Mountains are intersected 

by Bwamba fault and Ruimi-Wasa fault, these basins do not have, as expected, high ksn, SLk, and 

Mχ values. This may be explained by that these two faults are inactive or have rather a small 

displacement in the north sector compared to the central sector of the Rwenzori Mountains. This 

may also explain the low erosion rates (obtained by cosmogenic 10Be analysis; Roller et al., 2012) 

of the drainage basins in the north sector (Figs. 13, 14, and 15). The erosion rates of the drainage 

basins intersected by these two faults decrease northward from basin 12 (67 mm/ky) to basin 2 

(28 mm/ky) in the north sector. Similarly, the ksn, SLk, and Mχ values also decrease northward. 

Hence, the linear geomorphic proxies can also provide information about the displacement of rift-

related faults. 

The ksn, SLk, and Mχ have high potential to be used as quantitative geomorphic proxies 

for estimating rock uplift rates in steady-state conditions. Previous studies found ksn and SLk to 

be proportional to local steady-state rock uplift rates when erosion rates are linearly related to 

uplift rates, and when rock uplift rates are high (Kirby et al., 2003; Perez-Pena et al., 2009b). In 

the drainage basins of the Rwenzori Mountains, the ksn, SLk, and Mχ values show moderate to 
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high positive correlations (r > 0.7) with the erosion rates measured by cosmogenic 10Be analysis 

by Roller et al. (2012; Fig. 16B). The positive correlation between some linear geomorphic 

proxies and erosion rates is also documented by Roller et al. (2012) who reported an r value of 

0.63 between ksn and erosion rates in the Rwenzori Mountains.  

It has been suggested that using ksn and SLk as geomorphic proxies for quantifying rock 

uplift is more successful in regions with high erosion and uplift rates (usually >300 mm/ky), 

especially during mountain-building activities (Nexer et al., 2015). Nonetheless, Pedrera et al. 

(2009) examined the relationship between the SLk and tectonic activities in the Betic Cordillera 

of Spain and found that it is also discernable to positively correlate the SLk values to rock uplift 

rates in this low uplift rates region (as low as 50 mm/ky) because the bedrock lithology is highly 

resistant. Our result also highlights the usability of linear geomorphic proxies for estimating rock 

uplift rates in continental rifting activities that cause moderate to low erosion rates.  

The distribution pattern of the linear geomorphic proxies in the Rwenzori Mountains also 

shows strong correlation with the extent of glaciers. It is expected that high relief areas would 

experience more erosion by post-glacial fluvial erosion than low relief areas (Montgomery and 

Brandon, 2002). Hence, it is expected that streams within drainage basins in the central part of the 

central sector of the Rwenzori Mountains will have relatively high ksn, SLk, and Mχ values. This 

is because linear geomorphic proxies have strong positive correlation with erosion rates. 

Nonetheless, the low ksn, SLk, and Mχ reported for the streams in the drainage basins in the 

central part of the central sector of the Rwenzori Mountains (Figs. 13, 14, and 15) indicate low 

erosion rates. We suggest that this is caused by the retreatment of the Mahoma Lake glacier. 

Roller et al. (2012) also suggested that the correlation between ksn and erosion rates can be biased 

by glacial imprinting. Therefore, care should be taken when interpreting linear geomorphic 

proxies in tectonically active regions that are partially covered by glaciers. 
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2.5.3. Relationships between geomorphic proxies and implication for morphotectonic evolution 

of the Rwenzori Mountains  

We found no direct linear correlation between the numerical values of the areal 

geomorphic proxies (AF, Smf, Hi, geophysical relief, and Shp) computed for the drainage basins in 

the Rwenzori Mountains (Fig. 16A). We found r between the numerical values of these proxies to 

be as low as 0.01 (between Smf and geophysical relief), and it is not higher than 0.4 (between AF 

and geophysical relief). Differently, we found higher linear correlation between the numerical 

values of the linear geomorphic proxies (ksn, SLk, and Mχ) calculated for the streams within the 

drainage basins in the Rwenzori Mountains (Fig. 16B). This is particularly true for ksn and SLk 

where r between them is as high as 0.83 (Fig. 16B). The strong correlation between these two 

linear geomorphic proxies is expected because both of them describe the steepness of streams. 

Differently, we found the correlation between SLk and Mχ on the one hand and ksn and Mχ on the 

other hand is relatively low where is 0.45 between ksn and Mχ, and it is 0.42 between SLk and Mχ 

(Fig. 16B). 
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Figure 2-16 Matrix scatter plot correlating:  (A) the linear geomorphic proxies (normalized steepness index 
(ksn), stream length-gradient (SLk), Chi (Mχ)) of the streams of the drainage basins in the Rwenzori 

Mountains with each other and with the erosion rate determined by Roller et al. (2012) from cosmogenic 

10Be analysis; and (B) the areal geomorphic proxies (asymmetric factor (AF), mountain front sinuosity 

(Smf), hypsometric index (HI), geophysical relief, shape factor (Shp)) with each other and with basins 

maturity index expressed by the ‘Good of Fitness’ (R2). 

 

Regardless of the lack of linear correlation between the numerical values of the areal 

geomorphic proxies, a general pattern emerges when qualitatively evaluated together. This 

general pattern suggests that the western side of the Rwenzori Mountains is more tectonically 

active than the eastern side, especially the western side of the central sector. Generally, the 

highest AF, Smf, HI, and geophysical relief values indicative of less drainage basin’s maturity, 

hence higher rock uplift, are computed for the basins in the western side of the Rwenzori 

Mountains (Figs. 8, 9, 10B, and 11). Also, the lowest Shp values are found in the drainage basins 

in the western side of the Rwenzori Mountains (Fig. 12). The asymmetrical nature of tectonic 

activities in the Rwenzori Mountains (more active western side) is even more obvious from the 
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linear geomorphic proxies computed for the streams within the drainage basins of the mountains. 

Higher ksn, SLk and Mχ values indicative of relatively higher rates of erosion and tectonic uplift 

are observed in the western side of the Rwenzori Mountains (Figs. 13, 14, and 15). The 

asymmetry of the tectonic activities we report here from the geomorphic proxies is in good 

agreement with results from low-temperature thermochronological studies showing that the 

western flank of the mountains might have witnessed a higher level of rock uplift compared to 

their eastern flank (Bauer et al., 2013). 

We note that the presence of the Mahoma Lake glacier in the center of the central sector 

of the Rwenzori Mountains has its localized influence on the anomalies of the geomorphic 

proxies and their distribution pattern. However, we do not think that the variation in lithology in 

the Rwenzori Mountains or precipitation rates have any influence on the anomalies of the 

geomorphic proxies and their distribution pattern. This is because the most prominent anomalies 

we observed in the geomorphic proxies are found stretching in a N-S direction in the western side 

of the Rwenzori Mountains. We would expect a more distributed or E-W geomorphic proxy 

anomaly pattern if the E-W trending Precambrian lithological units in the Rwenzori Mountains 

have any control on these anomalies. 

Theoretically, it is possible that the orographic lifting effect of the NNE-trending 

Rwenzori Mountains on the east-moving moist air from the Atlantic Ocean could lead to 

enhanced precipitation on the western side of the mountains leaving the eastern side in the rain 

shadow. This could lead to higher erosion rates in the drainage basins in the western side of the 

Rwenzori Mountains. However, in situ measurements (Taylor et al., 2009) and remote sensing 

measurements from TRMM (Fig. 4) found that the orographic lifting affect all sides of the 

Rwenzori Mountains by enhancing precipitation as a function of increased elevation of the 

mountains rather than their position relative to the flow direction of moist air.      
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2.6. Conclusions 

Results of our ASTER DEM-based morpho-tectonic analysis of the Rwenzori Mountains 

in the western branch of the EARS using areal (AF, Smf, HI, geophysical relief, and Shp) and 

linear geomorphic proxies (ksn, SLk, and Mχ) showed the following: (i) the areal geomorphic 

proxies (AF, Smf, HI, relief and Shp) can be implemented to evaluate the maturity of the drainage 

basins in the Rwenzori Mountains when factors such as the drainage basin size and geometry, 

stream order, glacier extent, and local structures are considered. (ii) The linear geomorphic 

proxies (ksn, SLk, and Mχ) calculated from streams within the drainage basins in the Rwenzori 

Mountains can be positively correlated with erosion rates measured from cosmogenic 10Be 

analysis. These linear geomorphic proxies can also be effectively used for identifying fault 

activities. (iii) Only the numerical values of the linear geomorphic proxies ksn and Mχ show 

strong correlation with each other. (iv) The central sector of the Rwenzori Mountains, especially 

its western side, is tectonically active; while the north and south sectors of the mountains are in 

relative tectonic quiescence.  
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CHAPTER III 
 

 

SPATIAL AND TEMPORAL VARIATION OF TECTONIC UPLIFT IN THE 

SOUTHEASTERN ETHIOPIAN PLATEAU FROM MORPHOTECTONIC ANALYSIS 

 

3.0. Abstract 

We use morphotectonic analysis to study the tectonic uplift history of the southeastern Ethiopian 

Plateau (SEEP). Based on studies conducted on the Northwestern Ethiopian Plateau, steady-state 

and pulsed tectonic uplift models were proposed to explain the growth of the plateau since ~30 

Ma. We test these two models for the largely unknown SEEP. We present the first quantitative 

morphotectonic study of the SEEP. First, in order to infer the spatial distribution of the tectonic 

uplift rates, we extract geomorphic proxies including normalized steepness index ksn, hypsometric 

integral HI, and chi integral χ from the Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) digital elevation model (DEM). Second, we compare these rates with the 

thickness of flood basalt that we estimated from geological maps. Third, to constrain the timing 

of regional tectonic uplift, we develop a knickpoint celerity model. Fourth, we compare our 

results to those from the Northwestern Ethiopian Plateau to suggest a possible mechanism to 

explain regional tectonic uplift of the entire Ethiopian Plateau. We find an increase in tectonic 

uplift rates from the southeastern escarpments of the Afar Depression in the northeast to that of 

the Main Ethiopian Rift to the southwest. 
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We identify three regional tectonic uplift events at ~11.7, ~6.5, and ~4.5 Ma recorded by the 

development of regionally distributed knickpoints. This is in good agreement with ages of 

tectonic uplift events reported from the Northwestern Ethiopian Plateau. 

3.1. Introduction 

The development of geomorphic features in response to tectonic uplift provides important 

information regarding nature and spatial and temporal distributions of tectonic forces in 

contractional and extensional tectonic regimes. The distribution of tectonic activities in regions 

experiencing tectonic uplift can be mapped through geomorphic proxies, including normalized 

steepness index ksn (Whipple, 2004; Kirby and Whipple, 2012), hypsometric integral HI (Strahler, 

1952; Gao et al., 2016), and chi integral χ (Perron and Royden, 2013; Willett et al., 2014). In 

addition, celerity modeling of knickpoints allows for establishing end-member time constraint for 

the changes of tectonic uplift rates (Berlin and Anderson, 2007; Miller et al., 2012). Here, we use 

these approaches (in addition to information about precipitation and lithology) to establish the 

spatial and temporal distribution of the tectonic uplift in the tectonically active southeastern 

Ethiopian Plateau (SEEP).   

The Ethiopian Plateau is divided by the Main Ethiopia Rift (MER) and the Afar 

Depression into the Northwestern Ethiopian Plateau and the SEEP  (Fig. 1A). The landscape of 

this region has been shaped by tectonic uplift, volcanism, and extensional deformation associated 

with the development of the East African Rift System (EARS) (Fig. 1A; Wolfenden et al., 2004; 

Simmons et al., 2007; Prave et al., 2016). The development and preservation of such an 

anomalously high plateau (average elevation of ~2.5 km) within a continental rift setting are 

caused by the dynamics of the Afar mantle plume (Ebinger and Casey, 2001; Sengor, 2001; 

Faccenna et al., 2013).  Morphotectonic studies to constrain the tectonic uplift history of the 

Ethiopian Plateau have remained considerably sparse. Hence, several fundamental questions 

regarding the tectonic uplift history of the plateau remain unanswered. These include:  
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 Was the growth of the Ethiopian Plateau steady or episodic? Results from (U-

Th)/He thermochronology studies by Pik et al. (2003) suggest steady-state plateau growth for the 

Northwestern Ethiopian Plateau since ~29 Ma resulting in ~1 km uplift since then. Conversely, 

morphotectonic analysis by Gani et al. (2007) and Ismail and Abdelsalam (2012) reported 

multistage and accelerated growth of the Northwestern Ethiopian Plateau at 30–10 Ma, 10–6 Ma, 

and 6 Ma – present. This excludes the portion of the plateau away from the escarpment of the 

MER and the Afar Depression (toward the lowlands of Sudan) where the steady-state model is 

applicable.  

 What is the distribution pattern of the tectonic uplift in relation to the MER and 

the Afar Depression? The 40Ar/ 39Ar ages and seismic data suggest northeastward propagation of 

the MER into the Afar Depression. This implies a more active extension into the northern MER 

than in the southern MER ( Wolfenden et al., 2004; Mackenzie et al., 2005). Nevertheless, 

structural analysis, numerical models, and 14C radiometric dating suggest that extension in the 

northern MER and the Afar Depression is more advanced than the central and southern MER. 

This is evidenced from the presence of more pronounced within-rift faults in the former. This 

proposes a southwestward rift propagation from the northern MER to the southern MER 

(Hayward and Ebinger, 1996; Keranen and Klemperer, 2008; Agostini et al., 2011; Philippon et 

al., 2014).  

We aim to answer these questions using morphotectonic analysis through the application 

of various geomorphic proxies (ksn, HI, and χ) and knickpoint celerity modeling. For this, we (i) 

map the spatial and temporal distribution pattern of the tectonic uplift rates in the SEEP; (ii) 

establish the timing of tectonic uplift in the plateau since ~12 Ma; (iii) examine the relationship 

between the tectonic uplift and volcanism;  and (iv) compare the tectonic uplift history of the 

SEEP to that of the Northwestern Ethiopian Plateau.  
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3.2. Geologic settings 

The topography of the SEEP results from geological events that include the development 

of a Precambrian orogenic belt (the Arabian-Nubian Shield), Paleozoic-Mesozoic rifting and 

sedimentation (the Karoo rifting event), and Cenozoic rifting and magmatism (the EARS). 

Notably, the topography of SEEP is highly influenced by the Cenozoic tectono-magmatic events 

of the EARS. The plateau is bordered in the northwest by the MER and the Afar Depression, 

which represent the tectonic boundary between the Nubian and Somalian plates. The two plates 

are currently moving away from each other at a rate of 4 to 6 mm/y (Kogan et al., 2012). The 

MER and the Afar Depression asymmetrically divide the ~1000-km-wide Ethiopian Plateau into 

the SEEP and the Northwestern Ethiopian Plateau (Fig. 1A).  Based on its general orientation, the 

MER is divided into northern, central, and southern segments that developed at different times 

during the Miocene (Fig. 1B; Boccaletti et al., 1998). 

  

3.2.1. Geomorphological setting of the southeastern Ethiopian Plateau (SEEP) 

The SEEP is bounded by the southeastern escarpment of the MER and the Afar 

Depression in the northwest and by the Ogaden Basin to the southeast (Fig. 1A). It is deeply 

incised by the drainage systems of the Jubba and Shabele rivers, which originate respectively 

from the Bale and Ahmar mountains. Within the SEEP, these rivers span over an area of 

~373,000 km2 (Fig. 1B). Drainage incision reaches up to 900 m in the Bale and Ahmar 

mountains, reflecting rapid tectonic uplift along the southeastern escarpment of the MER and the 

Afar Depression (Mège et al., 2015).    
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Figure 3- 1(A) Digital elevation model (DEM), extracted from the Earth Topography 1 arc second (ETOPO 

1) data (1 km spatial resolution), showing the locations of the Arabian Plate, Nubian Plate, Somalian Plate, 

western and eastern branches, Afar Depression, and Ethiopian Plateau. (B) Digital elevation model (DEM) 

extracted from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data (30-

m spatial resolution) showing major geomorphological features of the southeastern Ethiopian Plateau 

(SEEP). The white dot lines show the physiographic segments of the SEEP, and the black lines with arrows 

show the southern (sMER), central (cMER), and northern (nMER) segments of the Main Ethiopian Rift 

(MER). 

