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ABSTRACT 

 
Continental rifts are thought to be formed by repeated episodes of magmatism, 
reactivation of pre-existing structures, or a combination of both. Continental rifts are 
evidence of a divergent plate boundary, where tectonic plates are breaking apart. The 
northern Western Branch of the East African Rift System (EARS) is an active continental 
rift that forms part of the divergent plate boundary between the Nubian plate and Victoria 
microplate, comprising magma-rich Lakes George-Edward graben in southwestern 
Uganda and the magma-poor Albertine and Rhino grabens in northwestern Uganda. The 
physics of strain localization in the northern Western Branch is not well understood. This 
PhD study investigated the kinematics and dynamics of strain localization in the northern 
Western Branch through two projects: 1) investigating the contribution of deep melt to 
rifting generated from two small-scale convection mechanisms beneath the northern 
Western Branch using the finite element software Advanced Solver for Planetary 
Evolution, Convection, and Tectonics (ASPECT); and 2) calculating  the present-day 
Victoria microplate motion, strain rates, and geodetic fault slip rates to assess 
deformation zones using Global Navigation Satellite System (GNSS) data from within 
the Victoria microplate and geodetic inversion modeling with TDEFNODE software. 
Modeling results from project 1 indicate that rifting in the northern Western Branch is 
likely influenced by deep melt that migrates northward from the Kivu Rift and deep melt 
that migrates westward along the Aswa shear zone from the Kenyan Rift. Regarding 
project 2, we find that the Victoria microplate is rotating counterclockwise at 
0.0623±0.0293 deg/My, consistent with previous studies, but with the Euler pole ~376 
km northwest of earlier work. Calculated strain rates along the Victoria microplate 
boundaries range from 7.6×10⁻⁸ to 1.36×10⁻⁷ y-1, while calculated fault slip rates along the 
eastern NWB faults range between 1.93 and 2.34 mm/y. Consistent with geologic 
observations of slip directions, our kinematic model indicates that Victoria Plate rotation 
is accommodated, in part, by oblique-slip on northern Western Branch border faults. 
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GENERAL AUDIENCE ABSTRACT 
 
Some areas of the Earth's outer shell can become significantly thin leading to rupture 
known as a continental rift. The Earth's outer shell, called the lithosphere, is made up of 
numerous tectonic plates, microplates, or blocks that are in constant motion. A 
continental rift is visible evidence of two tectonic plates breaking away from each other, 
what is called divergent plate boundary. Continental rifts may arise from repeated periods 
of hot molten rock intrusions (magmatism) sourced from kilometers below the Earth’s 
surface, or from the reactivation of ancient geological structures like faults, folds, and 
joints, collectively referred to as pre-existing structures. Alternatively, continental rifts 
may evolve due to a combination of magmatism and reactivation of pre-existing 
structures. This study investigates the role of deeply sourced magmatism along the 
northern Western Branch of the East African Rift System, a continental rift in East 
Africa. In addition, this work also investigates how the Victoria microplate moves 
relative to the Nubian plate and their interactions along the northern Western Branch plate 
boundary. This PhD dissertation comprises two distinct projects: 1) investigating the 
presence of magmatism at depths of 90-660 km beneath the northern Western Branch by 
solving mathematical equations that describe the physical conditions (numerical models) 
under two initial temperature conditions; and 2) calculating the present-day motion of the 
Victoria microplate relative to the Nubian plate and their interactions along the northern 
Western Branch plate boundary. This PhD research suggests that rifting in the northern 
Western Branch is likely influenced by deeply sourced magmatism that is transported 
from distant regions. We find that the Victoria microplate is rotating counterclockwise at 
0.0623±0.0293 deg/My, consistent with previous studies, but with the Euler pole ~376 
km northwest of earlier work and also provide constraints on strain rates and fault slip 
rates. Our kinematic model indicates that Victoria microplate rotation is accommodated, 
in part, by oblique-slip on border faults of the northern Western Branch. 
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INTRODUCTION 
 
​ Understanding continental rifts requires a deep understanding of the mechanisms 
of lithospheric extension. The majority of continental rifts form as a result of the ascent 
of a heat source from the mantle that causes lithospheric thinning and eventually rifting, 
for example, the Rio Grande Rift (e.g., Abbey & Niemi, 2020) and the Kenya Rift (e.g., 
Macdonald, 2002). These continental rifts are commonly known as magma-rich rifts. 
However, some continental rifts known as magma-poor rifts can form without evidence 
of magmatism, mainly following pre-existing zones of weakness like mobile belts and 
avoiding stronger ones like cratons (e.g., Dunbar & Sawyer, 1988; Naliboff et al., 2020). 

The northern Western Branch of the East African Rift System (EARS) consists of 
both the magma-rich Lakes George-Edward graben segment and the magma-poor 
Albertine and Rhino grabens segments (Fig. 1). The northern Western Branch forms part 
of the plate boundary between the Nubian plate and the Victoria microplate/block in an 
extensional setting (Fig. 1). 

 This PhD research is motivated by the need to advance our scientific knowledge 
on magma-poor vs. magma-rich continental rifts. This research seeks to answer two main 
research questions: 1) What are the weakening mechanisms facilitating rifting of the 
northern Western Branch? and 2) What are the present-day kinematics of the northern 
Western Branch and the Victoria microplate relative to the fixed Nubian plate? To answer 
these questions, we carry out two distinct research projects: 1) investigating the presence 
of deep melt in the northern Western Branch using geodynamic modeling of melt 
generation from two small-scale convection in the upper mantle (Lithospheric Modulated 
Convection and Tomography-Based Convection) and 2) constraining the kinematics 
(motion) of the northern Western Branch and the Victoria microplate relative to the fixed 
Nubian plate using Global Navigation Satellite System (GNSS) positioning and block 
inverse modeling. Project one is described in detail in Chapter one, while Project two is 
in Chapter two of this dissertation. 

Through this PhD research, we now have new geodynamic models that advance 
our understanding of the strain localization in the northern Western Branch. We have also 
developed a revised kinematic model of the Victoria microplate that is supported by 
geologic observations of oblique slip in the northern Western Branch. 
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Fig. 1: Map showing our study region, including the Victoria microplate, part of the 
Rovuma microplate, part of the Somalia plate, and part of the Nubian plate (Saria et al., 
2014; Stamps et al., 2021). The plate/microplate boundaries are shown as red lines; 
Holocene volcanoes in the region are brown triangles (Global Volcanism Program, 2013); 
and earthquakes from 2014 to 2025 from the National Earthquake Information Center 
catalog (Masse and Needham, 1989) are plotted as gray circles. The northern Western 
Branch is denoted by NWB while the Kivu Rift as KIR. The Rhino, Albertine, and Lakes 
George-Edward Grabens are denoted by 1, 2, and 3, respectively. The inset map shows 
the relative location of the study region (red color) on Earth.  
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CHAPTER ONE 

Investigating the Presence of Deep Melt in the Northern Western Branch of the East 
African Rift System  

 
The original version of the work is currently under second review with the Journal of 
Geophysical Research: Solid Earth as: 
  
Kwagalakwe, A., Stamps, D.S., Njinju, E.A., Evans R.L., Atekwana, E.A., Taylor, M., 
Katumwehe, A.B., Barry, P.H., Mwongyera, H., Kiberu, J.M., Kabanda, A., Nakajigo, J. 
(in second review). Investigating Melt Generation Beneath the Northern Western Branch 
of the East African Rift System Using 3D Geodynamic Modeling with ASPECT,  Journal 
of Geophysical Research: Solid Earth 

 
Abstract  

Continental rifts often develop through repeated episodes of magmatism that often follow 
pre-existing structures. The dominant mechanism for strain accommodation in the 
northern Western Branch of the East African Rift System (EARS), which hosts both 
magma-rich and magma-poor continental rifting, is not fully understood. Using two types 
of small-scale convection in the upper mantle, this study investigates the presence of deep 
melt (i.e., melt between the Lithosphere-Asthenosphere Boundary (LAB) and 660 𝑘𝑚) 
beneath the northern Western Branch. The first type, Lithospheric Modulated Convection, 
produces sublithospheric melt due to mantle convection influenced by variations in the 
LAB beneath the northern Western Branch. The second type, Tomography-Based 
Convection, produces sublithospheric melt due to mantle convection constrained by 
thermal anomalies resulting from plume materials and LAB variations. For both 
Lithospheric Modulated Convection and Tomography-Based Convection, we calculate 
melt fractions below the lithosphere using an established melt parameterization scheme. 
The Lithospheric Modulated Convection models generate melt fractions ranging from 
0.007-0.046, while the results from Tomography-Based Convection models range from 
0.023-0.409. Our study suggests that deep melt transported from the Kivu rift and north 
of Aswa shear zone in Kenyan Rift likely contributes to rifting in the northern Western 
Branch through thermal weakening of the lithosphere. 

 
1.​ Introduction 

Continental rifts represent the initial stages of continental breakup, playing a crucial role in 
the evolution of the continental lithosphere, the formation of ocean basins, and landscape 
evolution. Continental rifts can be categorized into two end-member types: magma-poor and 
magma-rich (e.g., Grant et al., 2024; Koptev et al., 2016). We define a magma-poor continental 
rift as one formed when extension is characterized by limited or no magmatism and with no 
volcanoes present. In contrast, we define a magma-rich rift as being formed when the extension 
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is characterized by a significant amount of magmatism including surface volcanism. Both 
magma-poor and magma-rich rifting occur in response to lithospheric extension, but the 
mechanisms facilitating rifting may be different. Strain accommodation in magma-rich rifts is 
assumed to be associated with magmatic activity during rifting (e.g., Buck, 2006; Corti, 2009; 
Koptev et al., 2016; Wilson, 1992), while lithospheric stretching in magma-poor rifts occurs 
without significant decompression melting (e.g., Dunbar & Sawyer, 1988; Naliboff & Buiter, 
2015;  Njinju et al., 2021; 2023; Tugend et al., 2020). 