The SEEP and the Northwestern Ethiopian Plateau form a broad dome, hypothesized to 

be the result of the impinging of the Afar mantle plume beneath the lithosphere of the Arabian-

Nubian Shield (Sembroni et al., 2016a). The highest regions in the plateau are the Bale and 

Ahmar mountains, reaching over 4.0 km in elevation. The elevation decreases toward the 

southeast, and it is only about 300 m at the Ethiopia–Somalia border (Mège et al., 2015). For the 

purpose of the description of the variation in geomorphic proxies, we divide the SEEP into six 

physiographic provinces. These are the Bale and Ahmar mountains, the Genale and North slopes, 

and the Weyb basins and the lower Shabele valley (Fig. 1B). 

  

3.2.2. Lithology 

The SEEP is dominated by (i) Precambrian basement rocks, (ii) Paleozoic – Mesozoic 

sedimentary rocks, and (iii) Cenozoic volcanic rocks. The Precambrian basement rocks are 



79 
 

exposed mostly in the Genale slopes and the Ahmar mountains from uplift and exhumation along 

the southeastern escarpment of the MER and the Afar Depression (Fig. 2). These rocks include 

variably metamorphosed volcano-sedimentary and plutonic rocks that were formed during the 

900–500 Ma East African orogeny (Stern, 1994). The Precambrian basement rocks are overlain 

by Paleozoic–Mesozoic sedimentary rocks deposited in two sedimentary episodes. These include 

the late Carboniferous– Jurassic Karoo rifting episode and the Late Jurassic Gondwana 

fragmentation episode (e.g., Worku and Astin, 1992). The Karoo sedimentary rocks are strictly 

continental in nature and were deposited in narrow grabens between horst structures dominated 

by the Precambrian basement rocks. No Karoo sedimentary rocks are exposed to the surface in 

the SEEP, but they are found in the subsurface as reported from drilling and seismic data (Worku 

and Astin, 1992). Extensive exposures of Mesozoic sedimentary rocks are found in the SEEP, 

especially in the Ahmar mountains, the North slopes, the lower Shabele valley, and the Weyb 
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basins (Fig. 2). 

 

Figure 3- 2 Geologic map of the southeastern Ethiopian Plateau (SEEP), modified from the geologic map 

of Ethiopia (Kazmin, 1973;Tefera et al., 1996). F1 = Genale Fault Belt. F2 = Weyb Fault Belt. F3 = Marda 

fault belt. 

Isolated basaltic remnants of different sizes are found in different parts of the SEEP 

unconformably overlying the Mesozoic sedimentary rocks or the Precambrian basement rocks 

(Fig. 2). These basalts range in age from Oligocene to Quaternary (Tefera et al., 1996; Hofmann 

et al., 1997; Corti, 2009; Furman et al., 2016). The Oligocene basalts are scattered as isolated 

outcrops in the parts of the SEEP that are preserved from the southeastern escarpment (Fig. 2). 

Miocene and Pliocene shield volcanoes supplied lava flows to the Northwestern Ethiopian 

Plateau (Kieffer et al., 2004; Nelson et al., 2008), while Quaternary basalts are mostly restricted 

to the MER axis and southeastern escarpment, especially the Bale mountains (Fig. 2; Rooney et 

al., 2012).  
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3.2.3. Major structural elements  

The SEEP is affected by three sets of faults. The first set is NW-trending and comprises 

the Marda fault belt, which dissects the eastern portion of the Ahmar mountains and the North 

slopes (Fig. 2). The second set of faults is the Weyb Fault Belt, which is exposed dominantly 

between the Weyb basins and the Shabele valley (Fig. 2). The third set is the Genale fault belt, 

which is found on the western side of the Genale slopes (Fig. 2). The Marda fault belt is ~150 km 

long and up to 2 km wide (Mège et al., 2015). It is reported as a Precambrian deformation zone 

that has been reactivated during the Phanerozoic (Purcell, 1976; Boccaletti et al., 1991).   

Another dominant structural element in the SEEP is the NE-trending border faults of the 

MER and the Afar Depression, which form the boundary between the rift basin and the SEEP 

(Fig. 2). The orientation of these border faults changes gradually from ~N40°E in the northern 

MER to N20-35°E in the southern MER (Corti, 2009).  

  

3.2.4. Uplift history of the southeastern Ethiopian Plateau (SEEP) 

The topography of the Ethiopian Plateau is shaped by several major tectonic and 

magmatic events including (i) the upwelling of one or two mantle plumes that impinged the base 

of the Arabian-Nubian shield lithosphere during the Oligocene (Simmons et al., 2007) and 

triggered the eruption of more than 600,000 km2 of flood basalt (Ukstins et al., 2002; Bonini et 

al., 2005; Abebe et al., 2010). As much as 1 to 2 km of uplift is suggested to have occurred before 

the emplacement of the flood basalt ~30 Ma. Geophysical data suggest that half of the 1-2 km 

Oligocene uplift was formed caused by thermal perturbation of the lithosphere above the rising 

mantle plume (Sengor, 2001; Dugda et al., 2007). Another ~1 km of uplift is suggested to have 

occurred after the emplacement of the flood basalt from denudation-derived crustal unloading 

(Gani et al., 2007). These events also includes (ii) more localized volcanic activity from 30 Ma to 

about 10 Ma leading to the formation of shield volcanoes (Corti, 2009), and (iii) the initiation of 
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the MER in the late Miocene that proceeded until present, leading to the development of rift 

border faults and rift-flank uplift (Woldegabriel et al., 1990; Ebinger and Casey, 2001; Bonini et 

al., 2005; Pik et al., 2008).  

3.3. Climate 

The climate of Ethiopia is mainly controlled by the seasonal migration of the Intertropical 

Convergence Zone (ITCZ) and related atmospheric circulations (Beltrando and Camberlin, 1993). 

Because of the large variation of topography in the SEEP, the change in climate between the 

lowlands and the highlands is considerable (Fig. 3). Based on the Köppen climate classification, 

the SEEP can be classified into four major categories (Peel et al., 2007; Mège et al., 2015). The 

North and the Genale slopes have tropical A type climate with constant high temperature, 

whereas the Weyb basins and the lower Shabele valley have an arid to semiarid B type climate. 

The Bale and the Ahmar mountains have a temperate C type climate and, the peaks of these 
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mountains have low temperature H type climate (Fig. 3; Fazzini et al., 2015).  

 

Figure 3- 3 Averaged precipitation in last 10 years from Tropical Rainfall Measuring Mission (TRMM) and 

Köppen Climate classification (Fazzini et al., 2015) of the southeastern Ethiopian Plateau (SEEP), 

including types A, B, C, and H. 

The annual precipitation in the SEEP also varies significantly. From Tropical Rainfall 

Measuring Mission (TRMM) satellite data, the 10-year average rainfall in the SEEP is ~700 

mm/y whereas ~817 mm/y is recorded for entire Ethiopia (Fazzini et al., 2015). The highest 

precipitation rate of ~2500 mm/y is received at the peaks of Bale mountains, and the precipitation 

rate decreases southeastward with decreasing elevation. 
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3.4. Data and methods 

First, we used the geomorphic proxies including ksn, HI, and χ to estimate the pattern of 

tectonic uplift rates in the SEEP. Second, we estimated the thickness of the Cenozoic basaltic 

flows to examine the relationship between magmatism and tectonic uplift rates. Third, we 

calculated end-members time constraints for different tectonic uplift stages using knickpoint 

celerity modeling. We used the Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) digital elevation model (DEM) that has a spatial resolution of 30 m, 

Sentinel-2 satellite multispectral remote sensing data that have a spatial resolution of 20 m, and 

1:2,000,000 geological map of Ethiopia (Kazmin, 1973; Tefera et al., 1996). We used a total of 

140 drainage basins and 121 streams from the entire SEEP in this study (Fig. 4). The drainage 

basins are labeled 1 to 140 from northeast to southwest (Fig. 4). 
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Figure 3- 4 Digital elevation model (DEM) extracted from the Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) data (30m spatial resolution) of the southeastern Ethiopian Plateau 

(SEEP), showing the Jubba and the Shabele rivers and the 140 drainage basins used in this study. The 

knickpoints with different elevations are also shown along the streams. 

 

3.4.1. Geomorphic proxies 

3.4.1.1. Normalized steepness index ksn 

 The ksn of streams can be used as an indicator of the amount of fluvial incision caused by 

the change in tectonic uplift, base level, climate, and lithology (Hack, 1973; Flint, 1974; Wobus 

et al., 2006). The fluvial bedrock incision rate E taken to be the power-law function of the 

drainage area A and the channel slope S (Howard et al., 1994; Snyder et al., 2000): 
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 𝐸 = 𝐾𝐴𝑚𝑆𝑛  (8) 

where K describes the erosional efficiency that depends on lithology, hydraulic roughness of the 

stream bed, precipitation, and associated climate characteristics (Whipple and Tucker, 1999). The 

exponents n and m are positive empirical constants (Whipple and Tucker, 1999). Also, the rate of 

change of elevation of the stream bed dz/dt records the difference between the rate of tectonic 

uplift rate and the incision rate (Whipple, 2004; Cyr et al., 2010). Thus, the time variation of the 

stream elevation can be described as 

 𝑑𝑧

𝑑𝑡
= 𝑈 − 𝐸 = 𝑈 − 𝐾𝐴𝑚𝑆𝑛  

(9) 

where U denotes the tectonic uplift rate. Under steady-state, U = E. Hence, Eq. (2) can be solved 

for the equilibrium slope Se: 

 𝑆𝑒 = (𝑈/𝐾)1/𝑛𝐴−𝑚/𝑛 (10) 

where m/n defines the concavity θ of the stream longitudinal profile at the equilibrium state of 

uniform tectonic uplift and erodibility, whereas the coefficient (U/K)1/n
 defines the steepness of 

the stream longitudinal profile. The power-law function described in Eq.(3) is found in different 

tectonic settings to be empirically expressed as 

 S = ksA−θ (11) 

where ks = (U/K)1/n
 , and θ = m/n.  

 The steepness of the stream longitudinal profile ks is found to be proportional to 

the tectonic uplift rate in steady-state topography (Snyder et al., 2000; Wobus et al., 2006; Kirby 

and Whipple, 2012). The variation in θ of the stream longitudinal profile results in a large 

variation in the ks values. Therefore, it has become accepted practice to use a mean representative 

value of θ as a reference for the calculation of the normalized steepness index ksn. Here, we first 

extracted the ksn values from the ASTER DEM for the streams on the shoulder of the SEEP using 
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the stream profiler software (Snyder et al., 2000; Kirby et al., 2003; Wobus et al., 2006; Fig 5A). 

Subsequently, to illustrate their distribution pattern throughout the plateau, we interpolated the ksn 
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values from all streams in each 1000 m of the SEEP using the nearest-neighbor algorithm (Fig. 

5B). 

  

Figure 3- 5 Normalized steepness index ksn maps with streams along the southeastern escarpment of the 

Main Ethiopian Rift (MER) (A) and nearest-neighbor interpolated ksn map (B) of all streams (stream 

order >3) (B) of the southeastern Ethiopian Plateau (SEEP). 
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3.4.1.2. Hypsometric integral HI 

The HI evaluates the surface distribution of landmass at different elevations within a 

drainage basin (Strahler, 1952). It is calculated as the proportion of the volume of the landmass 

within the drainage basin contained within a horizontal slab with a given thickness h (Strahler, 

1952). It can be expressed as 

 
𝐻𝐼 = ∫ 𝐴𝑒  𝛥ℎ

𝑀𝑎𝑥 𝑒𝑙.

𝑀𝑖𝑛 𝑒𝑙.

 
(6) 

where Ae is the ratio of the basin drainage area at a given elevation h to the area of the entire 

drainage basin. The HI is the cumulative volume of the landmass within the drainage basin 

contained between a contour line representing a maximum elevation Max el. and a contour line 

representing a minimum elevation Min el. With constraints on climate and lithology within 

drainage basins under consideration, high HI values are interpreted to be associated with drainage 

basins that are tectonically young and active. Alternatively, low HI values are interpreted to be 

associated with drainage basins dominated by mature topography (Lifton and Chase, 1992; 

Ohmori, 1993; Chen et al., 2003).  

 We extracted HI values for all of the drainage basins in the SEEP from the ASTER DEM 

using CalHypso software (Perez-Pena et al., 2009) (Fig. 6). 
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Figure 3- 6 Hypsometric integral (HI) map of the southeastern Ethiopian Plateau (SEEP), showing 

individual value for each drainage basin. 

3.4.1.3. Chi analysis χ 

The geomorphic proxy χ is useful to evaluate the dynamic state of the divide of drainage 

basins (Harkins et al., 2007; Perron and Royden, 2013; Willett et al., 2014). Under steady-state, 

Eq. (1) can also be expressed as 

 𝑆 =
𝑑𝑧

𝑑𝑥
= (

𝐸

𝐾
)

1
𝑛𝐴

−𝑚
𝑛  (7) 

where z is the elevation and x is the longitudinal coordinate (Whipple and Tucker, 1999). The χ 

can be expressed by integrating both sides of Eq. (3): 
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 𝑧(𝑥) = 𝑧𝑏 + (
𝐸

𝐾𝐴0
𝑚)

1
𝑛𝝌 (8a) 

with 

 𝜒 = ∫ (
𝐴0

𝐴(𝑥)
)

𝑚
𝑛

𝑥

𝑥𝑏

𝑑𝑥 (8b) 

 
𝑀𝜒 = (

𝐸

𝐾𝐴0
𝑚)

1
𝑛  

(8c) 

where A0 is a reference area within the drainage basin and zb is the elevation at the outlet of the 

basin (Perron and Royden, 2013). Hence, given the linear form of Eq. (8a), χ describes the 

modern distribution of drainage area, in the units of length (Willett et al., 2014). Although recent 

work from Whipple et al. (2017) reported that local metrics of across drainage divide difference 

in erosion rate (e.g., mean headwater local relief and channel bed elevation at a reference 

drainage area) may be more useful to predict instantaneous divide motion, various χ values are 

suggestive of long-term divide migration direction from low χ value toward high χ value (Willett 

et al., 2014). Such divide migration usually leads to measurable perturbation of channel profiles 
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and local relief as demonstrated by Whipple et al. (2017). 

 

Figure 3- 7 χ-elevation plot of the Jubba (purple) and the Shabele rivers (green), showing corresponding 

aggressor (basins that are gaining area) and victim (basins that are losing area) respectively. The inset 

image illustrates the characteristic signature, modified from Willett et al. (2014). 

 

 We extracted the χ values from the ASTER DEM for the drainage basins of the SEEP 

(Fig. 7) using the code of Mudd et al. (2014). We applied the AICC-collinearity tests, as 

suggested by Mudd et al. (2014). We also explored the m/n ratio from 0.15 to 0.75 with an 

interval of 0.05 and found the best fit for this ratio to be 0.4 (Appendice 1). Additionally, we 

generated a χ vs. elevation plot for the Shabele and Jubba river drainage basins (Fig. 8). We used 

this plot to understand migration of drainage divides that might be caused by shifting of tectonic 

uplift, climate, and sediment dynamics. The tributaries within a given drainage basin that have 

reached steady-state will have straight lines on such a plot (Willett et al., 2014). In contrast, 
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drainage basins that have tributaries under transient differential fluvial erosion (possibly caused 

by high tectonic uplift rate) will have lines with more than one slope and their plot will depart 

from the line of equilibrium (Schmidt et al., 2015). 

 

Figure 3- 8 A) Chi (χ) map of the southeastern Ethiopian Plateau (SEEP). The arrows illustrate the 

migrating direction of the drainage divides. 

 

 

3.4.2. Oligocene flood basalt flood  

The Oligocene (~30 Ma) volcanic event (Hofmann et al., 1997) resulted in the extrusion 

of extensive flood basalt within the Ethiopian Plateau (Mengesha et al., 1996). Here, we 

reconstructed the thickness of the flood basalt within the SEEP (Fig. 9A) by integrating 
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geological data from the 1:2,000,000 geological map of Ethiopia (Kazmin, 1973; Tefera, 1996) 

with our observations from multispectral Sentinel-2 images (Drusch et al., 2012) and elevation 

data from the ASTER DEM. This flood basalt, which can be as thick as ~1.5 km, is underlain by 

the Mesozoic sedimentary rocks or the Precambrian basement rocks and is overlain by isolated 

plateaus of Miocene-Quaternary basaltic flows (Fig. 2). Assuming no erosional unconformity in 

the flood basalt, we established its basal surface by first identifying this contact at different 

locations using the geological map of Ethiopia (Kazmin, 1973; Tefera, 1996) and our 

interpretation from the Sentinel-2 images. Some of the Oligocene basalt is preserved along the 

Marda fault belt and the southeastern border fault of MER in the form of dike swarms rather than 

volcanics (Mège  et al., 2015). Hence, these are excluded from the construction of the lower 

contact of the flood basalt. Additionally, because of difficulty in accurately identifying the upper 

contact, this surface is contracting with fewer discrete points compared to the lower contact (Fig. 

9A). Then we interpolated the elevations of these discrete points (green in Fig. 9A) in the ASTER 

DEM by the nearest-neighbor method. Similarly, we established the top surface of the Oligocene 

flood basalt with the same procedure we used for the basal surface, by identifying discrete points 

(red dots in Fig. 9A) presenting the contact between the Oligocene flood basalt and the overlying 

Miocene-Quaternary basalt. Here, we present four examples highlighting how we used the 

Sentinel- 2A images to identify the basal and top contacts of the Oligocene flood basalt. Figures 

9B and C are examples of determining these contacts within incised channel, whereas Figs. 9D 

and E are examples of identifying these contacts within inverted valleys. Subsequently, we 

estimated the thickness of the Oligocene flood basalt by subtracting the elevation of its basal 

surface from the elevation of its top surface. 
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3.4.3. Knickpoint celerity model  

We developed a knickpoint celerity model for the SEEP to examine whether or not the 

topographic growth of the plateau (hence the tectonic uplift rate) is steady or episodic. We 

utilized the knickpoints identified in the longitudinal profiles of the tributaries of the Shabele 

River because of the availability of geochronological data for the Quaternary flood basalt 

(Woldegabriel et al., 1990; Alemu and Abebe, 2007).  Knickpoints that are regionally preserved 

within a limited range of elevation are indicative of changes in lithology, precipitation, tectonic 

uplift rate, or drainage reorganization related to change in base level. In this case, the upstream 

maintains the slope that existed before the occurrence of the change, while the slope in the 

downstream is continuously adjusted to the ongoing change (Crosby and Whipple, 2006; Kirby 

and Whipple, 2012). This will result in the migration of knickpoints in the direction of upstream 

along the entire fluvial drainage network as a wave of erosion (Niemann et al., 2001). Derived 

from Eq. (1), knickpoint celerity dx/dt can be expressed as 

 𝑑𝑥

𝑑𝑡
= 𝐾𝐴𝑚  

(9) 

where A is the basin drainage area, m is the nondimensional constant, and K is the erosion 

coefficient. Previous works (Whipple et al., 2000; Berlin and Anderson, 2007; Sembroni et al., 

2016b; Beeson et al., 2017) considered n to equal 1 in Eq. (1). 

 To estimate the ages of different tectonic uplift events in the SEEP, we used Eq. (9) to 

build the knickpoint celerity model for the SEEP following a three-step approach:  

 Using the longitudinal profiles, we identified knickpoints along the major streams 

(streams with order >3) in the drainage basins of the SEEP. We used the geologic map in Fig. 2 to 

eliminate the knickpoints associated with lithological contacts and faults as exemplified by Figs. 

10A-C. These include examples from the Bale mountains (Fig. 10A and B) and the Ahmar 

mountains (Fig. 10D). As has been used by Kirby and Whipple (2012), we used the plot of log S - 
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log A of the longitudinal profile of streams to identify the locations of slope-break pattern 

knickpoints within similar rock units (Appendix 2).  

 Using the knickpoints along the Shabele River within the Quaternary flood basalt 

that gave 40Ar/39Ar ages that range between 1.88 and 0.83 Ma (Woldegabriel et al., 1990; Alemu 

and Abebe, 2007) and using the technique of  Schoenbohm et al. (2004), Crosby and Whipple 

(2006), and Berlin and Anderson (2007), we calculate the parameters K and m in Eq. (9)  in the 

range from 1×10-7 to 1 ×10-3 (m0.08 y)-1 and from 0.1 to 0.7.  

 We calculated the end-member ages and their uncertainty for each group of 

knickpoints found within the longitudinal profile of the Shabele River using Eq. (9). Such ages 

can be suggestive of the time of change in regional tectonic uplift rate or climates. Besides the 

possibility that the value of n might depart from 1 in our development of the knickpoint celerity 

model for the SEEP, additional sources of uncertainty might be because of the limited 40Ar-39Ar 

age data that is available to us. 

 

3.5. Results 

3.5.1. Geomorphic proxies  

3.5.1.1. Normalized steepness index (ksn) 

In the SEEP, we found ksn ranging between 8.9 and 310 (Fig. 5B). We found the highest 

ksn values to be associated with the high elevation segments of the SEEP, such as Bale mountains, 

the North slopes, and the Genale slopes (Fig. 5B). We also found high ksn values in relatively low 

elevation regions such as the northwest-facing slopes of the MER escarpment and within the rift 

itself to the northwest of the Bale mountains (basins 14, 29, and 30 in Fig. 5B). We suggest that 

this is likely caused by the propagation of the border faults of MER. Additionally, we found the 

southeastern escarpment of the Afar depression to be characterized by low ksn values (Fig. 5B). 

Along the rift shoulder, ksn values show an increase from northeast of the Ahmar mountains to 
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southwest of the Bale mountains (Fig. 5A). In addition, we found that the ksn values decrease 

toward the southeast from the elevated region of the SEEP toward the low region of the plateau, 

reaching their lowest values within the Weyb basins and the lower Shabele valley (Fig. 5B).  

   

3.5.1.2. Hypsometric integral (HI) 

In the SEEP, we found the HI values ranging between 0.17 and 0.72. The pattern of HI 

values of individual drainage basins does not follow the pattern of the ksn values, which decreases 

from northwest to southeast (compare Fig. 5B with Fig. 6). Rather, the HI values display 

distinctive clusters in which most of the drainage basins in the Genale slopes are characterized by 

the highest HI values (Fig. 6). Similarly, we found the drainage basins in the southeastern part of 

the Weyb basins and the eastern side of the lower Shabele valley to be characterized by high HI 

values (Fig. 6). Also, we found the drainage basins in the southwestern part of the Ahmar 

mountains and the northern part of the North slopes to be characterized by high HI values (Fig. 

6). These drainage basins with unexpected high HI are affected by the activities of the Genale, 

Weyb, and Marda fault zones (compare Fig. 6 with Fig. 2). 

  

3.5.1.3 Chi (χ) analysis  

In the SEEP, we found χ values ranging between 0 and 48 (Fig. 7). We observed higher 

χ values along the entire southeastern escarpment of the MER and the Afar Depression dominated 

by the Bale and Ahmar mountains (Fig. 7). This greatly differs from the floor of the MER, Weyb 

basin, lower Shabele valley, and the southeastern part of the Genale slopes, which are 

characterized by low χ (Fig. 7). The presence of low χ values within the floor of the MER and 

high χ values at its southeastern escarpment indicates that the drainage divide lines between the 

basins of these two regions are migrating southeastward. We also noticed that the drainage basins 

in the northeastern part of the Bale mountains (basins 50 and 51 in Fig. 7) have higher χ values 
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compared to those in the southwestern part of the Bale mountains and the northern part of the 

Genale slopes (basins 67, 68, 70, 71, 72, 74, and 83 in Fig. 7), showing the drainage divide 

between the Jubba and Shabele rivers (shown with a blue line in Fig. 7) is migrating 

northeastward. Such low χ contrast across divides suggests that drainage networks are near 

equilibrium (e.g., the drainage basins in the Weyb basins, lower Shabele valley, and the southern 

part of the Genale slopes).  

We observed from the χ-elevation relationship (Fig. 8) a sharp difference between the 

Jubba and Shabele rivers. The χ-elevation lines of the tributaries of the Shabele River are straight, 

have one consistent slope, and for the most part are concentrated below the line of equilibrium 

(Fig. 8). In contrast, the χ-elevation lines for the Jubba River are irregular, different segments of 

them have different slopes, and are concentrated above the line of equilibrium (Fig. 8). These 

differences suggest a transient nature of the rivers, where the Jubba drainage basin is capturing 

the Shabele drainage basin northeastward. Also, it suggests that the Shabele River is more 

adjusted to base level than the Jubba River.  

 

3.5.2. Oligocene flood basalt  

The Oligocene flood basalt thickness map of the SEEP shows a general decrease 

southeastward toward the Weyb basins and the lower Shabele valley (Fig. 9A). Also, we found 

the thickest Oligocene flood basalt (~1400 m) in the most regions of the Bale mountains and, to a 
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lesser extent, the Ahmar mountains (Fig. 9A).  

 

Figure 3- 9 (A) Map of thickness of the Oligocene flood basalt in the southeastern Ethiopian Plateau 

(SEEP) produced by nearest-neighbor interpolation of the discrete locations of the lower (green dot) and 

upper (red dot) contacts of the basalt. (B-E) 12-8-3 (Red-Green-Blue) Sentinel 2A images showing 

examples of identifying the flood basalt contacts within incised valleys (B and C) and inverted valleys (D 

and E). See Fig. 9 for location. 

 

3.5.3. Knickpoint celerity model  

In the SEEP, we found four groups of regionally distributed knickpoints preserved at 

~2200, ~2000, ~1750, and ~1050 m elevation (Figs. 11A and B). Also, we found one group of 

local knickpoints preserved at ~2550 m elevation (Figs. 11A and B).  These knickpoints are 

selected away from lithological contact and faults; hence, they are most likely formed by a 

persistent change in tectonic uplift rate or change in precipitation (Fig. 10A; Kirby and Whipple, 

2012). We found 45 knickpoints within upstream drainage basins of the Shabele and Jubba rivers. 

These drainage basins have areas ranging between 0.9 and 980 km2. The existence of knickpoints 

in the basins of such varying dimensions indicates that they are actively migrating from 
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downstream to upstream as a transient response to base-level change. The four major clusters of 

knickpoints at ~2200, ~2000, ~ 1750, and ~1050 m elevations spread regionally in the Bale and 

the Ahmar mountains and the northwestern part of the North slopes (Figs. 1B and 4). These 

knickpoints are selected as nonlithologic knickpoints (Figs. 2 and 10), hence their development 

could have been related to change in regional tectonic uplift rate; while the knickpoints at 2550 m 

are localized mostly at the Bale mountains (Fig. 4) and have ~50 m higher elevation than these of 

the Ahmar mountains (Fig. 11).   

 

Figure 3- 10 Geologic maps of portions of the Bale (A and B) and Ahmar mountains (C) produced from the 

modification of the  Geological Map of Ethiopia (Kazmin, 1973; Tefera et al., 1996) with observations 

from the Sentinel-2A images showing examples of differentiating between lithologic and nonlithologic 

knickpoints. See Fig. 2 for locations for the Bale and Ahmar mountains, constructed from geologic maps 

and Sentinel-2A satellite data. The geologic map is used to differentiate lithologic knickpoints (white dots) 

from the nonlithologic knickpoints (black dots). Here, we provide three examples showing the difference 
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between lithologic knickpoints and nonlithologic knickpoints in the Genale slopes (B), Bale mountains (C), 

and Ahmar mountains (D). 

The drainage basins where Quaternary flood basalt with known ages are exposed were 

selected in order to establish the knickpoint celerity model and to obtain the parameters m and K 

in Eq. (9). Here, we use basin 36 (Figs. 4 and 12) as an example to show how the model is 

constructed. This drainage basin was chosen because its streams are incising within Quaternary 

flood basalt where 40Ar/39Ar geochronological data are available to constrain their age between 

1.88 and 0.83 Ma (Woldegabriel et al., 1990; Alemu and Abebe, 2007). Figure 12 is a 12-8-3 red-

green-blue (RGB) Sentinel-2 image. The green color illustrates the geographical extent of the 

Quaternary flood basalts and the pink color represents the Mesozoic sedimentary rocks. Two 

knickpoints are found at ~1723 and ~2034 m elevation along a stream that is incising into the 

Quaternary flood basalt. These knickpoints belong to the groups of regionally distributed 

knickpoints at average elevations of ~1750 and ~2000 m, respectively. We used this knickpoint at 

the ~1723 m elevation with the assumption that this knickpoint was formed by the regression 

from the nose of the Quaternary flood basalt. Thus, we used the age of 1.88 Ma of the Quaternary 

flood basalt (Woldegabriel et al., 1990) as the beginning time of the migration of the knickpoint. 

We therefore measured the migration distance of the knickpoint and hence calculated the celerity 

in Eq. (9). We followed methods outlined in previous studies (Crosby and Whipple, 2006; Berlin 

and Anderson, 2007; Sembroni et al., 2016a) to calculate the best fit results of the residuals of the 

minimum sum of squares for seven modeled knickpoints in basins 48, 51, 68, and 74 (Fig. 4).  

Subsequently, we established the values for m and K in Eq. (9) to be 0.221 and 2.49 ×10-4 ±1.29 
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×10-4 (m0.08 y)-1 respectively.

 

Figure 3- 11 The nonlithologic knickpoints plotted on the longitudinal profiles of the Shabele (A) and the 

Jubba (B) rivers tributaries, showing most of the knickpoints are preserved at 2550, 2200, 2000, 1750, and 

1050 m elevations. 

 

Despite the limited age constraints, this model provides an important insight into the time 

framework of incision history in the SEEP. We show the age of the formation of these groups of 

knickpoints on the Shabele River in Table 1. Noticeably, the end-member ages of the group of 

knickpoints at 2000 and 2200 m elevation have higher accuracy and smaller variation (from 4.56 

to 4.75 Ma for the group of knickpoints at 2000 m elevation and from 6.04 to 9.43 Ma for the 

group of knickpoints at 2200 m elevation) than the group of knickpoints at 2550 m elevation 

(from 8.83 to 15.02 Ma). This is because the drainage area at the higher elevation is significantly 

smaller than that at the lower elevation. This results in a larger age difference in the celerity 

model calculated by Eq. (9). 
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Figure 3- 12 12-8-3 Red-Green-Blue Sentinel-2A image showing the extent of the Quaternary basaltic flow 
with green color because of the presence of vegetation and the underlying Jurassic limestone pinkish color. 

See Fig. 4 for location. The knickpoint has regressed upstream from the base of the Quaternary basaltic 

flow indicating that this knickpoint retreat started no later than 1.88 Ma, which is the oldest 40Ar/39Ar age 

of the flow (Woldegabriel et al., 1990; Alemu and Abebe, 2007). 