Lithospheric stretching in continental rift zones occurs as a result of far-field tectonic forces, 
such as slab pull forces, lithospheric buoyancy forces, and/or mantle tractions at the 
Lithosphere-Asthenosphere Boundary (LAB; Artyushkov, 1973; Brune et al., 2023; Forsyth & 
Uyeda, 1975; Ghosh & Holt, 2012; Schellart, 2004; Rajaonarison et al., 2020; Stamps et al., 
2014). During extension, the crust is typically thinned by normal faulting with a lithospheric 
mantle that is  stretched, thinned, and affected by thermal erosion (Buck, 1991; Lavier & 
Manatschal, 2006; Masek et al., 1994; Ring, 2014). The tectonic force required to induce rifting 
is usually insufficient to overcome the strength of the lithosphere, which is called the "tectonic 
force paradox" (Buck, 2006), thus lithospheric weakening mechanisms are required. Several 
studies have found that continental rifts form in regions weakened by heat associated with 
magmatism (e.g., Buck, 2006; Jones et al., 2019; Muirhead et al., 2016), pre-existing structures 
(e.g., Dunbar & Sawyer, 1988; Katumwehe et al., 2016; Peace et al., 2018; Weinstein et al., 
2017), or fluids (e.g., Leseane et al., 2015; Muirhead et al., 2016). 

The northern Western Branch of the East African Rift System (EARS), which is the focus of 
our study, comprises the magma-rich Lakes George-Edward graben in the south and the 
magma-poor Albertine and Rhino grabens at its northern termination (Figures 1 and 2). The 
dominant rift initiation paradigm in regions that lack far-field slab-pull forces suggests that 
magma-assisted rifting is necessary to weaken strong lithospheres, requiring only small tectonic 
stresses for rupture (Buck, 2004). However, the northern Western Branch consists of both the 
magma-rich and magma-poor segments, challenging the magma-assisted model. Recent studies 
of magma-poor segments of the EARS have provided new images of crustal and upper mantle 
structure beneath magma-poor rifts (e.g., Evans et al., 2019; Hodgson et al., 2017; Leseane et al., 
2015; Yu et al., 2017; 2020). For example, the high heat flow beneath the magma-poor incipient 
Okavango rift zone in Botswana, measured from boreholes (Ballard et al., 1987) and calculated 
using aeromagnetic data (Leseane et al., 2015), is believed to be due to the upward movement of 
hot mantle fluids through the lithospheric column, with Precambrian lithospheric shear zones 
serving as pathways (Leseane et al., 2015). Seismic imaging beneath the magma-poor incipient 
Okavango rift zone revealed a low velocity anomaly in the upper asthenosphere, suggested to 
result from decompression melting due to lithospheric thinning (Yu et al., 2017; 2020; Fadel et. 
al., 2020). A magnetotelluric survey in the Barotse Basin of western Zambia revealed thinned 
lithosphere beneath an orogenic belt, with the uppermost asthenosphere, at 60-70 km depth, 
being highly conductive, suggesting partial melt despite no surface volcanism in the region 
(Evans et al., 2019). In addition, seismic imaging in the magma-poor rifting in the Tanganyika 
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rift found a thinner crust and low velocity anomaly with higher Vp/Vs ratios at its southern end, 
interpreted as blind magmatism (magmatism at depth yet to breach the surface; Hodgson et al., 
2017; Ajala et al., 2024). Therefore, there is mounting evidence to suggest that  magma might be 
present at depth but yet to breach the surface beneath some magma-poor rifts (blind magmatism). 
The northern Western Branch comprises both magma-poor and magma-rich segments and 
therefore provides an ideal location for addressing long standing questions related to lithospheric 
weakening mechanisms facilitating rifting. In this study, we investigate the presence of deep melt 
generated from small-scale convection, which may contribute to rifting processes in the northern 
Western Branch.  
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Figure 1: The map shows the continental EARS, displaying the Eastern and Western Branches, 
with red dotted lines indicating plate boundaries and deforming zones (Stamps et al., 2021). 
Vectors are predicted surface motions in mm/y (the values are indicated next to vectors) from the 
kinematic model (Stamps et al., 2021), with black vectors representing the Somalian plate 
relative to the Nubian plate, green vectors representing the Victoria microplate relative to the 
Nubian plate, and blue vectors representing the Rovuma microplate relative to the Nubian plate. 
Brown triangles represent Holocene volcanoes (Global Volcanism Program, 2013) in the region, 
while navy blue triangles represent a peak in the Rwenzori Mountains. ​​The study area is denoted 
by a solid blue rectangle (shown in Figure 2), while the inset map shows the relative location of 
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part of the continental EARS (red color) on Earth. NWB = Northern Western Branch; MER = 
Main Ethiopian Rift; KIR = Kivu Rift; TR = Tanganyika Rift; KR = Kenya Rift; and MR = 
Malawi Rift.  

 
Figure 2: The map shows the study region, including the plate boundary shown as dashed red 
lines (Stamps et al., 2021), earthquakes from the National Earthquake Information Center 
catalog  (Masse & Needham, 1989) from 2000 to 2024 represented as small white stars, 
triangles, and diamonds. Green vectors representing predicted surface motions in mm/y of the 
Victoria microplate relative to the Nubian plate (Stamps et al., 2021). Holocene volcanoes are 
brown triangles (Global Volcanism Program, 2013); 1 = Fort Portal Field; 2 = Kyatwa; 3 = 

16 



 

Katwe-Kikorongo Field; 4 = Bunyaruguru Field; 5 = Mount Katunga; 6 = Bufumbira; 7 = 
Muhavura; 8 = Gahinga; 9 = Sabinyo; 10 = Bisoke ; and 11 = Karisimbi. The navy blue triangle 
represents a peak of the Rwenzori Mountains. Hot springs are red circles. Major faults in the 
region are represented by blue, green, black, red, slate blue, and sky blue lines. BF = Bunia 
Fault; BWF = Bwamba Fault; TF = Tonya Fault; TBF = North Toro Bunyoro Fault; RWF = 
Rwimi- Wasa Fault; GF = George Fault. 
 

2.​ Geological Background and Tectonic Setting 

The lithospheric structure of Africa consists of several major Archaean cratons between 
3.6 and 2.5 Ga (Begg et al., 2009), such as the West African craton in west-northwest Africa; the 
Congo Craton in western central Africa; the Tanzania Craton in eastern central Africa; and the 
Kalahari in southern Africa (e.g., Begg et al., 2009; Emry et al., 2019). The African cratons are 
bordered by mobile belts where previous collisional and extensional events occurred during the 
Late Neoproterozoic to earliest Paleozoic Pan-African orogenic events (e.g., Begg et al., 2009; 
Ennih & Liégeois, 2008; Jessell et al., 2016; Link et al., 2010).  

The Eastern Branch of EARS was initiated between 45-37 Ma ago, while the Western 
Branch was initiated between 25-20 Ma (Roberts et al., 2012). The continental portion of the 
EARS comprises largely of the magma-rich Eastern Branch and the mostly magma-poor Western 
Branch that bound the Archaean Tanzania Craton (Figure 1). The Eastern Branch is about 2,300 
𝑘𝑚 long and extends from the Afar depression in the north to the basins of the North-Tanzanian 
divergence zone in the south passing through the Main Ethiopian Rift and the Kenyan Rift 
(Figure 1). The Western Branch of the EARS is approximately 2,800 𝑘𝑚 long stretching from the 
Rhino and Albertine grabens in the north through the Kivu Rift and Malawi Rift to the Urema 
graben in Mozambique to the south. 
​ The Albertine and Rhino Grabens extend about 330 km northeast of the Rwenzori 
Mountains, with widths ranging from 60–80 km but narrowing to 10–40 km within the Rhino 
Graben. The Lakes George-Edward Graben extends approximately 250 km southwest of the 
Rwenzori Mountains, with widths between 45–65 km. 

The northern Western Branch forms part of the plate boundary between the Nubian Plate 
and the Victoria Microplate (Figures 1 and 2). The EARS includes at least four microplates: 
Lwandle, Rovuma, San, and Victoria (Hartnady, 2002; Saria et al., 2014; Stamps et al., 2008; 
Wedmore et al., 2021). Predicted extension rates from GPS-constrained kinematic models range 
from about 1.5 mm/y around the Albertine and Rhino Grabens to 2 mm/y around the Lakes 
George-Edward Graben (Saria et al., 2014; Stamps et al., 2021). 

The Albertine Graben is an asymmetrical full graben bordered by the Bunia Fault to the 
west and the North Toro Bunyoro and Tonya Faults to the east (Figure 2; Bwambale et al., 2015). 
Similarly, the Lakes George-Edward Graben is asymmetrical, bordered by the Bwamba Fault on 
the west and the Rwimi-Wasa, George, and Tonya Faults on the east (Figure 2; Bwambale et al., 
2015). The Rhino Graben terminates to the north along the northwest-striking Aswa Shear Zone 
(Figure 2; Katumwehe et al., 2015; 2016). 
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The Rwenzori Mountains are a peculiar high topographic feature in the Western Branch 
(Figures 1 and 2). This horst mountain made up of Precambrian basement rocks rises more than 
5 𝑘𝑚 above sea level. The Rwenzori Mountains, which border Uganda and the Democratic 
Republic of the Congo, are located within the rift interaction zone between the Lakes 
George-Edward graben and the southern Albertine graben (Bauer et al., 2010; Bauer et al., 2013; 
Pickford et al., 1993; Ring, 2008; Ring, 2014).  