  

 

 

Table 2 Knickpoints used for the knickpoint celerity model 

Knickpoi

nt group  

Basi

n  

Migration 

Distance(
m) 

Elevati

on (m) 

Drain 

area 
(km^2) 

Easting 
Northi

ng 

Age 

(Ma) 

Age err 

(Ma) 

2000 

7 66905 1977 
1015306

11 
147459

.6 
103515

3 
4.569 1.559 

27 36866 2034 5716989 
15496.

26 
883661 4.754 1.623 
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-
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15.02
2 
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.7 
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7 
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3.6. Discussion 

3.6.1. Geomorphic proxies, spatial distribution of tectonic uplift rates, and drainage basin 

maturity 

Before discussing our geomorphic proxy results within the context of the tectonic uplift 

rate in the SEEP, we will address the possible influence of precipitation and rock erodibility on 

these results. Despite the lithological variation and, hence, the heterogeneity in the mechanical 

strength of the rocks in the SEEP, lithological changes (Figs. 2 and10A-C) do not appear to have 

exerted a first-order control on the pattern of various geomorphic proxies (Figs. 5-7).  
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Figure 3- 13 Plot of the probability density function (PDF) of the normalized steepness index (ksn) (A), the 

hypsometric integral (HI) (B), and the Chi integral (χ) (C) for different lithological units of the southeastern 

Ethiopian Plateau (SEEP). 

 

Further, to quantify the dependency (or lack of it) of geomorphic proxy patterns on 

lithological variation, we calculated the absolute frequency of each geomorphic proxy in different 

lithological units including the Quaternary basalt, the Pliocene basalt, the Oligocene basalt, the 

Mesozoic sedimentary rocks, and the Precambrian basement rocks (Figs.13A-C). We used the ksn, 

HI, and χ values to construct the probability density function (PDF). Generally, the frequencies of 

the three geomorphic proxies are consistent within most of the lithological units showing similar 

PDF pattern (Figs. 13A-C). However, the ksn values show higher PDF for the Eocene flood basalt 

and that this lithological unit is characterized by a relatively lower ksn value (Fig. 13A). The χ 

values of the Oligocene basalt and the Pliocene basalt are higher than those of other rock units 

(Fig. 13C). Therefore, except for the ksn values of the drainage basins within the Eocene basalt, all 

other geomorphic proxies fail to exhibit positive correlation with the lithology.  
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Figure 3- 14 Plots of the precipitation in the southeastern Ethiopian Plateau (SEEP) vs. the values of 

normalized steepness index (ksn) (A), the hypsometric integral (HI) (B), and the Chi integral (χ) (C). The 

precipitation data are the average of the last 10 years from the Tropical Rainfall Measuring Mission 

(TRMM). 

 Furthermore, we found that modern precipitation has limited effect on the pattern of geomorphic 

proxies in the SEEP. The only exception is the extreme orographic effect on the precipitation that 

is confined to the Ahmar and Bale mountains (Fig. 3). The Bale mountains receive high 

precipitation (>1500 mm/y), and the geomorphic proxies indicate high rates of erosion. However, 

the geomorphic proxies also indicate high erosion rate and unstable stages of drainage 

development in the Genale slopes and the North slopes where precipitation is much lower (Fig. 

3). Moreover, we found median to low correlation coefficient r between the values of different 

geomorphic proxies and the average precipitation in the last 10 years in the SEEP (Fig. 14).  The r 

values are 0.56 between precipitation and ksn (Fig. 14A), 0.25 between precipitation and HI (Fig. 

14B), and 0.12 between precipitation and χ (Fig. 14C).  

Our results are in agreement with recent cosmogenic studies supporting the dominance of 

tectonic uplift over climate in the erosion of active mountain ranges (Godard et al., 2014; Fuchs et 

al., 2015). Accordingly, we believe precipitation plays only a minor role compared to regional 

tectonic uplift in the development of drainage basins in the SEEP. Hence, we argue that 

variability in the drainage incision indicated by the geomorphic proxies is more related to the 

tectonic uplift than climate. With this understanding, we evaluated the regional distribution of 

tectonic uplift from the southeastern escarpments of the MER to the lowlands of the SEEP in the 
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southeast and from southwest to northeast along the southeastern escarpment of the MER and the 

Afar depression.  

First, we found that the geomorphic proxies are suggestive of different tectonic uplift 

rates from the southeastern escarpment of the MER toward the southeastern part of the plateau. 

We noticed a decrease in the precipitation (Figs. 5A and B), elevation (Figs. 5C and D), and the 

thickness of the Oligocene flood basalt (Figs. 15E and F) the MER escarpment toward the 

southeastern part of SEEP. Most of the geomorphic proxies indicate high tectonic uplift rates 

within the Bale mountains, the eastern side of the North slopes, and the Genale slopes (Figs. 5-7 

and 15G-J). This indicates that the tectonic uplift occurred dominantly within the southeastern 

escarpment of the MER and gradually decreased toward the lower Shabele valley and the Weyb 

basins possibly because of the flexural uplift of the rift shoulder.  

Second, the values of the ksn and HI geomorphic proxies suggest that the southeastern 

escarpment of the northern MER and the Afar depression are experiencing a relatively lower rate 

of tectonic uplift compared to the southeastern escarpment of the central and southern MER 

(Figs. 5 and 6). The ksn values extracted from longitudinal profiles of individual streams suggest 

low incision rate and tectonic uplift rate in the southeastern escarpment of the northern MER 

compared to that of the central and southern MER (Fig. 5A). Also, the HI values of basins 6, 7, 

10, 12, and 22 found within the southeastern escarpment of the northern MER are lower than 

those of basins 91, 95, 101, 108, 111, 113, and 114 on the southeastern escarpment of the central 

and southern MER (Fig. 6). In addition, results from the χ analysis show that the Shabele River 

(which originates from the southeastern escarpment of the northern MER) is closer to equilibrium 

than the Jubba River (which originated from the southeastern escarpment of the central MER at 

the foot of the Bale mountains) (Figs. 7 and 8).This pattern of tectonic uplift rate is supported by 

a number of studies inferring that the southeastern escarpment of the northern MER is closer to 

the steady state than that of the southern MER (Keranen and Klemperer, 2008; Corti, 2009; 

Agostini et al., 2011; Philippon et al., 2014).  
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Figure 3- 15 Maps and northwest-southeast profiles of the southeastern Ethiopian Plateau showing 

variation in precipitation from the average of the last ten years from the Tropical Rainfall Measuring 

Mission TRMM (A and B), elevation from the Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) digital elevation model (DEM) (C and D), Oligocene flood basalt thickness (E and 

F), normalized steepness index (ksn) (G and H), and hypsometric integral (HI) (I and J).   

Our inferred tectonic uplift pattern provides new insights into the tectonic activities in the 

different segments of the MER and the Afar depression. The geomorphic proxy analysis shows 

differential tectonic uplift rates (as inferred by the drainage basin’s maturity) within the 

southeastern escarpment of the northern MER and the Afar Depression and the southeastern 
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escarpment of the central and the southern MER (Figs. 5-7). This indicates that the northern MER 

and the Afar depression southeastern border faults are less tectonically active compared to those 

of the southeastern border fault of the central and southern MER. This might, in turn, suggest that 

extension in the northern MER and the Afar depression has been transferred from being 

accommodated by displacement along the border faults to the rift floor. Such change may be 

related to the transition from mechanical stretching to magma-assisted rifting as suggested by 

several authors (e.g., Ebinger and Casey, 2001).  Geochronological studies suggest that the 

initiation of extension and tectonic uplift is younger in the central and the southern MER 

compared to its northern segment. For example, Wolfenden et al. (2004) suggested from an 

40Ar/39Ar geochronological study that extension in the northern MER started ~11 Ma, while it 

started ~8 Ma in the central MER. Also, fission-track geochronological studies suggested that 

tectonic uplift started at 10-12 Ma in the northern MER and ~8 Ma in the southern MER 

(Balestrieri et al., 2016). Southwestward younging of extension and tectonic uplift is attributed to 

the southwestward propagation of the MER, likely related to the clockwise rotation of the 

Somalian Plate (Collet et al., 2000).  

   The regional distribution of the geomorphic proxy possibly also indicates a reactivation 

of regional structures. The structural framework of the SEEP is discussed in section 2.3 and 

shows various faults (dominated by the Marda, Weyb, and Genale fault belts) cross-cutting the 

plateau (Fig. 2). The Marda fault belt is a Precambrian intercontinental structure that was known 

to have been reactivated multiple times (Purcell, 1976; Mège et al., 2015). The Marda fault belt 

might have influenced the Pleistocene volcano-tectonic events in the SEEP (Purcell, 1976). 

However, our geomorphic proxy analysis in drainage basins near the fault belt such as the Amher 

Mountains and the eastern part of the North slopes is indicative of tectonic quiescence. We 

noticed high geomorphic proxy values, especially the HI, in the eastern part of the lower Shabele 

valley (Fig. 6), and this could be related to neotectonic activities in the southeastern part of the 

Marda fault belt (Fig. 2). We also found high geomorphic proxy values in the drainage basins 
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within the Genale slopes and the Weyb Basins, where the Genale and the Weyb fault belts are 

localized. Such high geomorphic proxy values may suggest reactivation of these major fault belts, 

forming a transient adjustment of hillslope gradient. This is in agreement with observations from 

apatite fission track data that suggested possible reactivation of old structures in the southern 

MER during the last 5 Ma (Philippon et al., 2014). 

 

3.6.2. Knickpoint celerity model and implication for episodic tectonic uplift of the Ethiopian 

Plateau  

The knickpoint celerity model of the SEEP presents four groups of regional knickpoints 

at ~2200, ~2000, ~1750, and ~1050 m elevations and one group of local knickpoints at ~2550 m 

elevation. Preservation of a group of knickpoints at similar elevations indicates uniform drainage 

system response in the Jubba and the Shabele rivers and that the region experienced at least three 

phases of drainage incision triggered by base-level change. The end-member ages of these 

incision episodes extracted from the knickpoint celerity model are ~4.5, ~6.5, and ~11.7 Ma. 

These results suggest that after the emplacement of the Oligocene flood basalt, the steady incision 

of the drainage systems was interrupted episodically, at least four times. We also identified a 

local knickpoint group at ~2550 m elevation, localized only at the drainage basins of the Bale 

mountains and the Genale slopes rather than along the whole MER southeastern escarpment. We 

suggest that a local and older tectonic uplift and/or climatic event might have affected the 

development of the drainage system of the Jubba River prior to ~11.7 Ma. 

Apart from the difference in erodibility of lithological units, two other principal factors 

that result in the development of a regional group of knickpoints at similar elevation are tectonic 

uplift and variations of the ratio between discharge to sediment flux induced by increased 

precipitation (Tucker and Slingerland, 1997; Kirby and Whipple, 2012). Two significant climatic 

change events have been documented since the formation of the SEEP. The oldest event is related 
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to the tectonic uplift in the Miocene-Pliocene (8 Ma), leading to the development of high 

topography in the Ethiopian Plateau and the Lake Plateau to the south (Wall of Africa) (Cerling et 

al., 1997; Sepulchre et al., 2006). Such a topographic barrier permitted a considerable 

reorganization of atmospheric circulation and reduced the moist air coming from the Atlantic 

Ocean across Africa, resulting in a decrease of precipitation and a transition from woodland to 

grassland in East Africa (Sepulchre et al., 2006). Moreover, analysis of pollen data and fossil 

mammals suggest another climate shift in the Pliocene (4 Ma to 3 Ma), leading to an expansion of 

grassland ecosystems in East Africa (Bobe and Behrensmeyer, 2004; Bonnefille et al., 2004). 

Studies in global scale also indicated a climate oscillation during the Pliocene- Pleistocene, 

resulting in a shift in African climate, vegetation, and faunal assemblages (DeMenocal, 2004). 

These two major climate change events greatly impact the Ethiopian Plateau in terms of rainfall 

pattern and amount. Our knickpoint celerity model end-member age of 6.5 Ma coincides with the 

formation of the central MER between 10 and 5 Ma (Bonini et al., 2005), and the 4.5 Ma end-

member age coincides with regional climate shift and the expansion of grassland during the 4 to 3 

Ma period (Table 1). These regionally distributed groups of knickpoints provide evidence of an 

episodic tectonic uplift pattern associated with at least two tectonic events rather than a steady 

uplift pattern in the SEEP. 

  

3.6.3 The role of preexisting structure in the distribution pattern of the rate of tectonic uplift   

Our geomorphic proxy analysis indicates a higher tectonic uplift rate along the 

southeastern escarpment of the MER and the Afar Depression than the low land of the SEEP (e.g. 

lower Shabele valley, Genale slopes, and Weyb basins). The geomorphic proxies also show a 

high value at the Bale mountains and the Genale slopes, with a general decrease in the 

geomorphic proxy values southeastward (Figs.15G-J). This southeastward increase in uplift may 

be related to the flexural uplift along the shoulder of the MER, which can be up to 200 km from 
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the rift shoulder (Sembroni et al., 2016a).  The Ahmar mountains have a relatively lower 

geomorphic proxy values compared to the Bale mountains adjacent to it. Moreover, the channel 

morphology of the Shabele River and χ data is additional evidence for the difference in tectonic 

uplift rates between the Ahmar and the Bale mountains (Fig. 7). Most tributaries of the Jubba and 

the Shabele rivers flow from the MER escarpment to the southeast because of the elevation 

gradient (Fig. 1B). The exception is a few tributaries of the Shabele River in basins 51, 50, 39, 37, 

36, 32, and 40 that flow northeastward parallel to the strike of the MER. The redirection of these 

streams was likely caused by uneven tectonic uplift of the sources of these rivers in the Bale and 

Ahmar mountains. Such uneven tectonic uplift along the shoulder of the MER was also reported 

by Bonini et al. (2005), who addressed that the deformation with the southern Afar was 

accommodated while the southern MER was still in the stage of tectonic quiescence between the 

Miocene and Pliocene. Also, the χ map shows that the drainage basin divide between the Jubba 

and the Shabele rivers (at the Bale mountains, basins 48, 51 in Fig. 7) are migrating eastward, 

suggesting higher uplift rates in the Bale mountains than that in the Ahmar mountains. This 

variation may be explained by the pattern of the thickness distribution of the Oligocene flood 

basalt, where the thickness of flood basalt in the Bale mountains is larger and more expressed 

than that of Ahmar mountains (Fig. 9). 

3.6.4. Correlation between the tectonic uplift history of the southeastern and northwestern 

Ethiopian Plateau   

The elevations at which the groups of regional knickpoints are located on the SEEP and 

the northwestern Ethiopian Plateau suggest a possible similar tectonic uplift history of the two 

plateaus. Previous geomorphological studies conducted in the Blue Nile and the Tekeze River on 

the northwestern Ethiopian Plateau found groups of regional knickpoints at 1050, 2000, and 2500 

m elevations (Ismail and Abdelsalam, 2012; Sembroni et al., 2016b). These are similar to the 

groups of regional knickpoints we found on the SEEP at 1050 and 2000 m elevations and a group 
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of local knickpoints at 2550 m elevation. The preservation of groups of knickpoints at the same 

elevation in the major drainage systems in the SEEP and in the northwestern Ethiopian Plateau 

(the Jubba River, the Shabele River, the Blue Nile, and the Tekeze River) suggests that they were 

formed during pulses of tectonic uplift or global climate change that affected the broad region 

that encompasses both plateaus.  

Geomorphic analysis carried out in the Blue Nile River (Gani et al., 2007; Gani and 

Neupane, 2017)—using field data, GIS-based DEM and published isotopic ages, and river 

longitudinal profiles and mantle tomography—and in the Tekeze River (Ismail and Abdelsalam, 

2012) —using quantitative geomorphology—have shown three phases of incision in the 

northwestern Ethiopian Plateau at 29–10, 10–6, and 6 Ma to present. More recently, Sembroni et 

al. (2016b) applied the knickpoint celerity model analysis in the Blue Nile and the Tekeze River 

and suggested the presence of three base level changes that were superimposed at 20-10 Ma, 10-5 

Ma, and Quaternary on the broadly and regionally uplifted northwestern Ethiopian Plateau. The 

ages of the pulses of tectonic uplift that affected the northwestern Ethiopian Plateau is similar to 

the ages of tectonic uplift pulses that we found to have affected the SEEP at 11.7, 6.5, and 4.5 

Ma. 

  

3.7. Conclusions 

By integrating geomorphic proxy analysis (including ksn, HI, and χ), a knickpoint celerity 

model, and the thickness of flood basalt, we estimated the spatial and temporal patterns in the 

tectonic uplift rate in the SEEP. We found that (i) The spatial distribution of the geomorphic 

proxy values is suggestive of a more tectonically active southeastern escarpment of the central 

and southern MER compared to the northern MER. (ii) The distribution of geomorphic proxy 

values along the Shabele River is closer to a steady-state than the Jubba River. These geomorphic 

proxies show a higher tectonic uplift rate in the Bale mountains, and in the Genale slopes and 
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possible reactivation in the areas dominated by the Genale and Weyb faults. (iii) The knickpoint 

celerity model suggests at least three groups of knickpoints related to regional pulses of tectonic 

uplift at 11.7 Ma, 6.5 Ma, and 4.5 Ma. (iv) We infer that the SEEP has a pulsed tectonic uplift 

history similar to that of the northwestern Ethiopian Plateau, indicative of common broad regional 

tectonic events.   
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CHAPTER IV 
 

 

DRAINAGE INCISION, TECTONIC UPLIFT, AND MAGMATISM OF THE KENYA RIFT, 

EAST AFRICAN RIFT SYSTEM: A MORPHO-TECTONIC ANALYSIS APPROACH 

 

4.0. Abstract 

This work examines the tectonic uplift history of the Kenya Rift (divided into a northern, a 

central, and a southern segment; henceforth NKR, CKR, and SKR) within the East African Rift 

System (EARS) by: (1) estimating the long-term (since Miocene - ~15 Ma) drainage incision 

pattern within the Kenya Rift by first obtaining the difference between modern topography and 

paleo-datum and then dividing the resulting regional incision by published ages of volcanic rocks; 

(2) characterizing the short-term (since Pliocene - ~4.5 Ma) drainage incision pattern and 

drainage basin divide migration using the chi integral geomorphic proxy; and (3) correlating the 

spatial and temporal drainage incision pattern with known magmatic, tectonic, and climatic 

events in the Kenya Rift. The long-term incision analysis shows that the incision rate is higher in 

the CKR averaging ~300 mm/ky since 4.5 Ma. Such Pliocene increase is also observed in other 

parts of the EARS. The short term incision analysis shows that the NKR is approaching steady 

state, while the CKR and SKR are still in transit state with active drainage basin divides 

migration. This work found that the spatial and temporal pattern of the tectonic uplift inferred 

from the drainage incision is well-correlated with known phases of magmatic activities. 
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Also, this work found that the rapid increase in drainage incision since ~4.5 Ma correlated well 

with major change in vegetation from grassland to woodland. This suggests that the tectonic 

uplift coupled with Pliocene magmatic activities have caused a major shift in the ecosystem in the 

region. 

4.1.  Introduction 

The incision of bedrock drainage systems (henceforth drainage incision) due to tectonic uplift is 

one of the main processes that shape the Earth landscape in unglaciated and tectonically-active 

regions [e.g., Howard et al., 1994]. Under similar erodibility conditions of bedrock, the variation 

in the rate of drainage incision can be used to constrain the change in tectonic uplift and/or 

erosion rate that accompanies variation of precipitation driven by climate change [e.g., Kirby and 

Whipple, 2012; Montgomery and Brandon, 2002; Whipple, 2004]. Therefore, to achieve a 

comprehensive understanding of landscape evolution, constraints on the spatial and temporal 

patterns of drainage incision over multiple time intervals are desired. On the one hand, the short 

term (103-106 yr) drainage incision rate can be estimated using models based on stream-power 

equations integrated with knowledge on the formation of knickpoints observed in the stream’s 

longitudinal profiles and their headward migration [Hilley and Arrowsmith, 2008; Kirby et al., 

2003; Willett et al., 2014; Wobus et al., 2006]. On the other hand, the long-term (106-107 yr) 

drainage incision rate can be estimated from computing the difference between modern 

topography and paleo-datum then dividing the resulting regional incision by known ages of 

marker horizons such as the base of volcanic remnants or stream’s terraces [Grimaud et al., 2014; 

Lavé and Avouac, 2001]. Documenting drainage incision history using this approach has been 

proven to be effective in non-orogenic settings where the tectonic uplift rate is not rapid enough 

in the time scale of 106-107 yr to be detected by thermochronological studies [Beauvais and 

Chardon, 2013; Grimaud et al., 2014]. 
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The East African Rift System (EARS) consists of three segments, including the Northern Branch 

(the Afar Depression and the Main Ethiopian Rift) , the Eastern Branch, and the Western Branch 

[Chorowicz, 2005] (Fig. 1A). The Kenya Rift, the focus of this study, is located within the 

Eastern Branch between the Turkana Depression in the north and the North Tanzania Divergence 

to the south (Fig. 1B). The landscape of the Kenya Rift (which constitutes a northern, a central, 

and a southern segment; henceforth NKR, CKR, and SKR) provides a unique opportunity for the 

documentation of the interplay between drainage incision, tectonic uplift, magmatic activities, 

and climate change.   [Smith and Mosley, 1993; Spiegel et al., 2007; Torres Acosta et al., 2015; 

Veldkamp et al., 2012]. However, both the short-term (103-106 yr) and the long-term (106-107 yr) 

drainage incision history of the rift are poorly constrained. Specifically, the spatial and temporal 

scales at which the tectonic uplift and the magmatic activities interact with each other as well as 

their influence on drainage incision have not been fully explained.  
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Figure 4- 1 (A) Index map of the East African Rift System (EARS). (B) ETOPO1 DEM of the EARS, 

showing the locations of the Arabian, Nubian, Somalian Plates, Eastern and Western Branches, the Main 

Ethiopian Rift, and the Afar Depression. (C) SRTM DEMs of the Kenya Rift, showing the North, Central, 

and South Kenya Rifts, and three major streams, including Ngiro River, Tana River, and Athi Rivers. This 
map also illustrates the locations of Lake Turkana, Lake Nakuru, Lake Victoria, Lake Eyasi, Mathews 

Ranges, Kamasia Range, Mau Escarpment, Nguruman Escarpment, Yatta Plateau, Elgeyo Escarpment, 

Kinangop Plateau, Nyanza Trough, Lukenya Hill, Mt. Elgon, Mt. Kenya, Mt. Kilimanjaro, Mt. 

Ngorongoro, Ewaso Ngiro Valley, Kerio Basin, and Baringo-Bogoria Basin.    

Studies implenting 40Ar-39Ar and K-Ar ages of basaltic flows surfacing the Eastern Branch 

suggest southward migration of magmatic activities since the Eocene, where the ages of volcanic 

rocks decrease from the Turkana Depression in the north to the North Tanzania Divergence to the 

south (Fig. 1B) [e.g., C J Ebinger and Sleep, 1998; Furman et al., 2004; Moucha and Forte, 

2011; Wichura et al., 2015]. This is further supported by numerical modeling suggesting that the 

dynamic topography associated with the EARS was developing since the Oligocene (~30 Ma) 

from north (the Ethiopia – Yemen plateau) to south (the East African plateau) [Moucha and 

Forte, 2011]. This southward migration of the dynamic topography has been explained as due to 
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northward movement of the African plate above the East African plume [Moucha and Forte, 

2011]. However, (U-Th)/He and apatite/zircon fission track thermochronological analysis by 

[Torres Acosta et al., 2015] have suggested that there exists an overlap in the timing of the 

development of the southern Main Ethiopian Rift in the north and the Kenya Rift to the south 

rather than southward propagation of the rifting processes thought to be driven by mantle plume 

activities.  

This study aims at: (1) Using the short-term and long-term drainage incision to constrain the 

spatial and temporal variation in the tectonic uplift on the flanks of the Kenya Rift. (2) 

Comparing the variation in the tectonic uplift with the spatial and temporal distribution of 

volcanic flows of known ages in order to establish the relationship between the tectonic uplift and 

magmatic activities. (3) Correlating the drainage incision history of the rift flanks with major 

paleoenvironmental changes represented by vegetation shifting events.  

 

4.2. Tectonic Setting and Evolution of the Kenya Rift  

4.2.1. Regional Setting of the Kenya Rift 

The Kenya Rift is localized in the center the Eastern Branch of the EARS on the eastern edge of 

the East Africa Plateau (Fig. 1A). The Eastern Branch represents part of the boundary between 

the Somalia Plate and the Victoria Plate, the latter is bounded in the west by the Western Branch 

which separates it from the Nubia Plate (Figs. 1A and B). The Eastern Branch of EARS is 

characterized by shallow seismicity where the seismogenic depth ranges between 5 and 15 km 

and more voluminous volcanism than the Western Branch [Craig et al., 2011]. The Kenya Rift 

represents a N-S trending extensional structure that stretches for ~900 km starting from the 

Turkana Depression in the north to the North Tanzanian Divergence to the south (Figs. 1B, C and 

2). Based on Global Positioning System (GPS) studies, the Victoria plate is currently moving 
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eastward away from the Nubian plate with a velocity of 1.1 mm/yr in the north and 2.9 mm/y in 

the south [Saria et al., 2014]. Differently, the Somali Plate is currently moving with a velocity of 

3.1 mm/yr in the north and 0.9 mm/yr in the south.  

 

4.2.2.Precambrian Geology and its Influence on the Evolution of the Kenya Rift 

The Kenya Rift stretches in a N-S direction along the Neoproterozoic East African orogen, which 

is represented by the juvenile crust of the Arabian-Shield in the north and the reworked and 

juvenile crust of the Mozambique belt to the south, which is represented by the Eastern and 

Western Granulite belts (Fig. 3) [Fritz et al., 2013; Katumwehe et al., 2016; Stern, 1994]. Fritz et 

al. [2013] considered the Eastern Granulite belt as a juvenile Neoproterozoic crust and the 

Western Granulite belt as an Archean – Paleoproterozoic crust that was reworked during the 

Neoproterozoic (Fig. 3). The East African orogen is found on the eastern side of Archean – 

Paleoproterozoic cratonic and metacratonic blocks represented, from north to south, by the 

Saharan Metacraton [Abdelsalam et al., 2002], the Northeast Congo Block (which represents the 

northeastern extension of the Congo craton), and the Tanzania craton (Fig. 3; Katumwehe et al., 

2016). The Western Granulite belt is a W-verging nappe that was thrust onto the eastern edge of 

the Tanzania craton (Fig. 3) [Fritz et al., 2013]. Similarly, the Eastern Granulite belt is considered 

a W-verging nappe that was thrust westward onto different Precambrian tectonic entities (Fig. 3) 

[Fritz et al., 2013]. Katumwehe et al. [2016] proposed that the boundary between the Northeast 

Congo craton and the Saharan Metacrton is the NW-trending sinistral strike-slip Aswan shear 

zone, which extends beneath the Miocene – Recent volcanic pile of the Kenya Rift to connect 

with the NW-trending sinistral strike-slip Nyangere shear zone which represent the boundary 

between the Eastern Granulite belt and the Arabian-Nubian Shield (Fig. 3) [Fritz et al., 2013]. It 

is worth noting here that the CKR follows the projected trace that connects the two shear zone 

beneath the Miocene – recent volcanic pile of the Kenya Rift (Fig. 3).  
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Figure 4- 2 Idealized east-west trending cross-sessions across the Kenya Rift spaced at 30’ from 1°30’ N to 

3°00’ S. The topography profiles are extracted from SRTM DEM. The location of rift basins and 

escarpments are based on the maps of Fig. 1C.   

The Neoproterozoic East African orogen is considered the collision zone between East Gondwana 

(represented by the Galana terrane in Fig. 3) and West Gondwana (represented by the Saharan 
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Metacraton, Northeast Congo craton and Tanzania craton in Fig. 3) [Abdelsalam and Stern, 1996; 

Fritz et al., 2013; Shackleton, 1984; Shackleton and Ries, 1984; Stern, 1994]. The geological 

variation along the orogenic belt, especially the grade of metamorphism, is explained as that 

Tibetan-type collision occurred in the south along the Mozambique Belt after the complete 

consumption of the Mozambique ocean whereas Andean-type orogeny occurred in the north 

allowing for the preservation of elements of the Mozambique ocean in the Arabian-Nubian Shield 

in the form of juvenile island arcs and ophiolites [Abdelsalam and Stern, 1996; Stern, 1994]. 

Recently, based on U-Pb zircon geochronological and isotopic data, Thomas et al. [2016], 

proposed that the Western Granulite belt represents the metacratonized portion of the eastern 

edge of the Tanzania craton and that this metacratonization occurred in association with the 

Neoproterozoic East African orogenic event.    

 It has been suggested that the lithospheric heterogeneity between the cratons and metacratons in 

the west (the Saharan metacraton, the Northeast Congo block, and the the Tanzania craton) and 

the East African orogen to the east might have influenced the development and propagation of the 

Kenya Rift [C Ebinger et al., 1997; Smith and Mosley, 1993]. Seismic and gravity data indicated 

that the pre-existing lithospheric contrast between the two Precambrian tectonic entities might 

have also controlled the localization of extension, and the emplacement of magma since early 

Miocene [Simiyu and Keller, 2001; Smith, 1994].  
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Figure 4- 3 Tectonic map of the Kenya Rift modified from Katumwehe et al., [2016], showing the locations 

of Aswan shear zone and Nyangere shear zone and sections of North, Central, and South Kenya. 

Recently, using satellite gravity data to image the depth to Moho and the lithosphere – 

asthenosphere boundary (LAB), Fletcher et al. (Submitted) observed a NNE-trending zone of thin 

lithosphere on the eastern margin of the Tanzania craton. The eastern extent of this zone 

coincides with the thrust front of the Western Granulite belt. Fletcher et al. (Submitted) attributed 

the presence of this zone of thin lithosphere to sub-continental lithospheric mantle delamination 

that was controlled by the presence of a suture zone and that this delamination occurred during 

the East African orogenic event due to collision between East and West Gondwana.  

Following Thomas et al. [2016] initial proposal, Fletcher et al. (Submitted) proposed that 

delamination might have resulted in metacratonization of the eastern edge of the Congo craton to 
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transform it into the Neoproterozoic-reworked Archean – Paleoproterozoic crust of the Western 

Granulite belt (Fig. 3). Further, Fletcher et al. [Submitted] proposed that the zone of thin 

lithosphere might have allowed the channelization of a mantle plume material that is deflected 

eastward due to the presence of the thicker root of the Tanzania craton as initially suggested by 

Koptev et al. [2015]. Fletcher et al. (Submitted), concluded that softening of the lithosphere at the 

eastern margin of the Tanzania craton through repeated geological event allowed for localization 

of extensional strain driven by the eastward movement of the Somali plate, hence the onset of the 

Eastern Branch of the EARS. 