Magmatism along the Western Branch is of limited extent and confined to four volcanic 
fields, namely the Toro-Ankole, Virunga, South Kivu, and Rungwe volcanic fields, which extend 
from north to south (Ebinger et al., 1993; Pasteels et al., 1989; Ring, 2014). Holocene volcanoes  
(Fort Portal, Kyatwa, Katwe-Kikorongo, Bunyaruguru, Katunga, Bufumbira, and Muhavura) in 
the magma-rich Lakes George-Edward graben (Figure 2) are collectively known as the 
Toro-Ankole Volcanic province and are the only ones located within our study area  (Combe & 
Holmes, 1947; Pasteels et al., 1989). The types of volcanoes that comprise the Toro-Ankole 
province are consistent with phreatic eruptions, which include tuff cones and maar craters, some 
of which contain lakes and hot springs (Combe & Holmes, 1947; Sigurdsson et al., 2015). The 
geochemistry of the volcanoes in Toro-Ankole province is carbonatitic, silica-depleted, and 
potassium-rich (e.g., Barker & Nixon, 1989; Combe & Holmes, 1947; Ennih and Liégeois, 2008; 
Rogers, 2006; Rosenthal et al., 2009). In addition, helium and neon isotopes suggest a strong 
plume contribution to the Toro-Ankole volcanoes (Barry et al., 2013; Halldorsson et al., 2014; 
Hilton et al., 2011; Pik et al., 2008). In addition to volcanic centers, hot springs have been 
observed along the northern Western Branch, including both the magma-rich Lakes 
George-Edward graben and  the magma-poor Albertine and Rhino grabens (Figure 2). 

 
3.​ Previous Geophysical Studies 

A sequence of earthquakes in South Sudan from 1990 to 1991 was initially interpreted as 
evidence of the Western Branch of the East African Rift System (EARS) extending northeast 
beyond the Rhino Graben (Girdler & McConnell, 1994). However, analysis of airborne magnetic 
data by Katumwehe et al. (2015) revealed that the Rhino Graben does not extend beyond the 
Aswa Shear Zone. Katumwehe et al. (2015) further proposed that the heterogeneous and thinning 
lithosphere of the Saharan Metacraton, lacking a well-developed pre-existing lithospheric fabric, 
may have hindered strain localization during the onset of rifting. This likely caused the Western 
Branch to terminate against the Aswa Shear Zone. The existence of small-scale active faults 
propagating northward remains uncertain. 

Earthquakes with magnitudes ranging from 3.2 to 5.9 have been observed in the northern 
Western Branch from 2000 to 2024 (Figure 2; Masse & Needham, 1989). As part of the RiftLink 
project, approximately 800 microseismicity events per month with local magnitudes (ML) 
ranging from -0.5 to 5.1 with a focal depth ranging from 10 to 59.5 𝑘𝑚 were recorded within the 
fault zones to the east, west and north of the Rwenzori mountains area for a period of 19 months 
from April 2006 to October 2007 (Lindenfeld et al., 2012; Lindenfeld & Rümpker, 2011). In 
areas where magmatism is widespread and the lithosphere has thinned along the rift, earthquakes 
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do not tend to occur at deep depths; rather, they are confined to the upper 15 𝑘𝑚 of the crust. 
However, in magma poor areas, the focal depth has been found to extend to depths of  35 ± 5 𝑘𝑚 
(Craig et al., 2011; Yang and Chen, 2010). Lower crustal earthquakes have been observed along 
both the Western and Eastern Branches of the EARS, in contrast to most intracontinental rifts 
where seismicity is confined to the upper crust (Albaric et al., 2014; Craig et al., 2011; Ebinger et 
al., 2019; Jackson & White 1989; Lavayssière et al., 2019; Lindenfeld et al., 2012; Nyblade & 
Langston 1995; O'Donnell et al., 2016; Yang & Chen, 2010). 

Previous studies including gravity (Ebinger et al., 1989), petrological (Aulbach et al., 
2008), geochemical (Halldórson et al., 2014), seismic (Mulibo & Nyblade, 2013; Bastow et al., 
2008), and geodynamic (Koptev et al., 2015) support active rifting models in which one or more 
mantle plumes play a role in the development of the EARS. In contrast, there are also several 
geodynamic studies that propose forces from gravitational potential energy gradients from high 
topography maintain present-day rifting along weakened plate boundaries (Coblentz & 
Sandiford, 1994; Rajaonarison et al., 2021; 2023; Stamps et al., 2010; 2014; 2015). Buoyancy 
from the mantle plumes beneath Africa have been identified as the driving force behind the 
abnormally high topography in southern and eastern Africa (Hansen & Nyblade, 2013; Moucha 
et al., 2011). According to new estimates of mantle potential temperatures (Tp), elevated mantle 
temperatures are a common feature of the upper mantle beneath East Africa, and the African 
superplume contributes to the markedly slow seismic velocities beneath East Africa (Rooney et 
al., 2020; 2012).  

Gravity and seismic studies also show that beneath the Western and Eastern Branches of 
the EARS, there is relatively thin lithosphere underlain by anomalous low-density material 
compared to the thick lithosphere of the Tanzania craton sandwiched in between the two rift 
Branches (e.g., Fadaie & Ranalli,1990; Fairhead 1976; Savage & Long 1985). The crust 
associated with the Western Branch is approximately 40 𝑘𝑚 thick with the lithospheric mantle up 
to 150 𝑘𝑚 deep (Afonso et al., 2022; O'Donnell et al., 2016; Pasyanos et al., 2014). Seismic 
studies that were conducted as part of the RiftLink research project on the Tanzania craton and 
the adjacent Western Branch of the EARS indicated that the upper boundary of the lower 
lithosphere has been mineralogically altered due to metasomatism induced by infiltration of 
melts derived from the asthenosphere or by partially melting the base of the lithosphere 
(Wölbern & Rumpker, 2012).  Using seismic data, Gummert et al. (2016) found high Vp/Vs 
ratios in the Albertine rift segment, the Edward rift segment, and the Rwenzori Mountains, which 
they associated with decompression melting or ascending dykes of asthenospheric material. 
Beneath the Lake Edward and Lake George basins, reduced S-wave velocities at 15 km depth 
were detected and attributed to the presence of partial melt beneath this region (Wölbern et al., 
2010). However, these studies focused mainly on the Edward and southernmost Albertine rift 
segments and did not extend to the northernmost tip of the Western Branch, therefore remaining 
enigmatic. 

 
4.​ Methods 
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We model 3D melt generation associated with Lithospheric Modulated Convection and 
Tomography-Based Convection in the upper mantle using the open-source and CIG-supported 
finite element code entitled Advanced Solver for Planetary Evolution, Convection, and Tectonics 
(ASPECT) version 2.2.0 (Bangerth et al., 2018; Dannberg & Heister, 2016; Kronbichler et al., 
2012). The use of these two distinct mantle convection methods aims to explore two potential 
mechanisms for melt generation beneath the northern Western Branch. The Lithospheric 
Modulated Convection model posits that upper mantle convection is driven by temperature 
variations caused by lateral differences in lithospheric thickness, representing small-scale 
convection similar to edge-driven convection (Njinju et al., 2021; King & Anderson, 1998). In 
contrast, the Tomography-Based Convection model assumes that convection arises from 
temperature variations driven by both lateral lithospheric thickness variations and upper mantle 
temperature anomalies derived from a shear wave velocity model (Njinju et al., 2023). For the 
Lithospheric Modulated Convection model, lithospheric thickness data from Afonso et al. (2022) 
were used as inputs, while the Tomography-Based Convection model utilizes the shear wave 
velocity model based on ambient noise tomography from Emry et al. (2019), in addition to 
lithospheric thickness data from Afonso et al. (2022). 

 
4.1.​Modeling Approach 
Geodynamic modeling is a powerful tool for investigating processes below the Earth’s 

surface (van Zelst et al., 2022). In this work, we calculate forward models to solve equations that 
describe the physical processes of mantle convection and melt generation. We use ASPECT to 
solve the conservation of mass, momentum, and energy equations (see Section 4.2) according to 
the anelastic liquid approximation (Jarvis & McKenzie, 1980). The solutions to these three 
equations define how the material’s velocity, pressure, and temperature (i.e., the dependent or 
unknown variables) change in space and how they evolve when one or more independent or 
known variables change, e.g., density. The anelastic liquid approximation assumes small lateral 
density variations relative to a reference density profile, which can be ignored in the mass (eq. 1) 
and energy conservation equations (eq. 3); only the buoyancy term in the momentum 
conservation equation (eq. 2) uses a temperature- and pressure-dependent density (Jarvis & 
McKenzie, 1980; van Zelst et al., 2022). The computation time for the Lithospheric Modulated 
Convection model is 20 million years to reach steady-state, whereas the Tomography-Based 
Convection model is instantaneous since it is constrained by present-day seismic tomography. 

 
4.2.​Governing Equations  
We solve for velocity, pressure, and temperature using the compressible Stokes equations, 

i.e., the conservation of mass equation (eq. 1), the conservation of momentum equation (eq. 2), 
and the conservation of energy (eq. 3) according to anelastic liquid approximation. These 
equations are partial differential equations describing the relation between the unknowns 
(velocity, pressure, and temperature) and their partial derivatives concerning space and time. 
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where v is the velocity vector, I is the identity matrix, 𝜂ₑff  is the effective viscosity which 
depends on temperature and pressure, (ε˙(v) - ⅓(∇⋅v)I) is the deviatoric strain rate tensor, P is 
the pressure, g is the gravitational acceleration, ρ is the density, and ρr is the depth-dependent 
reference density according to the anelastic liquid approximation (Jarvis & McKenzie, 1980). To 
obtain the reference density profile, we use the AK135 global average Earth Model (Kennett et 
al. 1995). The energy equation (eq. 3) is used to model the advection and diffusion of 
temperature (thermal evolution) without considering internal heat production.  