4.2.3. The Architecture of the Kenya Rift  

The Kenya Rift is divided into the NKR, the CNR, and the SNR. The three segments are 

distinctively different in terms of orientation and geometry (Figs. 1C and 2). The region north of 

the Kenya Rift is dominated by the southern part of the Turkana Depression, which forms at its 

transition with the Kenya Rift a ~125 km wide depression bounded in the west by the ~1.0 km 

high Elgeyo escarpment (Fig. 2A). The NKR is composed of two N10°E striking grabens 

including the ~50 km wide Baringo-Bogoria Basin in the east and the ~20 km wide Kerio Basin 

to the west (Figs. 1C and 2B and C). These basins form parallel rift valleys separated by a horst 

structure referred to as the Kamasia Range (Fig. 2B and C [Chorowicz, 2005]. The Baringo-

Bogoria Basin has an almost full graben geometry where the escarpments representing the border 

faults on both its eastern and western sides ~ 0.6 km high (Figs. 2B and C). The northern part of 

the Kerio Basin is a W-dipping half-graben in which the height of the Elgeyo escarpment in the 

west reaches ~2.0 km (Fig. 2B). Further south, the Kerio half- graben transition into an 

asymmetrical graben with better developed escarpment in the west (~1.2 km high) compared to 

the escarpment in the east (~0.8 km high) (Fig. 1C). The Baringo-Bogoria Basin extends 

southward to Lake Bogoria, while the Kerio Basin ends west of this lake (Fig. 1C).  
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The transition from the NKR to the CKR is marked by a shallow (0.5 km deep), E-dipping and 

~50 km wide half-graben bounded by the Kinangop plateau in the east and the Mau Escarpment 

to the west (Fig. 2D). This is also where the Kenya Rift intersects with the N80oE trending 

Nyanza Trough (Fig. 1C) [Chorowicz, 2005]. The N10°W CKR extends from south of the 

Baringo - Bogoria Basin, through the Lake Nakuru, to the northern part of the Ewaso Ngiro 

Valley surrounded by the Kinangop escarpment in the east and the Mau Escarpment to the west 

(Figs. 1C and 2D-F). The central part of the CKR is dominated by an ~80 km wide full graben 

where the escarpments representing the border faults in the east and west are ~1.0 km high (Fig. 

2D). The elevation of this escarpment at the margins of the CKR is ~3.0 km, and this elevation 

gradually decreases to the east and west away from the rift to reach ~1.0 km. This suggests that 

the CKR was superimposed on a broad domal topography (Fig. 2E). Further south, the CKR 

narrows to a width of ~50 km and forms a full graben bounded between ~0.9 km high 

escarpments (Fig. 2F). Similar to its central part, the southern part of the CKR seem to be 

superimposed on a broad domal topography where the Kinangap plateau in the east and the Mau 

Escarpment to the west have elevations of ~2.5 km at the eastern and western escarpment, and 

they become progressively lower in elevation eastward and westward away from the rift reaching 

~1.5 km (Fig. 2F).  

The transition between the CKR and the SKR is marked by the northern part of the N-S trending 

Ewaso Ngiro Valley (Fig. 1C). Here, the Kenya Rift is defined by a ~60 km wide full graben 

bounded by the ~0.8 km high Lukenya Hills in the east and the Mau – Nguruman escarpment to 

the west (Fig. 2G). The central part of the N15°E striking SKR is represented by a W-dipping half 

graben in which the surface expression of the border fault is defined by the ~1.0 km high eastern 

edge of the Nguruman escarpment (Fig. 2H). Further south, the SKR is defined by a ~60 km wide 

and relatively poorly defined graben bounded in the west by the Nguruman escarpment, the 

eastern edge of it has a height of only ~0.5 km (Fig. 2I). The boundary between the SKR and the 
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North Tanzania Divergence can be assigned to an E-W trending volcanic belt dominated in the 

east by Mount Kilimanjaro and in the west by Mount Ngorongoro (Fig. 2J)  

 

4.2.4. Magmatic Activities, Tectonic Uplift, and Rifting  

Based on available 40Ar/39Ar and K/Ar ages, this work produced a geological map showing the 

spatial distribution of magmatic activities covering the epochs between Eocene and Holocene 

(Fig. 4). This will be discussed in more details in section 4.4.1. Earlier, Nyblade and Brazier 

[2002] proposed that magmatic activities commenced between 45 and 37 Ma in the southern 

Main Ethiopian Rift, between 39 and 45 Ma in the NKR, at ~15 Ma in the CKR, and at ~8 Ma in 

North Tanzania Divergence. Based on the oldest magnetic activity recorded in the Kenya Rift, it 

is suggested that the initiation of rifting in the Kenya Rift started during the Eocene [Cynthia 

Ebinger and Scholz, 2012; C K Morley et al., 1992]. This is because it is considered that 

magmatic activities occurred at the same time of rifting [C Ebinger, 1989]. However, studies 

aimed at determining the onset of fault activities in the Kenya Rift revealed much younger ages. 

For example, by using K-Ar dating and palaeomagnetic polarity measurements on the Nguruman 

escapement in the SKR (Fig. 1C), Robert Crossley [1979] suggested that the activity on the 

border faults started at ~7 Ma. Additionally, Macdonald [2002] suggested, from geochrnology, 

that rifting in the CKR and the SKR started latter than ~10 Ma, and it propagated southward to 

reach the North Tanzania Divergence between ~8 and ~5 Ma. 

Using thermal models from apatite fission track and zircon (U-Th)/He thermochronology, Torres 

Acosta et al. [2015] revealed a three-phase cooling history on the flanks of the NKR and the 

CKR. This includes rapid cooling between ~65 and ~50 Ma, a very slow cooling between ~45 

and ~15 Ma, and a renewed rapid cooling starting at ~15 Ma.  

4.2.5. Mantle Dynamics beneath the Kenya Rift 
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It is suggested that a significant part of the tectonic uplift and magmatic activities in the EARS is 

associated with mantle plume activities [e.g., C Ebinger, 1989]. However, there remain 

uncertainties about the nature of these mantle plume activities. C J Ebinger and Sleep [1998] 

suggested that the EARS is impacted by a single mantle plume beneath the Ethiopia-Yemen 

plateau since the Cenozoic. The presence of a single mantle plume is further supported by 

geochemical studies from the Turkana Depression suggesting the presence of a long-lived mantle 

plume beneath the Ethiopia-Yemen plateau and the East Africa plateau [Furman et al., 2004]. 

These geochemical observations implied a single, large, but chemically heterogeneous plume 

with small (<500 km diameter) and isolated plume heads [Furman et al., 2006; Pik et al., 2006]. 

The presence of a single mantle plume is further supported by time-dependent dynamic 

topography modeling for the past ~30 Ma that explained the development of dynamic topography 

associated with the EARS is due to northward movement of the African plate above a stationary 

and deep-seated superplume that resulted first in the development of the Ethiopia-Yemen plateau 

in the north and then the East Africa plateau to the south [Moucha and Forte, 2011].  

However, geochemical studies have shown distinct differences between volcanic rocks in the 

Ethiopia-Yemen plateau and the East Africa plateau implying the existence of at least two (Afar 

and Kenya) different mantle plumes beneath the EARS [George et al., 1998; Rogers et al., 2000]. 

The Kenya mantle plume is considered to have reached the base of African continent lithosphere 

earlier (at least 45 Ma) than the Ethiopia mantle plume (~30 Ma) [Rogers et al., 2000]. It is also 

suggested that the Kenya mantle plume is responsible for the magmatism extending from the 

southern Main Ethiopian Rift, through the Kenya Rift, to the North Tanzania Divergence [Rogers 

et al., 2000]. The Afar mantle plume is considered to be associated with magmatism of the Afar 

Depression and the northern Main Ethiopian Rift Ma [Pik et al., 2006].  

Further, Koptev et al. [2015] using numerical modeling explained the development of the Eastern 

Branch as a magma-rich continental rift due to eastward deflection of a mantle plume rising 
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beneath the thick root of the Tanzania craton. Emishaw et al. [2017] considered the magmatic 

activities and the tectonic uplift in the Main Ethiopian Rift and the Afar Depression to be 

associated with an NE-directed mantle flow that is rising from the northern part of the Turkana 

Depression. 

4.3. Data and Methods 

Three types of data are used in this study: (1) Published geological and 40Ar/40Ar and K/Ar 

geochronological data [e.g., Brotzu et al., 1984; A Foster et al., 1997; Guth, 2016; Opdyke et al., 

2010; Smith, 1994, full reference please refer to the Appendix 3; Wilkinson et al., 1986] to map 

the spatial distribution of remnants of different volcanic rocks and assign specific ages for them 

(Fig. 4). (2) Sentinel-2A multi-spectral remote sensing data to further map the detailed spatial 

distribution of the volcanic remnants. This is a high spatial resolution (10 m - 20 m), multi-

spectral imaging mission initiated by European Space Agency [Drusch et al., 2012]. (3) 30 m 

spatial resolution SRTM DEM to establish (in connection with the location and age of various 

volcanic remnants) a paleo-datum. The SRTM DEM is also used to produce a regional incison 

map by subtracting modern topography from the paleo-datum. Subsequently, the long-term 

drainage incision rate is calculated by dividing the amount of regional incision by the ages of the 

volcanic remnants following Gallen et al. [2013], Schoenbohm et al.[2004], and Thouret et al., 

[2007]. The SRTM DEM is also used to establish the short-term incision rate and drainage divide 
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movement using chi-integral geomorphic proxy [Perron and Royden, 2013; Willett et al., 2014]. 

 

Figure 4- 4 Map of volcanic rock remnants in the Kenya Rift. The extents of these remnants are constrained 

by former geological maps [Guth, 2016; Milési et al., 2004; Pulfrey, 1969] and Sentinel-2A data, while, the 

age of these remnants are derived from Ar/K-Ar data (see Appendix 1). The red boxes illustrate three 

examples used for Figure 5. 

4.3.1. Establishing Long-term Drainage Incision Rate 

To establish the long-term drainage incision rate for the Kenya Rift, this work first produced a 

geological map for the distribution of Miocene to Recent volcanic remnants by synthesizing 

results from geological maps and published 40Ar/39Ar and K/Ar geochronological data (Fig. 4). 
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The location and extent of these volcanic remnants were first mapped by integrating the 

1:3,000,000 geologic map produced by the Geological Survey of Kenya [McCall, 1967, Scale: 

1:3, 000, 000] and geologic maps from Guth [2016]. Various 40Ar/39Ar and K/Ar 

geochronological studies have been carried out for the volcanism in the Kenya Rift since 1970s 

[B H Baker and Mitchell, 1976; Brotzu et al., 1984; A Foster et al., 1997; McDougall et al., 2012; 

Opdyke et al., 2010]. These studies have been reviewed by Smith [1994] and Guth [2016]. More 

than 2000 geochronological data points are used to provide age constraints on widely distributed 

volcanic remnants throughout the Kenya Rift (Fig. 4) (Appendix 3).  

To further constrain in detail their spatial extent, the boundaries of the volcanic remnants 

obtained from the geologic maps are adjusted using Red-Green-Blue (RGB) color combination 

images extracted from Sentinel-2A multi-spectral data. Three examples of 12-8-3 RGB color 

combination images from the Sentinel-2A data that are used to map the volcanic remnants of the 

Kenya Rift are shown in Fig. 5.  

Based on the detailed map of volcanic remnants and their associated age, this study estimated the 

long-term drainage incision rate by reconstruction of the pre-incision paleo-datum in the SRTM 

DEMs [Prince and Spotila, 2013]. These remnants are widely distributed on the flanks of the 

Kenya Rift and are highly dissected by the drainage system. For example, three major streams are 

observed incising into these volcanic rocks including the Ngiro River (Figs. 5A and B), the Tana 

River (Figs. 5C and D), and the Athi River (Figs. 5E and F). Second, the amount of long-term 

drainage incision is assumed to be represented by the elevation difference between the paleo-

datum and the present topography. Third, the long-term incision rate is estimated by dividing the 

incision magnitude by the ages of the volcanic remnants.  
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Figure 4- 5 False color image for the Ngiro River (A), the Tana River (C), and the Athi River (E), extracted 

from Sentinel-2A satellite data with band combination (11/8/3), which highlights the iron oxide and 

magnetite. Three examples illustrate the incision on the Neogene and Quaternary volcanics (B, D, and F) 

and also the locations used for calculating the long-term incision rates (F). 
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This work presents the Athi River (Figs. 5E and F) as an example to illustrate the methods 

applied to calculate the long-term drainage incision rates. The long-term incision rate of the Athi 

River is calculated by using the Yatta plateau located parallel and to the east of the Athi River 

(Figs. 5E and F). The ~300-km-long Yatta plateau is considered to be the longest inverted valley 

on Earth [Wichura et al., 2010]. This plateau was developed by southeastward flow of ~13.5 Ma 

phonolitic flow. This lava followed the paleo valley of the Athi River [Veldkamp et al., 2007; 

Wichura et al., 2011] (Fig. 6A). Subsequently, erosion of the Precambrian materials occurred, 

resulting in the lava-filled valley that formed the ~250 m high Yatta Plateau (Fig. 6B). Therefore, 

the top of the Yatta plateau represents the minimum elevation of the Miocene (~13.5 Ma) paleo-

datum. Subsequently, the amount of the drainage incision was calculated by subtracting the 

elevation of the longitudinal profile of the Athi River from that of the Yatta plateau. With the 

assumption that incision occurred shortly after the formation of the Yatta Plateau, this work 

calculated the long-term drainage incision rate to be 18.52 mm/ky by dividing the amount of 

drainage incision (~250 m) by the age of phonolite (~13. 5 Ma).  

Because of the availability of the detailed map of the volcanic remnants and their 40Ar/39Ar and 

K/Ar ages (Fig. 4), a total of 85 drainage incision rate data points are calculated for the three 

segments of the Kenya Rift. Twenty one data points are found within the NKR, 29 within the 

CKR, and 35 within the SKR. Subsequently, the discrete data points of drainage incision rate are 

plotted against the age of the volcanic remnants (Fig. 7).  Furthermore, because it is observed that 

the most extensive magmatic activities in the Kenya Rift were recorded in the middle Miocene 

(~15 Ma) and the Pliocene (~4.5 Ma), two maps showing the distribution of drainage incision rate 

during ~15 Ma and ~4.5 Ma period were constructed by using nearest-neighbor interpolation of 
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the 85 discrete data points (Figs. 8 A and 8 B).  

 

Figure 4- 6 Cross section along A-A’ for Yatta Plateau (Figs. 5 EF) showing the conceptual map of 

Miocene paleo topography (A), and the present topography (B) illustrating more than 200 m incision of 
Athi River since Miocene. (C) The longitudinal profile of the Athi River and projected Yatta Plateau, 

showing the estimation of the incision along the plateau. 
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4.3.2. Establishing Short –term Incision (4.5 Ma) 

The pattern of the short-term drainage incision rate in the three segments of the Kenya Rift was 

evaluated using the chi integral geomorphic proxy (Figs. 9 and 10). The chi integral, can be used 

as a proxy for evaluating the steady-state condition of the drainage systems network, in length 

units [Perron and Royden, 2013; Willett et al., 2014]. In the steady-state condition, the channel 

slope can be expressed as: 

 S =
𝑑𝑧

𝑑𝑥
= (

𝐸

𝐾
)

1
𝑛𝐴

−𝑚
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where S is the local slope of the stream’s longitudinal profile, A is the area of the drainage basin, 

z is the local elevation, x is horizontal coordinate, E is the drainage incision rate, K is erosional 

coefficient, and m and n are empirical constants [e.g., Whipple and Tucker, 1999]. The chi 

integral can be calculated by the integration of equation (1): 
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where A0 is a reference area within the drainage basin and zb is the elevation at the outlet of the 

drainage basin. Hence, given the linear form of equation (2), the chi integral is useful to evaluate 

the dynamic state of the divide between drainage basins [Willett et al., 2014]. Also, the change in 

chi integral values across the drainage basin divide are suggestive of the long-term divide 

migration direction [Beeson et al., 2017; Willett et al., 2014].  
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To evaluate the pattern of the short term drainage incision rate in the three segments of the Kenya 

Rift, this work produced a chi plot by plotting the elevation of major streams (Fig. 9A) in the 

eastern flank of the NKR, CKR, SKR versus the chi integral (Fig. 9B). The streams on the eastern 

flanks of the Kenya Rift are selected for the chi plot because their mouths to the Indian Ocean 

have the same elevation and are close and witnessed the same rise and fall of the base level. Also, 

the chi integral values are calculated for the streams in the three segments of the Kenya Rift  (Fig. 