 

 

 
 

where ρr is the depth-dependent reference density profile, 𝐶p is the heat capacity, T is the 
temperature, 𝑡 is the time, v is the velocity vector, κ is the thermal conductivity, [𝟤𝜂ₑff (ε˙(v) - 
⅓(∇⋅v)I) : (ε˙(v) - ⅓(∇⋅v)I)]  is the shear heating term, 𝛼T(v⋅∇P) is the adiabatic heating 
term where 𝛼 is the thermal expansivity and P is the pressure, ρrT∆𝑆(∂𝑋/∂𝑡)+ v⋅∇𝑋 is the latent 
heat term where ∆𝑆 is the change of entropy and 𝑋 is the melt fraction (see section 4.4).  

We characterize the changes in density, ρ, in eq. 2 with pressure (𝘗) and temperature  (T) in 
terms of compressibility and thermal expansivity, as shown in eq. 4: 

 

 
where where ρ₀ is the reference solid density, Δρ is the depletion density change of the material 
(peridotite), P₀ is the reference pressure, T₀ is the reference temperature, exp is the natural 
exponential equal to 2.718, 𝛼 is the thermal expansivity, and 𝛽 is the compressibility coefficient. 
The values and units used in the mantle convection and melt generation simulation are shown in 
Table 1. 
 

4.3.​Rheology 
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Rheology describes how materials deform or flow when they are exposed to stresses. Our 
models use diffusion creep and dislocation creep (eq. 5; Karato & Wu, 1993; Karato, 2008) in 
the sub-lithospheric mantle. We create a composite rheology as shown in eq. 6, which is the 
harmonic average of diffusion creep and dislocation creep (Jadamec & Billen, 2010). In our 
model, we are only interested in modeling asthenospheric processes (i.e., lithospheric mantle 
flow and deep melt generation),  therefore, we make the lithosphere rigid by imposing a high 
viscosity of 𝟣𝟢²⁴ Pa.𝑠 as shown in Figure 3. 

 

 
 

 
 
where 𝜂ₑff  is the effective viscosity, d is the grain size, 𝑚 is the grain size exponent, 𝑛 is the stress 
exponent, exp is the natural exponential equal to 2.718, 𝐴 is the pre-exponential factor, έe is the 
effective deviatoric strain rate, P is the pressure,  𝐸ₐ is the activation energy, 𝑉ₐ is the activation 
volume, 𝑅 is the gas constant, and 𝘛 is the temperature. The values of the parameters are shown 
in Table 1. We note that we do not account for the effects of water on viscosity.  
 
Table 1:  Parameters used in the mantle convection and melt generation simulations based on 

several geodynamic studies that model similar tectonic settings. 

Notation Parameter Value Unit Reference 

𝛽 Compressibility coefficient 5.124 x 10⁻¹² 𝑃𝑎-1 Glerum et al. (2018) 

ρc Density of crust 2700  𝑘g.𝑚-3  

ρm  Density of mantle lithosphere 3300 𝑘g.𝑚-3  

g Gravitational acceleration Preliminary 

Reference Earth 

Model  (PREM) 

𝑚.𝑠-2 Dziewonski & 

Anderson (1981) 

Tp Mantle potential temperature 1693, 1703, 

1713, 1723  

K Rooney et al. (2012; 

2020) 
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 Pressure normalization surface 𝑃𝑎 Rajaonarison et al. 

(2020) 

𝘗o Reference pressure 0 𝑃𝑎  

ρo Reference  solid density  3300 𝑘g.𝑚-3 Rajaonarison et al. 

(2020) 

ρr Reference density profile AK135 model 𝑘g.𝑚-3 Kennett et al. (1995) 

vr Reference shear wave 

velocity profile  

AK135 model 𝑘𝑚.𝑠-1 Kennett et al. (1995) 

vs Shear wave velocity Seismic 

tomography 

model 

𝑘𝑚.𝑠-1 Emry et al. (2019) 

𝐶p Reference specific heat 

capacity 

1250 𝐽.𝑘g-1. K-1 Rajaonarison et al. 

(2020) 

ε˙(v) Reference strain rate for 

first time-step 

𝟣 x𝟣𝟢⁻¹⁵ 𝑠-1 Rajaonarison et al. 

(2020) 

To Reference temperature 293 K Njinju et al. (2021; 

2023) 

κ Thermal conductivity  𝟦.0 𝑊.𝑚-1.K-1 Turcotte & Schubert 

(2002) 

𝛼 Thermal expansivity  5 x 10⁻⁵ K-1  

t (Lithospheric 

Modulated 

Convection) 

Computational end time 20 My Njinju et al. (2021; 

2023) 

𝐸ₐdf Activation energy 

(Diffusion creep)      

3.0 x10⁵ 𝐽.𝑚𝑜l-1 Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 

𝐸ₐdl Activation energy 

(Dislocation creep)      

5.4  x 10⁵ 𝐽.𝑚𝑜l-1 Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 
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𝑉ₐdf Activation volume 

(Diffusion creep)     

6 x 10⁻⁶ 𝑚³.𝑚𝑜𝑙-1 Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 

𝑉ₐdl Activation volume 

(Dislocation creep)    

2 x 10⁻5 𝑚³.𝑚𝑜𝑙-1 Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 

ddf Grain size (Diffusion 

creep)                           

0.01 𝑚 Rajaonarison et al. 

(2020); Glerum et al. 

(2018) 

ddl Grain size (Dislocation 

creep)                         

0 𝑚 Rajaonarison et al. 

(2020) 

𝑚dfz Grain size exponent 

(Diffusion creep)       

2.5 none Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 

𝑚dl Grain size exponent 

(Dislocation creep)       

0 none Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 

𝐴df Pre-exponential factor 

(Diffusion creep)     

1.50 x 10⁻¹⁵ 𝑃𝑎(1/𝑛df).𝑚(𝑛df/𝑚df).𝑠-1 Rajaonarison et al. 

(2020) 

𝐴dl Pre-exponential factor 

(Dislocation creep)      

6.52 x 10⁻¹⁶ 𝑃𝑎(1/𝑛dl).𝑚(𝑛dl/𝑚dl).𝑠-1 Naliboff et al. 

(2020); Rajaonarison 

et al. (2020) 

𝜂r_bulk Reference bulk 

viscosity          

1 x 1022 𝑃𝑎.𝑠   

𝜂r_shear Reference shear 

viscosity          

5 x 1020 𝑃𝑎.𝑠   

𝑛df Stress exponent (Diffusion 

creep)    

1.0 none Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 
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𝑛dl Stress exponent 

(Dislocation creep)    

3.5 none Karato & Wu 

(1993); Turcotte & 

Schubert (2002) 

𝜂min Minimum viscosity 1019 𝑃𝑎.𝑠   

𝜂max Maximum viscosity 1024 𝑃𝑎.𝑠   

 

4.4.​Melt Parameterization 
To enable the formation of melt in our model, we use the Katz et al. (2003) melt 

parameterization, which is applicable up to 13 GPa (~350 km depth). This approach uses batch 
(equilibrium) melting where a finite amount of melt forms in a closed system and chemical 
equilibrium is maintained between the phases, i.e., no melt erupts out of the system and there are 
no injections of fresh melt into the system. Melt and solids stay intermingled as a closed system 
until melting ceases, thus the amount of melt that would normally be extracted from the 
asthenosphere into the lithosphere (often called degree of melt) is combined with the volume of 
melt present at any given point in time in the asthenosphere. Therefore, our melt fraction values 
may be slightly higher than expected if one is only considering the volume of melt present at a 
point in time in the asthenosphere. Although melt is likely to escape upwards in a natural setting 
and seismic velocity wave-speeds can be impacted by the shape of melt pockets and aspect ratio 
of melt inclusions, we take a relatively simple approach with batch melting such that we provide 
an end-member estimate of the degree of melting. We used the simple polynomial relationships 
(eq. 7 and eq. 8) between temperature and pressure to parameterize the solidus and liquidus of a 
dry peridotite system (lherzolite), which we employ in our model (Katz et al., 2003): 

 

 

 
  
where P = pressure in GPa,  A₁ =  1085.7 ℃,  A₂= 132.7℃ GPa-¹,  A₃= -5.1 ℃ GPa-² , B₁= 1475.0 
℃,  B₂= 8.0 ℃ GPa-¹,  B₃= -3.2 ℃ GPa-². Given that there is no active subduction near our region 
of study introducing water into the sublithospheric mantle, we choose a dry peridotite system. 
 
In order to quantify the amount of melt generated by the system, we incorporate latent heat (the 
last term in eq. 3), which is heat generated or consumed in the process of phase change of the 
material. The latent heat is proportional to the density, temperature, change of entropy (∆𝑆), and 
changes in the fraction of the material that has already undergone the phase transition (𝑋) (also 
called phase function). In our case, this phase transition is associated with melting of the upper 
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mantle, thus 𝑋 is the melt fraction. Melt fraction is calculated for temperatures (𝘛) that are less 
than the lherzolite liquidus (TLherzoliteLiquidus ) but greater than the solidus (TSolidus) using eq. 9 below 
that is based on Katz et al. (2003): 
 

 
 

where the exponent of melting temperature, denoted as 𝝎, is equal to 1.5 following Katz et al. 
(2003). 
 

4.5.​Model Geometry 
We use the 3D chunk geometry (Figure 3) in our Lithospheric Modulated Convection and 

Tomography-Based Convection models, which is defined by the ASPECT code as a chunk of a 
spherical shell bounded by minimum and maximum longitudes, minimum and maximum 
latitudes, and outer and inner radii or depth. The chunk geometry labels are "west" and "east" to 
represent minimum and maximum longitudes, "south" and "north" to represent minimum and 
maximum latitudes, and "outer" and "inner" to represent the minimum (surface) and the 
maximum depth. The minimum longitude in our model is 24°, the maximum longitude is 38°, 
the minimum latitude is -8°, the maximum latitude is 9°, the minimum depth is 0 𝑘𝑚, and the 
maximum depth is 660 𝑘𝑚, giving our model edge lengths of 1777.6 𝗑 1555.4 𝗑 660 𝑘𝑚 in the 
latitude, longitude, and depth directions (Figures 3). We make the model geometry larger than 
the study region shown in Figures 1 and 2 to avoid edge boundary effects following Njinju et al. 
(2021). The model domain comprises three compositional layers; uniform crustal thickness (30 
km), mantle lithosphere (variable thickness), and sublithospheric mantle. For all experiments, we 
discretize the model with a global mesh refinement of 6, which implies that each finite element 
(or cell) has a dimension of  27.8 by 24.3 by 10.3 𝑘𝑚 in the latitude, longitude, and depth 
directions. The cell size is calculated by obtaining the edge length and dividing it by 2ⁿ where n 
is the global mesh refinement, which is 6 in our case. We do not use adaptive mesh refinement 
throughout our model. 
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Figure 3. Model set up a) initial temperature for Lithospheric Modulated Convection model, b) 
initial pressure for Lithospheric Modulated Convection model, c) initial velocity magnitude for 
Lithospheric Modulated Convection model (cross-section at 0° latitude), and d) initial viscosity 
(log10) for Lithospheric Modulated Convection model, e) initial temperature for 
Tomography-Based Convection  model, f) initial pressure for Tomography-Based Convection 
model, g) initial velocity magnitude for Tomography-Based Convection model (cross-section at 
0° latitude), and h) initial viscosity (log10) for Tomography-Based Convection model.   
 

4.6.​Initial and Boundary Conditions 
4.6.1.​ Lithospheric Modulated Convection 

​ The Lithospheric Modulated Convection models have an initial temperature of 293 K at 
the outer side (minimum depth), which increases linearly up to the LAB (Figure 3a). At the 
LAB, the temperature is calculated based on the mantle potential temperature (Tp) we are 
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experimenting with (i.e. 1693, 1703, 1713 or 1723 K), the gravitational acceleration (g), thermal 
expansivity (𝛼), the heat capacity (𝐶p) and the depth (zLAB(𝑖)) to the LAB at location 𝑖, as shown in 
eq.10 and Figure 4a. The mantle potential temperatures we are using (both in Lithospheric 
Modulated Convection and Tomography-Based Convection models) are based on the 
petrologically derived estimates of Rooney et al. (2020; 2012) around the northern Western 
Branch. 

 
 

where T(zLAB(𝑖)) is the temperature at the LAB for the Lithospheric Modulated Convection 
models (and Tomography-Based Convection  models), Tp is the mantle potential temperature 
with which we are experimenting, exp is the natural exponential equal to 2.718, g is the 
gravitational acceleration, 𝛼 is the thermal expansivity, zLAB(𝑖) is depth at the LAB at location (i), 
and and 𝐶p is the heat capacity following the formulation of McKenzie & Bickle (1988).  

Below the LAB, the geothermal gradient is fully adiabatic, thus the temperature (eq.11) 
increases adiabatically until the model base (inner side) at 660 𝑘𝑚, where the temperature 
remains constant but varies laterally across the model (McKenzie & Bickle, 1988). 

 

 
 

where T(zdepth>LAB(𝑖)_lith) is the temperature between the LAB and 660 𝑘𝑚 depth for the 
Lithospheric Modulated Convection models, Tp is the mantle potential temperature with which 
we are experimenting, exp is the natural exponential equal to 2.718, g is the gravitational 
acceleration, 𝛼 is the thermal expansivity, zdepth > LAB(𝑖)_lith is the depth below the LAB at location 𝑖, 
and 𝐶p is the heat capacity. 

The thermomechanical models used here require boundary conditions for solving mass, 
momentum, and energy conservation equations (e.g., van Zelst et al., 2022). For the temperature 
boundary conditions, the Lithospheric Modulated Convection models set no heat flux 
(insulating) on the west, east, south, and north sides of the chunk geometry, instead focusing on 
the heat flux in the inner and outer sides (bottom and top boundaries). We do not provide initial 
velocity or pressure conditions since the conservation equations for mass and momentum do not 
include time derivatives of velocity or pressure. However, we impose velocity boundary 
conditions that are free-slip (tangential) along the outer side of the chunk geometry, while the 
remaining sides are set with no-slip (zero fixed) velocity boundary conditions. The free-slip 
boundary condition, where the velocity normal to the boundary is zero and there are no parallel 
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stresses, allows material to flow freely along the boundary. The no-slip boundary condition is a 
prescribed velocity with zero velocity at the boundary. 

 

 
Figure 4 a): LAB temperatures beneath the study region for mantle potential temperature 1693 
K. The LAB temperatures are calculated based on eq. 10. Note that the LAB temperatures are 
higher where the lithospheric thickness (Figure 4b) is higher, based on eq. 10. b) Lithospheric 
thickness map of the study area based on the Afonso model (Afonso et al., 2022). Lithospheric 
thickness beneath the northern Western Branch ranges from 94 beneath the Lake George graben 
to 120 𝑘𝑚 beneath the Albertine and Rhino grabens. A lithospheric thickness of ~160 𝑘𝑚 
underlies the Tanzanian Craton while the Kenyan Rift has a lithospheric thickness of ~60 𝑘𝑚. 
Black triangle represents a peak in the Rwenzori Mountains, red triangles represent Holocene 
volcanoes, and dashed lines show contour intervals of 10 𝑘𝑚 lithospheric thickness. NWB = 
Northern Western Branch; KIR = Kivu Rift; TR = Tanganyika Rift; MER = Main Ethiopian Rift; 
KR = Kenya Rift; 1 = Lakes George-Edward graben; 2 = Albertine graben; 3 = Rhino graben. 
White line is the profile AB defined in Figure 6. 
 

4.6.2.​ Tomography-Based Convection 
The Tomography-Based Convection  models also have an initial temperature of 293 K at the 

outer side (minimum depth), which increases linearly up to the LAB. At the LAB, the 
temperature is also calculated in the same way as the LAB models as shown eq.10 and Figure 4a. 
Below the LAB, the geothermal gradient is also fully adiabatic, thus the temperature increases 
adiabatically until the model base (inner side) at 660 𝑘𝑚, but in this style of convection we also 
add a temperature anomaly constrained by shear wave velocities (eq. 12). 
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Between the LAB and 660 𝑘𝑚 depth, we use shear wave velocities from the Emry et al. 
(2019) seismic tomography model and a depth-dependent scaling factor of 0.2 to convert shear 
wave velocities into density anomalies and later to temperature anomalies, following on Njinju et 
al. (2023) and ref. therein as shown in eq.12.  
 

 
 
where 𝛿T is the temperature anomaly, the density anomaly is 𝛿ρ = (vs/vr * 0.2), vs is the shear 
wave velocity (Emry et al., 2019), vr is the reference shear wave velocity (Kennett et al., 1995), 
ρr is the reference density (Kennett et al., 1995), and 𝛼 is the thermal expansivity. 

We add these temperature anomalies (𝛿T) to the ambient temperature as shown in eq. 13. We 
note that a limit on the temperature anomalies of -200 to 200 K is implemented to avoid an 
excess increase in the reference temperature profile in the upper mantle (Turcotte & Schubert, 
2002) following a similar approach implemented in Rajaonarison et al. (2023).  

 

 
 
where  T(zdepth>LAB(𝑖)_tomo) is the temperature between the LAB and 660 𝑘𝑚 depth for the 
Tomography-Based Convection  models, Tp is the mantle potential temperature with which we 
are experimenting, exp is the natural exponential equal to 2.718, g is the gravitational 
acceleration, 𝛼 is the thermal expansivity, zdepth > LAB(𝑖)  is the depth between LAB and 660 𝑘𝑚 at 
location 𝑖, 𝐶p is the heat capacity, and 𝛿T  is the temperature anomaly. The temperature and 
velocity boundary conditions for Tomography-Based Convection  models are the same as those 
for Lithospheric Modulated Convection models, and the initial pressure conditions are also the 
same. 

There are multiple models of shear wave velocity structures that encompass the East 
African Rift, but the majority of them focus on depths above 450 km (e.g., Celli et al., 2020; 
Fishwick et al., 2010; O’Donnell et al., 2013; Priestly et al., 2008; Wang et al., 2022; Weeraratne 
et al., 2003), whereas our study extends from the surface to 660 km depth to ensure minimal 
boundary effects with our convection simulations. The Emry et al. (2019) shear wave velocity 
model extends deeper than 450 km depth and captures upper mantle features in the study region. 
This model uses a checkerboard resolution test of 5 x 5 degrees, and the authors demonstrate this 
resolution is sufficient to resolve small-scale structures in the upper mantle. The Emry et al. 
(2019) method is robust for the region, revealing a broad slow shear wave velocity anomaly at 
the mantle transition zone in the Western Branch and a localized slow shear wave velocity 
anomaly beneath the Virunga volcanic province and along the Eastern Branch in the shallow 
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upper mantle (Figure 5) similar to other models.  If another shear wave velocity model was used 
that did not resolve localized thermal anomalies in the upper mantle, our models would most 
likely fail to generate melt in those locations. 