10) from the SRTM DEM using the Topotool Box 2 [Schwanghart and Scherler, 2014]. To keep 

the main streams relatively consistent and straight, we applied concavity of 0.4 for the 

calculation.  We applied reference area A0 of 1 m2 and minimum drainage area of 1000 m2. Also, 

to highlight the drainage divide and basin boundaries, we have established a number of sub-

basins throughout the Kenya Rift and numbered them from 1 to 110 according to their relative 

locations (Figs, 10A-C).  

 

4.4. Results 

4.4.1. Distribution of remnants of volcanic rocks from Miocene to Recent 

Based on the age of volcanic remnants, it is found that the two major phases of extrusive 

volcanism occurred in the middle Miocene (16-8 Ma) and the Pliocene (5.3-1.6 Ma). These 

represent the majority of exposure of volcanic rocks in the Kenya Rift (Fig. 4). Only restricted 

outcrops of the oldest Eocene and Oligocene volcanism is observed in the NKR (Fig. 4). 

Nevertheless, no pattern of north to south younging of volcanic rocks is observed. Rather, it was 

noticed that the first phase of extrusive volcanism (16-8 Ma) spread throughout the NKR, the 

CKR, and the NKR. However, the second phase (5.3-1.6 Ma) is more concentrated within the 

CKR and some parts of the SKR. Such a volcanism distribution pattern generally matches the 

observation of flood basalt extents from Smith [1994] and Claessens et al. [2016](Figs. 8 AB). 
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4.4.2. Long-term Incision Rate 

The long-term incision rate varies from 0.9 mm/ky to 276. 92 mm/ky (Fig. 7). Notably, before 

~4.5 Ma the long-term drainage incision rate throughout the three segments of the Kenya Rift was 

below 50 mm/ky (Fig. 7). The rate rapidly increased in the CKR and the SKR after 4.5 Ma, where 

the CKR  witnessed a drainage incision rate as high as 276 mm/ky, and the SKR witnessed a 

drainage incision rate that reaches 130 mm/ky (Fig. 7). Differently, the drainage incision rate of 

the NKR remained below 50 mm/ky even after ~4.5 Ma. 

 

Figure 4- 7 Long-term incision rates for North, Central, and South Kenya Rift, the error is derived from the 

±σ values of the Ar-Ar and K-Ar dates. 

The drainage incision rate at ~15 Ma is relatively low (<60 mm/ky) throughout the three 

segments of the Kenya Rift and only a few regions in the NKR and CKR have drainage incision 

rates higher than 30 mm/ky (Fig. 8A). The drainage incision rate at ~4.5 Ma showed significantly 

higher rates in the CKR compared to other segments of the Kenya Rift. The SKR has a slightly 
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higher drainage incision rate than that of the NKR. 

 

Figure 4- 8 Interpolated map of the incision rates in the Miocene (A) and Pliocene (B), showing the 

incision rate increases rapidly in the central Kenya Rift since Pliocene. Also, the red and blue dashed lines 

are the approximate extents of flood basalts in Pliocene and Miocene, respectively. These flood basalt 

extents are modified after Smith [1994] and Claessens et al. [2016]. 

4.4.3. Short-term Incision Rate 

It is observed from the chi-plot that the streams on the flanks of the SKR and the NKR have 

similar pattern showing shallow slope from upstream. Differently,  the streams on the flanks of 

the CKR have steeper slope (Fig. 9B). Therefore, it can be easily observed that the streams in the 

CKR have a higher channel steepness and associated drainage incision rate than those of the SKR 
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and the NKR. 

 

Figure 4- 9 (A) Hillshade map illustrating the locations of the major branches of Ngiro River, Tana River, 

and Athi River, which are labelled form 1 to 13 from north to south. (B) chi plot of the 13 streams on the 

eastern flanks of the Kenya Rift, showing the distinct patterns between Central KR and S/N KR. 

The chi map is indicative of the migration direction of the drainage divide between drainage 

basins. It is found that the drainage divide migration in both the eastern and western flanks of the 

NKR is limited, where the chi values across the drainage divide are relatively similar (e.g., 

divides between drainage basins 93 and 54, 59 and 1, 55 and 53 in Fig. 10A). This suggests an 

equilibrium stage of these drainage divides. However, the drainage divides in the southeastern 

flank of NKR exhibit an eastward migration (e.g., divides between 78 and 62, 57 and 62 in Fig. 

10A). In the CKR, the chi values across the divides of drainage basins show significant 

difference, representing relatively high migration, especially in the western flank of CKR (Fig. 

10B). In the CKR, the direction of the drainage divide migration is consistent with E-W directed 

extension, where the drainage divide in the western flanks moved to the west, and those in the 

eastern flank moved to the east. Similar to the NKR, the drainage divides on the eastern and 

western flanks of the SKR are suggestive of an equilibrium stage, where, for the most part, the chi 
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are similar (e.g., divides between 45 and 81, 43 and 85, 42 and 105, 37 and 109, 110 and 107 in 

Fig. 10C). 
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Figure 4- 10 Chi value maps showing the migration direction of drainage basins, in North (A), Central (B), 

and South (C) Kenya. 
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4.5. Discussion 

4.5.1. Distribution of Drainage Incision in the Kenya Rift  

The results obtained from the distribution of long-term and short-term drainage incision of the 

Kenya Rift are consistent. Both showed that the CKR is characterized by a higher drainage 

incision rate since ~4.5 Ma (Fig. 7) and have witnessed more pronounced drainage basin divides 

migration (Figs.9 and 10B). This suggests differential drainage incision patterns for the three 

segments of the Kenya Rift. This observation is consistent with a number of previous studies. 

First, Wagner et al. [1992] reported that the cooling history of the basement rocks at different 

segments of the Kenya Rift is different. Second, using Bouguer gravity anomalies and density 

models, Bechtel et al. [1987] calculated the locally compensated topography, which indicated a 

highly uplifted CKR and a westward rise of the East African Plateau. Third, C Morley and 

Bosworth [1988] mentioned that widely distributed phonolite flows erupted onto both the eastern 

and western rift flanks in 13.5 -11 Ma.  

Further, the higher drainage incision rate in the CKR since 4.5 Ma coincides with the distribution 

of volcanic activities where Pleistocene volcanic rocks are found concentrating in the CKR (Fig. 

4). The incision map of the middle Miocene (16-8 Ma, Fig. 8A) shows that higher drainage 

incision rates (30-60 mm/ky) coincides with regions that witnessed the extrusion of middle 

Miocene flood basalt. Similarly, the incision map of the Pliocene (5.3 – 1.6 Ma) shows that the 

higher drainage incision rate (>100 mm/ky) coincides with regions that witnessed Pliocene 

extrusion of Pliocene flood basalts in the CRK. Therefore, the rapid increase in the drainage 

incision rate in the CKR may be related to magmatic upwelling and associated tectonic uplift.  

This association between magmatism and tectonic uplift is also suggested for the Southeastern 

Ethiopian Plateau [Xue et al., 2018].  
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Dynamic topography modeling and Ar-Ar geochronological data have suggested southward 

younging in the age of magmatism and rifting in the EARS [e.g., C J Ebinger and Sleep, 1998; 

Furman et al., 2004; Moucha and Forte, 2011; Wichura et al., 2015]. However, this work has 

shown that the drainage incision rate within the Kenya Rift are higher in the CKR compared to 

the NKR and SKR, rather than showing a southward increase in the drainage incision rate. This 

observation is also supported by recent thermochronology study and volcanism studies [Michon, 

2015; Torres Acosta et al., 2015]. For example, a summary of Ar-Ar geochronological data on 

the volcanic activities showed that the north to south migration of volcanism and tectonic 

activities is not applicable to some regions in the EARS [Michon, 2015]. Rather, Michon [2015] 

suggested that volcanic eruptions in the EARS are largely controlled by Precambrian lithospheric-

scale suture zones and shear zones. The three segments of the Kenya Rift extends within different 

pre-existing Precambrian structures. The NKR is extending on the juvenile crust of the Arabian –

Nubian Shield the CKR extends parallel to the Eastern Granulite Belt, and the SKR stretches 

along the boundary between Eastern and Western Granulite belts (Fig. 3). Therefore, it is possible 

that the variation in the underlying Precambrian lithospheric structures played a role in the 

variation in geometry, tectonic uplift, and magmatism in the three segments of the Kenya Rift. 

Furthermore, this work showed that the eastern and western flanks of the Kenya Rift possessed 

different drainage incision patterns. By applying apatite (U-Th)/He thermal modeling, Spiegel et 

al. [2007] suggested a rapid cooling between ~7 Ma and ~4 Ma in the eastern flank and between 

~5 Ma and ~2 Ma in the western flank in the NKR and CKR (Fig. 9B). Also, C J Ebinger [1989] 

demonstrated that the displacement of border faults in the western flank of the CKR is greater 

than that of the eastern flank, which implied differential tectonic uplift rates between the eastern 

and western flanks of the rift. Results from the chi analysis (Figs. 10 A-C) also suggested a more 

expressed drainage divide migration in the western flank than that of the eastern flank of the 

CKR. Based on seismic data, Birt et al. [1997] reported the existence of a mantle-plume 
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circulation beneath the uplifted East African Plateau to the west of the Kenya Rift. This 

asymmetry in incision and the inferred tectonic uplift may also be related to the composition-

derived crustal density difference, where the crust density of western Kenya is <2880 kg/ m3, 

while that the that of eastern Kenya is >2880 kg/m3 [Sippel et al., 2017]. Similarly, gravity and 

seismic interpretation suggested an asymmetry in crust thickness and faults displacement between 

the eastern and western flanks of the Kenya Rift [Simiyu and Keller, 2001].   
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Figure 4- 11  (A) Incision history of the Kenya Rift, (B) Cooling history of western and eastern flanks of 

the Kenya Rift, modified from (Spiegel et al., 2007). (C) Cumulative volcanic volume in Kenya, modified 

from [Guth, 2016]; (D) Summary of Ar-Ar data in North, Central, and South Kenya; (E) Pedogenic 

carbonate δ13C in Kenya Rift [Feakins et al., 2013; Uno et al., 2016], representing local vegetation 

conditions.    
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4.5.2. Drainage Incision History and Implications for Tectonic Uplift in Kenya 

Various studies have shown evidence of middle Miocene tectonic uplift of the Kenya Rift flanks. 

Through modeling of fission track thermochronologic ages, D A Foster and Gleadow [1996, 

1992] reported a rapid Miocene (~10 Ma) denudation (~500 m) from Mathews Range in NKR 

(Fig. 1C). Torres Acosta et al. [2015] concluded that the onset of extension and the border fault 

activities started at ~ 12-15 Ma in the Elgeyo Escarpment in the NKR (Fig. 1C).  

The rapid increase of the drainage incision rate on the flanks of the CKR coincides with the 

eruption of coeval volcanism, and shifting of the dominant type of vegetation from C3 dominated 

to C4 dominated, generally from woodland to grassland (Fig. 11). First, Spiegel et al. [2007] 

suggested a phase of renewed tectonic uplift in both the eastern and the western flanks of the 

Kenya Rift, forming a series of border faults in 4.5 Ma (Fig. 11B). Second, the CKR rapid 

drainage incision rate starting in 4.5 Ma was accompanied by the extensive pyroclastic eruption 

[i.e., Smith, 1994]. Various geochronologic analysis suggested a Pliocene volcanism in the CKR 

(Fig. 4), including the Kinangop Plateau [B Baker et al., 1988], Mau Escarpment [R Crossley and 

Knight, 1981; Jones and Lippard, 1979], Mt. Kenya [Schoorl et al., 2014; Veldkamp et al., 2012], 

southern Kinangop Plateau [Clarke, 1990], and Lukenya Hill [Claessens et al., 2016]. Such a 

volcanic event caused a total of 109 eruptions and emplaced ~48,000 km3 of volcanic materials 

[Guth, 2016], which was correlated with rapid drainage incision of the CKR starting in the 4.5 

Ma (Fig. 11C and D). Third, the δ13C pedogenic carbonate in Kenya showed an overall trend 

toward more higher δ13C values from ~6 Ma to present (Fig. 11E) indicating a major change in 

vegetation. This summarized the data from δ13C pedogenic carbonate [Feakins et al., 2013; Uno 

et al., 2016] and noticed that C3 grassland and woodlands in the Miocene were mostly replaced 

by a combination of C4 grassland and C3/C4 shrubland in the Pliocene. Spiegel et al. [2007] also 

suggested this geomorphological reorganization in the Pliocene may be related to the coeval 
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regional changes of climate and/or precipitation patterns. Therefore, this correlation between 

volcanism and drainage incision may likely suggest regional-scale tectonics and/or climatic 

events in ~4.5 Ma that gave rise to the change in paleoenvironment and associated vegetation 

type shift in Kenya.  

In addition, the drainage incision history observed in the Kenya Rift coincide temporally with 

major cooling periods related to the tectonic uplift and border faults formation of other sectors in 

the EARS. Using geomorphological and sedimentological observations, Pickford [1990] 

demonstrated that the flanks of the Western Branch of the EARS were uplifted during late 

Pliocene. Also, seismic patterns and field observations suggested an uplift of lake Pleistocene 

lacustrine sequence of ~ 500 m in the Western Branch [C J Ebinger, 1989]. Morphotectonic 

analysis on the northwestern [Gani et al., 2007] and southeastern Ethiopian Plateau [Xue et al., 

2018] also suggest a phase of rapid drainage incision starting 4.5 Ma. Therefore, this phase of 

rapid incision and associated tectonic uplift may not only occur at the Kenya Rift, but also spread 

widely in East Africa.  

4.6. Conclusions 

This study provided an integrated framework of the long-term and short-term incision rate and 

pattern for the drainage systems on the flanks of the Kenya Rift. Our results suggested that: 

(1)The long-term incision rates of the three sections of the Kenya rift indicated three distinctive 

incision patterns, where incision rate increased rapidly since 4.5 Ma in the Central Kenya Rift 

(>200 mm/ky) and South Kenya Rift (~100 mm/ky). While, the incision rate remains low in 

North Kenya (<50 mm/ky).   

(2) Similar to the long-term incision rate, the chi plot also indicates a higher short-term incision 

rate in the Central Kenya Rift and a low one in the North and South Kenya. Likewise, the chi map 

shows more pronounced and drainage divide migration in the Central Kenya Rift than that of 
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South and South Kenya Rift, caused by the propagation of the rift and associated tectonic uplift of 

rift flanks. 