 

 
Figure 5: Key depth slices of absolute shear wave velocities beneath the study region obtained 
from the Emry et al. (2019) shear wave velocity model at a) 105 𝑘𝑚, b)165 𝑘𝑚 and c) 614 𝑘𝑚. 
The maps display gray contour intervals of absolute shear wave velocities at 0.05 km/s. KIR = 
Kivu Rift; NWB = Northern Western Branch; 1 = Lakes George-Edward graben; 2 = Albertine 
graben; 3 = Rhino graben 
 

4.6.3.​ Lithospheric Thickness 
We recognize that there are various definitions of the lithosphere, particularly its bottom 

boundary known as the Lithosphere-Asthenosphere Boundary (LAB) (Eaton et al. 2009; Fischer 
et al., 2010). In this study, we define the LAB as a thermomechanical boundary. Mechanically, 
the lithosphere is approximately rigid, and the sublithospheric mantle is governed by composite 
rheology (see Section 4.3). The thermal conditions of both the Lithospheric Modulated 
Convection and Tomography-Based Convection  models are described in sections 4.6.1 and 
4.6.2. 

Both Lithospheric Modulated Convection and Tomography-Based Convection are 
constrained by the lithospheric thickness, and here we use the Afonso et al. (2022) lithospheric 
thickness model (Figure 4b), which we refer to as the Afonso model. We note that we have 
assessed two other lithospheric thickness models, the LITHO1.0 model (Pasyanos et al., 2014) 
and the regional Fishwick (2010, revised) (see supplementary material), and we choose the 
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Afonso model in this study because it uses a more robust dataset, a newer method, and resolves 
more variations in lithospheric topography beneath the region. For instance, various segments of 
the rift system such as the northern Western Branch, Kivu Rift, Tanganyika Rift, Malawi Rift, 
Main Ethiopian Rift, and Kenya Rift exhibit lower lithospheric thicknesses (80–120 km) 
compared to the Tanzanian Craton, which has a greater lithospheric thickness of 160 km, as 
anticipated. Within the study area, the shallowest lithosphere is found beneath the Kivu Rift 
(~90-100 km) and the Lake Edward-George Graben (~90-110 km), where Holocene volcanic 
fields such as the Virunga and Toro-Ankole fields are located. The Afonso model determines the 
LAB by integrating global and regional datasets, including Rayleigh-wave dispersion curves, 
absolute elevation, surface heat flow, upper mantle geoid anomalies, gravity anomalies, and 
gravity gradients. These datasets are jointly inverted using a thermodynamically constrained 
multi-observable probabilistic inversion method, specifically designed to estimate the physical 
state of the lithosphere, such as its temperature distribution. The model employs a spatial 
resolution ranging from 1° to 1.5°. During the inversion process, the authors calculate 1D 
steady-state conductive geotherms for each cell down to the LAB, defined as the depth to the 
1250℃ isotherm (Afonso et al., 2022). In the northern Western Branch, the lithospheric 
thickness ranges from ~90 to ~120 km, with an average of 110 km. Specifically, the thickness is 
~100 km beneath the Rhino Graben, ~100-120 km beneath the Albertine Graben, and ~90-110 km 
beneath the Lakes George-Edward Graben. 

 
5.​ Results 

Lithospheric Modulated Convection and Tomography Based Convection models were 
run using the ASPECT code for mantle potential temperatures (Tp) values of 1693, 1703, 1713, 
and 1723 K. Our ASPECT code input files were the lithospheric thicknesses beneath the study 
region defined by Afonso et al. (2022: Figure 4b), reference density and reference shear wave 
velocities defined by Kennett et al. (1995), and the shear wave velocities defined by Emry et al. 
(2019).  

We show cross-sections of time-dependent Lithospheric Modulated Convection (Figures 
6b-6d) and instantaneous Tomography-Based Convection with melt fractions  (Figure 6a) across 
profile AB  (Figure 4b). The Tomography-Based Convection model produces melt generation 
beneath the entire profile AB at depths starting just beneath the LAB and down to ~186 km 
(Figure 6a), whereas melt generation only occurs below the Kivu rift for the Lithospheric 
Modulated Convection at very shallow depths just beneath the LAB (~93-103 km) (Figures 6b & 
6c).  

Tables 2-3 and Figures 7-8 display the results of sublithospheric melt generation in terms 
of melt fractions (eq. 9) at specific depths from Lithospheric Modulated Convection and 
Tomography-Based Convection  beneath the northern Western Branch and the Kivu Rift of the 
EARS. In this study, melt generation is produced beneath the Kivu rift and slightly under the 
magma-rich Lakes George-Edward graben with both Lithospheric Modulated Convection (i.e., 
depths ~93-103 km; Table 2 & Figure 7) and Tomography-Based Convection models (i.e., depths 
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~93-160 km; Table 3 & Figure 8). The Tomography-Based Convection model generates melt 
north and northeast of the Aswa shear zone beneath the Kenyan Rift that also extending 
southwards slightly beneath the Rhino graben at depths between ~108 and 139 km for Tp values 
of 1693, 1703, 1713, and 1723 K (Table 3 & Figure 8). We also observe a small amount of melt 
north of the Aswa shear zone with the Lithospheric Modulated Convection model (Figure 7). At 
deeper depths between ~160-186 km, we generate melt beneath both the magma-rich Lakes 
George-Edward graben and the magma-poor Albertine and Rhino grabens with the 
Tomography-Based Convection  method (Table 3 and Figure 8). 

The Lithospheric Modulated Convection model produces melt at a maximum depth of 
~103 𝑘𝑚 (Table 2 and Figures 7), whereas the Tomography-Based Convection model generates 
melt up to ~186 𝑘𝑚 (Table 3). The Lithospheric Modulated Convection model generates lower 
melt fractions compared to the Tomography-Based Convection model, with a maximum melt 
fraction of 0.046 for Tp = 1723 K at ~93 km depth (Table 2 & Figures 7d-f). The maximum melt 
fraction for the Tomography-Based Convection model is 0.409 for Tp = 1723 K at ~98 km depth 
near the Virunga Volcanic Province (Table 3 & Figure 8d). The Lithospheric Modulated 
Convection model produces no sublithospheric melt at Tp values of 1693 and 1703 K beneath the 
entire northern Western Branch (Table 2). The Lithospheric Modulated Convection model 
generates its maximum melt fraction values at a model time of 174,528 years for Tp = 1693 K, 
164,808 years for Tp = 1703 K, 157,273 years for Tp = 1713 K, and 151,125 years for Tp = 1723 
K. The Tomography-Based Convection model is instantaneous, i.e., model time is 0, to be 
consistent with the present-day constraints from shear wave seismic velocities.  
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Figure 6: Profile showing time-dependent convection with melt fraction across the northern 
Western Branch (profile AB in Figure 4b); (a) Time = 0 at 1723 K for the Tomography-Based 
Convection  model which is also described in Table 3, (b) Time = 0 at 1723 K for the 
Lithospheric Modulated Convection model, (c) Time = 151,125 years at 1723 K for the 
Lithospheric Modulated Convection model which is described in Table 2, and (d) Time = 20 Ma 
at 1723 K for the Lithospheric Modulated Convection model. Note that for the Lithospheric 
Modulated Convection models,  melt is only present beneath the Kivu rift (Figures 6b & 6c). 
 
Table 2: Maximum melt fractions generated at a given depth and mantle potential temperatures 
of 1693, 1703, 1713, and 1723 K beneath the segments of the northern Western Branch and the 
Kivu Rift for the Lithospheric Modulated Convection models. Note the vertical resolution of our 
mesh is 10.3 km, so our 93 km depth slice is still considered deep melt below the LAB.  * - 
indicates no melt is generated at that depth or part of the rift. 

Depth 
(𝑘𝑚) 

 
Kivu Rift 

Magma-rich region: Lakes 
George-Edward graben 

Magma-poor region: 
Albertine graben 

Magma-poor region: Rhino 
graben 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

93 0.019 0.037 0.058 0.082 - - 0.024 0.046 - - - - - - - - 

98 0.001 0.013 0.029 0.050 - - 0.022 0.041 - - - - - - - - 
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103 - - 0.007 0.023 - - 0.007 0.023 - - - - - - - - 

 
 
 

 
Figure 7: Maps showing the melt generated in terms of melt fractions using the Lithospheric 
Modulated Convection method at Tp of 1713 and 1723 K; a) Tp of 1713 K at 93 𝑘𝑚,  b) Tp of 
1713 K at  98 𝑘𝑚, c) Tp of 1713 K at 103 𝑘𝑚,  d) Tp of 1723 K at 93 𝑘𝑚,  e) Tp of 1723 K at  98 
𝑘𝑚, and f) Tp of 1723 K a 103 𝑘𝑚. The Lithospheric Modulated Convection method only 
produces melt at depths of 93, 98, and 103 𝑘𝑚 with a Tp of 1713 and 1723 K beneath the 
northern Western Branch (labeled NWB on the map). The maps display contour intervals of 
lithospheric thickness at 10 𝑘𝑚, indicated by dotted lines. We note that the melt produced in the 
northeast near the Kenya Rift and in the southwest around the Kivu Rift extends beyond the area 
shown on the map, but for this study, we focus mainly on our study region. 
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Table 3: Maximum melt fractions generated at a given depth and mantle potential temperatures 
of 1693, 1703, 1713, and 1723 K beneath the segments of the northern Western Branch and the 
Kivu Rift for the Tomography-Based Convection models. Note the vertical resolution of our 
mesh is 10.3 km, so our 93 km depth slice is still considered deep melt below the LAB.  * - 
indicates no melt is generated at that depth or part of the rift. 

 
Depth 
(𝑘𝑚) 

 
Kivu Rift 

Magma-rich region: Lakes 
George-Edward graben 

Magma-poor region: 
Albertine graben 

Magma-poor region: Rhino 
graben 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

1693 
K 

1703 
K 

1713 
K 

1723 
K 

93 0.369 0.388 0.409 0.429 - - 0.044 0.067 - - - - - - - - 

98 0.348 0.368 0.388  0.409 0.348 0.363 0.388 0.409 - - - - - - - - 

103 0.328 0.347 0.367 0.388 0.328 0.347 0.367 0.388 - - - - - - - - 

108 0.308 0.327 0.346 0.367 0.308 0.327 0.346 0.367 - - - - 0.198 0.206 0.216 0.228 

113 0.288 0.306 0.326 0.346 0.288 0.306 0.326 0.346 - - - - 0.181 0.193 0.199 0.209 

114 0.288 0.306 0.326 0.346 0.288 0.306 0.326 0.346 - - - - 0.181 0.193 0.199 0.209 

119 0.268 0.286 0.305 0.326 0.269 0.286 0.305 0.326 - - - - 0.126 0.163 0.188 0.194 

124 0.249 0.267 0.285 0.305 0.250 0.267 0.285 0.305 - - - - 0.073 0.106 0.143 0.183 

129 0.231 0.248 0.266 0.285 0.232 0.248 0.266 0.285 - - - - - 0.050 0.086 0.122 

134 0.214 0.229 0.246 0.265 0.214 0.229 0.246 0.265 - - - - - - 0.040 0.070 

139 0.198 0.212 0.228 0.246 0.198 0.212 0.228 0.246 - - - - - - - 0.028 

144 0.184 0.196 0.210 0.227 0.184 0.196 0.210 0.227 - - - - - - - - 

145 0.184 0.19 0.210 0.227 0.184 0.196 0.210 0.227 - - - - - - - - 

149 0.173 0.182 0.194 0.209 0.173 0.182 0.194 0.209 - - - - - - - - 

150 0.173 0.182 0.194 0.209 0.173 0.182 0.194 0.209 - - - - - - - - 
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155 0.153 0.170 0.180 0.193 0.153 0.170 0.180 0.192 - - - - - - - - 

160 0.105 0.152 0.168 0.178 0.105 0.152 0.168 0.178 - - - 0.031 - - - - 

165 0.062 0.103 0.152 0.166 0.062 0.103 0.152 0.166 - 0.048 0.087 0.132 - - - - 

170 0.026 0.060 0.103 0.154 0.026 0.060 0.103 0.154 0.026 0.060 0.103 0.153 - - - - 

175 0.002 0.024 0.060 0.104 - 0.024 0.060 0.104 
- 
 

0.024 0.059 0.104 - - 0.023 0.059 

180 - 0.001 0.023 0.060 - - 0.023 0.060 - - 0.023 0.060 - - 0.023 0.060 

181 - 0.001 0.023 0.060 - - 0.023 0.060 - - 0.023 0.060 - - - 0.060 

186 - - 0.001 0.024 - - - 0.024 - - - 0.024 - - - 0.024 

 

37 



 

 
Figure 8: Maps showing the melt generated in terms of melt fractions using the 
Tomography-Based Convection  method at 108 𝑘𝑚 depth for Tp values of a) 1693, b) 1703, c) 
1713, and d) 1723 K. e) map showing the melt generated in terms of melt fractions using the 
Tomography-Based Convection  method at 181 𝑘𝑚 depth at Tp 1713 and f) 1723 K. We note that 
the melt produced in the northeast near the Kenya Rift and in the southwest around the Kivu Rift 
extends beyond the area shown on the map, but for this study, we focus mainly on our study 
region. 
 
6.​ Discussion 

The study uses 3D geodynamic numerical modeling with the code ASPECT to investigate 
the presence of deep melt (sublithospheric melt) from two small-scale convection processes, 
Lithospheric Modulated Convection and Tomography-Based Convection, and its possible 
contribution to rifting processes in the northern Western Branch. We use mantle potential 
temperatures of 1693, 1703, 1713, and 1723 K (Rooney et al., 2012; 2020) to constrain the initial 
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temperature conditions at the LAB for each model (see Section 4.6) and assess for the presence 
of deep melt beneath the northern Western Branch. 

While our findings suggest melt can be generated from both Lithospheric Modulated 
Convection and Tomography-Based Convection models, we consider melt generated with the 
Tomography-Based Convection model to be the best representation because the study region has 
complex, highly varying lithospheric thickness (e.g., Afonso et al., 2022) as well as variations in 
thermal anomalies inferred from seismic shear wave velocities (e.g., Celli et al., 2020; Emry et 
al., 2019; Fishwick et al., 2010; O’Donnell et al., 2013; Priestly et al., 2008; Wang et al., 2022; 
Weeraratne et al., 2003). We tested melt generation from Lithospheric Modulated Convection as 
a starting model because of the large variations in lithospheric topography beneath the study 
region (i.e., Figure 4b: Afonso et al., 2022), but we loosely interpret results from this approach 
since the method is too simplistic for our region. 

 
6.1 Deep Melt Beneath the Northern Western Branch 

Our study indicates melt generation beneath the magma-rich Lakes George-Edward graben 
with both Tomography-Based Convection (Table 3 & Figure 8) and Lithospheric Modulated 
Convection models (Table 2 & Figure 7) at depths just below the LAB, but we interpret these 
results to be associated with melt that has been transported from beneath the Kivu Rift rather 
than being generated directly beneath the magma-rich Lakes George-Edward graben (particularly 
at depths shallower than 160 km). Numerous previous seismic studies have resolved low seismic 
velocity anomalies beneath the Kivu Rift, but not necessarily beneath the Lakes George-Edward 
graben (e.g., Celli et al., 2020; Emry et al., 2019; Fishwick et al., 2010; O’Donnell et al., 2013; 
Priestley et al., 2008; 2014; van Herwaarden et al., 2020; Wang et al., 2022; Weeraratne et al., 
2003). In addition, Mount Nyiragongo and Nyamuragira, the two most active volcanoes in the 
Western Branch of the EARS, located in the Virunga volcanic area of the Kivu Rift (Global 
Volcanism Program, 2013), indicate the presence of ample deep melt that sources their 
multi-teired magmatic plumbing system (i.e., Ji et al., 2017; Kaleghetso et al., 2025; Molendijk 
et al., 2024; Wauthier et al., 2013).  

At the northern periphery of our region between the Rhino graben and Aswa shear zone at 
depths between 108 and 139 km, we find deep melt generation with the Tomography-Based 
Convection model (Table 3 and Figure 8). We suggest this melt is associated with the transported 
deep melt that originates beneath the Kenyan Rift. Several previous seismic studies suggest 
widespread thermal anomalies are beneath the Kenya Rift (e.g., Celli et al., 2020; Emry et al., 
2019; Fishwick et al., 2010; O’Donnell et al., 2013; Priestly et al., 2008; van Herwaarden et al., 
2020; Wang et al., 2022; Weeraratne et al., 2003). Furthermore, isotopic studies (e.g., Furman et 
al., 2004; Meshesha & Shinjo, 2008; Rogers et al., 2000) have inferred a mantle plume beneath 
the Kenya Rift, about 400 km east of the Rhino graben, that could transport high-temperature, 
melt-generating plume materials towards the Rhino graben in the region where our models 
suggest the presence of deep melt. Geodynamic investigations also support the model of plume 
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materials migrating away from the Kenya Rift towards the Western Branch (i.e., Koptev et al., 
2015; 2018). 

We do not see any melt generated beneath the Toro-Ankole volcanic province in 
southwestern Uganda at depths shallower than 160 km in our models (see Tables 2-3 and Figures 
7-8) despite the presence of volcanoes in this region i.e., Fort Portal, Kyatwa, Katwe-Kikorongo, 
Bunyaruguru, Katunga, Bufumbira, and Muhavura volcanoes (Figure 2; Global Volcanism 
Program, 2013). This result suggests that the volcanic activity in the Toro-Ankole volcanic 
province could have been sourced by deep melt migrating northwards from the Kivu Rift along 
the LAB as porous flow, like in spreading ridge regions (e.g., Morgan, 1987), or through tensile 
dike propagation (e.g., Pouclet & Bram, 2021; Wauthier et al., 2015). Fault lineaments observed 
north of Lake Kivu and south of Lake Edward could have influenced melt migration and 
distribution of volcanic activity in the Toro-Ankole volcanic province in southwestern Uganda 
(e.g., Smets et al., 2016). Furthermore, various isotopic studies reveal a lithospheric mantle 
source with different melt types due to the depth of melting that is responsible for supplying melt 
to volcanoes in the Virunga and Toro-Ankole Provinces (Furman & Graham, 1999; Rogers et al., 
1992, 1998; Rooney, 2020; Rosenthal et al., 2009). Lithospheric delamination was proposed as a 
possible mechanism for the extreme uplift of the Rwenzori Mountains, resulting from the 
upwelling asthenosphere around the Rwenzori Mountains (Wallner & Schmeling, 2010) that 
could generate decompression melting at the base the LAB in that region that generates thermal 
weakening. Furman et al. (2016) proposed drip melting within the region, where the 
metasomatized lithosphere with a pyroxenite component drips into the asthenosphere causing 
lithospheric removal, decompression melting, and thermal weakening of the lithospheric. Our 
findings, however, indicate that melt generated beneath the Rwenzori Mountains region is 
between 160-186 km, which is substantially deeper than the LAB. Deep melt that would be 
associated with lithospheric delamination and drip melting around the Rwenzori Mountains 
could, instead, originate from melt migrating northwards from beneath the Kivu Rift. 