(3) The rapid increase of incision rate in 4.5 Ma is correlated temporally with the Pliocene flood 

basalt extrusion in the Central Kenya Rift. Furthermore, this phase matches the coeval rapid crust 

cooling, cumulative volcanism, major vegetation change in Kenya, implying the existence of 

major shift in ecosystem and tectonics in 4.5 Ma.  
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APPENDICES 
 

Appendices 1. Identification of knickpoint locations 

We selected the knickpoints for the streams with order >3 in the SEEP. We extracted Log S- Log 

A and longitudinal profiles (A, B, D, E) from ASTER DEM using Stream profiler [Kirby and 

Whipple, 2012; Kirby et al., 2003; Wobus et al., 2006]. Also, to distinguish between knickpoints 

caused by tectonic uplift and/or enhanced precipitation from those formed due to difference in 

rock erodibility, we applied geologic maps and false colored map with Sentinel-2 band 

combination  12/8/3 (C, F). For example, Log S- Log A profiles suggested knickpoints in Basin 

33 and Basin 19.  The knickpoint in basin 33 suggested a ‘vertical-step’ pattern, while the 

knickpoints in Basin 19 has a ‘slope-break’ pattern [Kirby and Whipple, 2012].  Detailed analysis 

of lithology indicated the knickpoint in Basin 33 located at the contact between Mesozoic 

sediments and Quaternary alluvial deposits (C), while the knickpoints in Basin 19 have 

homogeneous lithology (F).  Therefore, we kept the knickpoints in the Basin 19 and remove these 

in Basin 33 for the knickpoint celerity model.
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Appendices 1. Longitudinal profiles of the major stream in (A) Basin 33 and (D) Basin 19. Slope-

Area plots of the major stream in (B) Basin 33 and (D) Basin 19, showing ‘vertical-step’ and 

‘slope-break’ knickpoint pattern. 
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Appendices 2. Calculation of m/n 

The χ value depends on the concavity index m/n. When a stream profile fits equation (7) with 

uniform K and E, all the streams should be collinear in χ-elevation space [Perron and Royden, 

2013]. The correct m/n value would collapse the mainstream and its tributaries into a single line 

[Perron and Royden, 2013]. Mudd et al. [2014] proposed code and reproducible methodology to 

evaluate best fit m/n ratio (code available online: 

https://github.com/LSDtopotools/LSDTopoTools_ChiMudd2014). We applied the AICC-

collinearity tests, as suggested by Mudd et al. [2014], and we explored the m/n ratio from 0.15 to 

0.75 with an interval of 0.05, generating movern files.  Then we took these movern files for 

AICC-collinearity tests and found the best fit for the m/n ratio to be 0.4. 
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Appendices 3. Summary of Ar-Ar samples in the Kenya Rift. 

Sample long lat material 
Corrected 

Age(Ma) 
Error reference 

ESMT-2 36.05092 -3.42436 matrix 5.95 0.01 

Mana et al., 2012 

    whole rock 5.93 0.01 

ESMT-4 36.05192 -3.42358 nepheline   

ES14-2008 36.05444 -3.42808 nepheline 5.91 0.01 

     5.9 0.07 

ES-8 35.9945 -3.46478 whole rock 5.86 0.02 

ES-18 36.00921 -3.46362 whole rock 5.89 0.02 

ES-3 35.99492 -3.47224 whole rock 5.83 0.01 

01-SM-3 35.40268 -3.19243 matrix 5.8 0.02 

01-SM-5 35.41198 -3.19159 matrix 4.66 0.05 

Mollel et al., 2011 

04-NT-3 35.22927 -3.30222 matrix 4.22 0.02 

ENGB 35.38344 -2.90816 matrix 4.05 0.02 

00-LM-6 35.39075 -3.17588 matrix 2.99 0.02 

00-LM-7 35.39086 -3.17494 matrix 2.26 0.01 

02-LM-4 35.33113 -3.09797 matrix 2.27 0.01 

04-OS-1, 35.28951 -3.21938 anorthoclase 2.24 0.01 

04-OS-3, 35.29458 -3.22259 matrix 2.42 0.01 

04-OS-4, 35.29602 -3.22081 matrix 2.3 0.004 

04-OG-1 35.16988 -3.23186 matrix 2.32 0.01 

04-OG-2 35.2327 -3.21322 matrix 2.28 0.05 

NG-DS  n.r. Anorthoclase 2.02 0.02 

Mollel et al., 2008 
NG-AS  n.r. Anorthoclase 2.24 0.08 

NG8  n.r. Matrix 2.21 0.02 

NG2  n.r. Matrix 2.26 0.02 

00-OLT2 35.67649 -3.02063 matrix 2.02 0.04 

Mollel et al., 2009 

00-OLT5 35.67789 -3.02009 matrix 1.91 0.02 

03-OLT1 35.65111 -3.033 matrix 1.86 0.01 

03-OLT2 35.6507 -3.03342 matrix 1.88 0.02 

03-OLT3 35.65213 -3.03298 matrix 1.81 0.01 

04-OLT2 35.66463 -3.03418 anorthoclase 1.86 0.03 

04-OLT4 35.66099 -3.0329 matrix 1.84 0.04 
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03-OLDI-1 35.35181 -3.32075 matrix 1.53 0.02 

Mollel et al., 2011 

03-OLDI-2 35.35937 -3.31225 matrix 1.59 0.02 

03-OLDI-4 35.36428 -3.31098 matrix 1.62 0.01 

03-OLDI-5 35.36934 -3.31246 matrix 1.56 0.02 

04-OLDI-3 35.42758 -3.252 matrix 1.58 0.03 

04-OLDI-4 35.41454 -3.23682 matrix 1.62 0.03 

LS-3   matrix 1.32 0.03 

Mollel  in progress LL-8   matrix 1.36 0.02 

LL-13   matrix 1.36 0.04 

EMB3 35.83999 -2.88206 matrix 1.17 0.04 

Mollel et al., 2011 
EMB6 35.86115 -2.9059 nepheline 1.14 0.01 

    matrix 1.07 0.01 

EMB5 35.86037 -2.90545 matrix 0.82 0.02 

S10-L9 35.9829 -2.72834 groundmass 0.34 0.85 

Sherrod et al., 
2013 

S10-L40 35.97977 -2.79847 phlogopite 0.93 0.07 

S10-L103 35.9497 -2.77178 alkali feldspar 0.34 0.23 

S10-

L236B 
35.9501 -2.75785 phlogopite 0.36 0.65 

S10-L136 35.8875 -2.55074 phlogopite 0.46 0.75 

S10-L65 35.9836 -2.63733 phlogopite 0.78 0.63 

KA1814  n.r. nephelinite 4.75 0.07 
Isaac and Curtis, 

1974 

NATM89-

07 
35.8401 -2.5637  3.53 0.06 Manega, 1993 

KA1757  n.r. biotite lava 3.26 0.08 
Isaac and Curtis, 

1974 

309  a olivine basalt 2.46 0.62 

Macintrye et al., 

1974(map) 

305  a sodic trachite 2.32 0.06 

510  a sodic trachite 2.27 0.1 

306  a sodic trachite 2.26 0.06 

3705  14 alkali basalt 2.49 0.06 

Wilkinson et al., 

1986 (map) 

     2.44 0.06 

3706  14 mugearite 2.3 0.06 

     2.25 0.04 

490  b sodic trachite 2.22 0.06 
Macintrye et al., 

1974 (map) 
     2.1 0.04 

     2.03 0.03 
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488  b sodic trachite 1.97 0.04 

136 36.46361 -3.19444 olivine basalt 2.14 0.06 

Evans et al., 1971 

     2.24 0.05 

155  Y olivine basalt 1.58 0.1 

     1.7 0.07 

156  Y olivine basalt 1.79 0.08 

     1.93 0.08 

05KI07C   trachybasalt 1.926 0.041 Nonnotte et al., 

2008 05KI08B   basanite 1.974 0.042 

7c 35.2167 -3.2647 ankaramite 3.08 0.3 Foster et al., 1997 

304  d olivine basalt 2.06 0.5 

Macintrye et al., 

1974(map) 

191  c olivine basalt 1.72 0.08 

     1.81 0.11 

139  e 
olivine 

trachybasalt 
1.28 0.03 

     1.23 0.04 

     1.21 0.05 

S13/3 35.9401 -3.1926 basalt 1.02 0.1 

Foster et al., 1997 

S14/5 35.9374 -3.1782 basalt 1.24 0.06 

S13/2 36.0242 -3.0977 olivine basalt 1.26 0.07 

3   phlogopite 0.59 0.15 

    phlogopite 0.14 0.15 

891   phlogopite 0.55 0.1 

    phlogopite 0.42 0.1 

Macintrye et al., 

1974(map) 

137 36.21306 -3.31528 nephelinite 1.03 0.04 

138   nephelinite 0.98 0.03 

05KI43B   trachybasalt 0.492 0.011 

05KI45   trachybasalt 0.488 0.011 Evans et al., 1971 

(map) KIBO   
   

05KI14   phono-tephrite 0.482 0.01 

Nonnotte et al., 

2008 (map) 

05KI05A   phonolite 0.359 0.008 

05KI03A   phonolite 0.348 0.007 

05KI29   phonolite 0.346 0.008 

05KI32   phonolite 0.343 0.007 

05KI37   phonolite 0.339 0.007 

05KI30   phonolite 0.337 0.007 

05KI17   phonolite 0.274 0.006 

05KI12   phonolite 0.258 0.006 

05KI38B   phonolite 0.227 0.005 

05KI24   phonolite 0.209 0.005 

05KI41B   basanite 0.195 0.005 

03TZ42B   basanite 0.165 0.005 
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3436 
  phonolitic 

nephelinite 1.53 0.03 

     1.49 0.03 

3193 
  trachytoid 

phonolite 0.383 0.009 

3912   phonolite 0.311 0.011 

Wikinson et al., 

1986(map) 

     0.3 0.011 

3303 
  phonolitic 

nephelinite 0.313 0.009 

     0.303 0.01 

     0.299 0.01 

3127 
  phonolitic 

nephelinite 0.281 0.005 

    sanidine 

phonolite 0.179 
0.01 

     0.168 0.009 

     0.158 0.01 

4191   nephelinite 0.148 0.013 

     0.148 0.01 

    phonolitic 

tephrite 0.111 0.007 

     0.107 0.007 

3114 
  phonolitic 

tephrite 0.107 0.006 

     0.102 0.005 

3930 
  phonolitic 

nephelinite 0.09 0.004 

     0.079 0.004 

3655   nephelinite 0.08 0.005 

     0.08 0.005 

3403   nephelinite 0.067 0.008 

     0.059 0.01 

105 
  olivine 

nephelinite 0.15 0.12 

10-BRK-

12 36.20278 -3.32836 wr 2.553 0.009 
10-BRK-

16 36.19042 -3.32908 matrix 2.337 0.008 

10-MON-

02 36.42457 -3.25272 wr 2.442 0.006 

Macintrye et al., 
1974(map) 

10-MON-

03 36.42217 -3.25244 matrix 2.431 0.004 
Mana et al., 2015 

10-MON-

04 36.42019 -3.25178 matrix 2.469 0.005 
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10-MON-

07 36.46858 -3.28394 matrix 2.344 0.01 
10-MON-

10 36.46858 -3.28394 wr 2.395 0.006 

10-MON-

11 36.46858 -3.28394 matrix 2.376 0.01 

MR103 36.52955 -3.23224 plag 2.39 0.06 

MR104 36.52893 -3.22943 matrix 2.381 0.013 

MR220 36.45217 -3.27872 matrix 2.462 0.007 

MR226 36.40263 -3.25991 matrix 2.401 0.005 

MR110 36.53735 -3.16865 matrix 2.338 0.013 

MR240 36.44998 -3.18968 wr 2.351 0.007 

10-TRS-01 36.37078 -3.21715 matrix 2.342 0.005 

10-TRS-02 36.36052 -3.20247 wr 2.346 0.002 

10-TRS-03 36.35757 -3.19976 plag 2.302 0.005 

10-TRS-05 36.35497 -3.19538 matrix 2.355 0.004 

BD521 36.33667 -3.26833 wr 2.348 0.004 

BD261 36.25667 -3.195 matrix 2.363 0.004 

BD256 36.26667 -3.13333 plag 2.327 0.004 

BD512 36.31167 -3.225 matrix 2.325 0.003 

BD324 36.375 -3.14667 plag 2.358 0.003 

BD270 36.34167 -3.12667 wr 2.35 0.003 

BD306 36.34167 -3.1 mag 2.338 0.003 

BD510 36.31167 -3.225 plag 2.352 0.004 
10-KTM-

01 36.21862 -2.81953 matrix 2.066 0.007 

10-KTM-
02 36.21916 -2.81989 matrix 2.111 0.007 

10-KTM-

03 36.22268 -2.81185 matrix 2.163 0.005 
10-KTM-

04 36.22105 -2.80484 matrix 2.124 0.008 

KTG-4B 36.12413 -2.86007 matrix 1.941 0.016 

KTG-3 36.1277 -2.8504 matrix 1.248 0.004 

KTT-2 36.10345 -2.91541 matrix 1.279 0.004 

KTT-3 36.10361 -2.91526 matrix 1.25 0.003 

KTW-2A 36.11394 -2.8958 matrix 1.235 0.003 

KTW-3B 36.11461 -2.89398 wr 1.286 0.004 

10-GEL-01 36.10448 -2.68366 wr 1.116 0.004 

10-GEL-03 36.10639 -2.67786 matrix 1.106 0.002 

10-GEL-04 36.10398 -2.68128 matrix 1.121 0.002 

10-GEL-05 36.10247 -2.68266 matrix 1.13 0.002 

10-GEL-06 36.07478 -2.65594 matrix 1.13 0.003 

10-GEL-10 36.11277 -2.70499 matrix 1.139 0.012 

10-GEL-13 36.14754 -2.63967 matrix 1.123 0.002 
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10-GEL-14 36.15082 -2.63901 matrix 1.165 0.003 

10-GEL-19 36.12638 -2.72956 matrix 1.191 0.005 

10-GEL-20 36.12623 -2.7304 matrix 1.152 0.013 

MR89 36.54576 -3.40629 matrix 0.499 0.005 

MR92 36.51065 -3.38136 matrix 0.453 0.008 

MR154 36.77287 -3.20895 wr 0.301 0.003 

MR2 36.74772 -3.39414 matrix 0.056 0.008 

MR168 36.86491 -3.16233 matrix 0.011 0.002 

MR260 36.81636 -3.16641 matrix 0.046 0.004 

10-KER-
04 35.96291 -2.92783 matrix 1.09 0.02 

10-LOO-

01 35.97976 -2.79844 mica 0.759 0.01 
10-LOO-

06 35.98326 -2.79788 wr 0.069 0.009 

1-KM 318 37.88333 1.533333  12.2 3 

Brotzu et al., 1984 

2-KM 202 37.81667 1.7  10.6 0.7 

3-KM 324 37.86667 1.666667  10.3 1 

4-KM 308  37.88333 1.616667  9.9 1 

6-KM 301 37.2 1.95  7.7 0.4 

7-KM 263 37.63333 2.95  7.3 0.5 

8-KM 252 37.51667 3.233333  5.4 0.5 

9-KM 277 37.28333 3.866667  6.1 0.6 

10-KM 
270 

37.26667 3.6  4.5 0.3 

15-KM 

114 
38.11667 0.283333  4.5 0.25 

16-KM 
113 

38.05 0.3  2.9 0.4 

17-KM 

130 
37.93333 0.2  2.1 0.12 

18-KM 

128 
37.9 0.266667  1.3 0.04 

19-Km 131 37.91667 0.183333  0.91 0.13 

20-Km 151 37.76667 0.266667  0.46 0.06 

25_KM 
243 

37.76667 2.716667  0.6 0.2 

29_KM257 37.7 3.316667  2.3 0.17 

30-KM 
258 

37.71667 3.383333  1.9 0.15 

31-KM 

259 
37.75 3.416667  1.4 0.5 

32-KM271 37.33333 3.85  0.9 0.3 

KAII 37.30333 -0.44233  0.45 0.17 
Opdyke et al., 

2010 
KAM 37.21933 0.0685  3.17 0.22 

KAW 37.672 -0.1575  5.53 0.88 
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KAZ 37.67533 -0.1725  4.89 0.21 

KBC 37.84383 0.258667  0.73 0.3 

KBQ 37.986 0.293667  0.3 0.25 

KCK 37.6285 0.207333  4.42 1.05 

KCL 37.66267 0.126  1.64 0.5 

KEB 37.09233 -0.45733  4.81 0.26 

KEE 37.169 -0.57683  4.44 0.43 

KEF 37.20217 -0.66983  2.58 0.73 

KEK 37.14183 0.039  3.19 0.27 

KEP 37.4615 0.132833  2.81 0.34 

KGO 37.61683 0.237167  5.36 1.06 

KBY 36.82267 2.823667  3.9 0.9 

KBZ 36.78983 2.811167  4.84 0.44 

KCC 36.766 2.993667  4.51 0.96 

KFZ 36.70983 2.588333   3.64 0.28 
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