The Tomography-Based Convection method produces deep melt beneath the magma-rich 
Lakes George-Edward graben and the magma-poor Albertine and Rhino grabens at deeper 
depths between 160-186 km (Table 3 and Figure 8e-f). This melt is most likely originating 
directly beneath the northern Western Branch rather than having migrated from elsewhere since 
the depths of the melt are so deep. Melt generated at depth 160-186 km in our models is unlikely 
to contribute to rifting beneath the northern Western Branch since it is deep within the 
asthenosphere and unlikely to contribute to thermal weakening of the lithospheric mantle. 
​ The strong melt generation gradient observed in our models between 160-186 km 
surrounding the Tanzania craton (Figure 8e-f) is supported by recent thermochemical and 
tomographic models by Afonso et al. (2022) that suggest a hot upwelling beneath the Tanzanian 
craton impinges on the LAB and diverts along the craton’s boundaries focusing shallow 
decompression melting along the Western and Eastern branches of the East African Rift System. 
The decompression melting would thermally weaken the base of the lithosphere in these regions, 
thus helping the system overcome the tectonic force paradox.  
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Given that our models indicate deep melt is present just below the lithosphere in several parts 
of the Western branch and that deep melt would aid in thermal weakening of the lithospheric 
mantle, our results suggest deep melt likely contributes to magma-poor rifting in the northern 
Western Branch of the East African Rift System.  

 
6.2 Comparisons with Deep Melt Production in Other Regions 

In this section, we compare our melt fraction values with those from other settings based 
on geodynamic modeling or experimental studies. Perhaps the most similar setting to the 
northern Western Branch is the magma-poor Malawi Rift, which is also part of the East African 
Rift System and encompasses the Rungwe Volcanic Province. Using a Lithospheric Modulated 
Convection model, Njinju et al. (2021) estimated melt fractions of 0.015 at ~150 km depth 
beneath the Rungwe Volcanic Province with lithospheric thickness  modeled at ~100 km from 
Fishwick (2010). We do not have any comparable melt fraction values for our Lithospheric 
Modulated Convection model beneath our study region (Table 2). The values from Njinju et al. 
(2021) are lower and at shallower depths beneath the southern portion of our region where a 
similar style of volcanism is present in the Kivu Rift. With a more realistic initial temperature 
condition constrained by seismic shear wave velocities, Njinju et al. (2023) used 
Tomography-Based Convection and melt generation for the Malawi Rift. They found slightly 
higher melt fractions of 0.08 at ~130 km depth beneath the Rungwe Volcanic Province, which is 
about 30 km beneath the LAB in this area. The value of melt fraction found by Njinju et al. 
(2023) with Tomography-Based Convection is similar to values found in this work at depths 
between ~165-175 km beneath the Lakes George-Edwards graben and Albertine Rift (Table 3). 
In mid-oceanic ridge settings, experimental studies that leverage batch melting by Kushiro 
(1996) find melt fraction values up to 0.4 at ~45 km for experiments at 1723 K, which is 
comparable to some of our highest values of melt fractions at our shallowest depths of ~93 km 
and Tp values of 1713 and 1723 K. In other extensional settings, such as the Deccan Traps, one 
of the world's largest volcanic provinces that peaked in eruptions ~65-66 My, studies of melt 
fractions indicate values of 0.15-0.30 sourced from depths of ~60-100 km fed these volcanoes 
(Sen, 2001). The Hump area in East Pacific Rise experiences melt fractions ranging from 
0.14-0.22 with melting starting around 61-78 km depth in the upper mantle (Niu et al. 1996). 
These examples demonstrate the reasonability of our modeled results both in terms of the depth 
of melt and the amount of melt fractions.  
 

6.3 Limitations of the Modeling Approaches and Future Work 
​ The study used both Lithospheric Modulated Convection and Tomography-Based 
Convection  modeling approaches to simulate small-scale mantle convection as well as deep melt 
generation. In the Tomography-Based Convection model, we added a temperature anomaly to the 
reference temperature profile of the upper mantle based on an African-centric seismic shear 
wave velocity model (Emry et al., 2019). However, it is important to acknowledge potential 
limitations with these numerical approaches. For example, with the Tomography-Based 
Convection models, we run instantaneous models that provide an instantaneous description of 
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present-day upper mantle convection rather than its evolution, which may be a limitation of 
tomography-based models since tomography itself is a snapshot of the present-day seismic 
structure of the mantle (Glišović et al., 2012). 
​ In this study, we employed batch melting to model deep melt generation below the LAB, 
and this approach yielded substantial melt fractions, particularly at shallow depths just below the 
LAB. Subsequent work could explore alternative types of melting, i.e., fractional melting, critical 
melting, or incremental melting, as well as the effects of melt migration into the mantle 
lithosphere. We also have a coarse estimation of the mantle potential temperatures beneath the 
northern Western Branch from Rooney et al. (2012). Future work could consider using better 
constrained mantle potential temperatures, which are crucial for our initial temperature 
conditions. These alternative approaches could provide further insights and enhance our 
understanding of the role of melt during extensional processes in the northern Western Branch of 
the EARS. 
​ In our study, we used the Afonso lithospheric thickness model (Afonso et al., 2022), 
which is a regional model. Future work could consider exploring alternative, better constrained 
lithospheric thickness models as they become available to further enhance our understanding of 
this study area. 
 
7.​ Conclusions 

In this contribution, we utilize the 3D finite element code ASPECT to model mantle 
convection and sublithospheric melt generation (deep melt) beneath the northern Western Branch 
of the EARS that results from Lithospheric Modulated Convection and Tomography-Based 
Convection. Our study suggests that deep melt from the Kivu Rift and Kenyan Rift could be 
migrating towards the northern Western Branch, contributing to rifting by thermally weakening 
the base of the lithosphere. Our models also indicate that deep melt from small-scale convection 
is generated directly beneath the northern Western Branch at depths of 160 to 186 km, but this 
melt is too deep to support thermal weakening of the lithosphere. Given that deep melt is present 
beneath several regions along the Western branch near the LAB, our study supports that deep 
melt contributes to rifting in the northern Western Branch of the East African Rift System by 
thermally weakening the lithosphere. These findings contribute to an improved understanding of 
the geodynamic processes acting to extend the northern Western Branch.  

 
8.​ Open Research 

To obtain the lithospheric thickness of the northern Western Branch, we downloaded the 
Afonso model from Afonso et al. (2022). Next, we converted the files to longitude (radians), 
colatitude (radians), and thickness (meters) for input into ASPECT. We also interpolate the 
models to 0.01° using bicubic Bessel splines to obtain a consistent grid for our model domain 
area described in section 4.5. The ASPECT code and modified initial temperature, initial 
composition, and material models used in this paper are available open access through Zenodo at 
Kwagalakwe et al. (2024). 
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CHAPTER TWO 
 Constraining the Kinematics of the Northern Western Branch of the East African Rift 
System using GNSS Geodesy 
 

The original version of this work is under review in Geophysical Research Letter as: 
  
Kwagalakwe, A., Stamps, D.S., Kolawole, F., Atekwana, E.A., Taylor, M., Atekwana, 
E.A., Katumwehe, A.B., Barry, P.H., Njinju, E.A., Nyago, J., Tugume, F., Kiberu, J.M., 
Nakajigo, J., Kabanda, A. (under review). Constraining the kinematics of the northern 
Western Branch of the East African Rift System using GNSS geodesy, Geophysical 
Research Letters. 

 
Abstract 

The fragmentation of continents nucleates microplates that rotate to accommodate the 
lateral propagation of bounding rift tips. Yet, the relationships between microplate 
rotation rates, fault slip rates, and kinematics at propagating rift tips remain unknown. 
Here, we analyze new Global Navigation Satellite System (GNSS) data and structural 
geology data from the northern Western Branch (NWB) of the East African Rift System 
that defines part of the boundary between the Nubian plate and Victoria microplate. We 
resolve a 0.0623±0.0293 deg/My counterclockwise rotation of the Victoria microplate, 
consistent with previous studies, but with the Euler pole ~376 km northwest of earlier 
work. Strain rates along the block boundaries range from 7.6×10⁻⁸ to 1.36×10⁻⁷ y-1 largely 
localized on microplate-bounding faults with 1.93-2.34 mm/y slip rates. Our kinematic 
model indicates that Victoria Plate rotation is accommodated by oblique-slip on the NWB 
border faults. 
 

1.​ Introduction 
The break-up of continents typically occurs along rift branches that host rift basins, which 

avoid cratons, follow orogenic belts and suture zones, and define distinct microplates at less 
deformed continental areas between the rift branches or, on a smaller scale, within overlapping 
rift basins (e.g., Allken et al. 2012; Calais et al., 2006; Colet et al., 2025; Glerum et al., 2022; 
Heron et al., 2023; Martin, 2023; Müller et al., 2001; Neuharth et al., 2021). In oceanic 
lithosphere, the initiation of microplates in extensional settings begins with initial brittle 
deformation along their boundaries and interior, followed by strain localization along bounding 
spreading ridges and rotation about its vertical axis (Bird et al., 1998). However, limited 
understanding exists regarding strain accommodation across microplates, space-time rigidity 
evolution, and implications for rift kinematics and progressive lithospheric fragmentation in 
extending continents. 

In Africa, debate on the movement and deformation of the Victoria microplate raise 
questions about the kinematics of the Western Branch of the East African Rift System (EARS). 
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Previous studies about the kinematics of the Victoria microplate (e.g., Calais et al., 2006; Stamps 
et al., 2008; Fernandes et al., 2013; Saria et al., 2014), which were constrained by sparsely 
distributed Global Navigation Satellite System (GNSS) velocities, have been challenged for 
potential bias that may be due to limited data that was available at that time. A counterclockwise 
angular velocity of 0.0620±0.026 deg/My of the Victoria microplate has been estimated by the 
most recent kinematic model of Saria et al. (2014), with predicted ~E-W extension rates of ~1.3 
to ~1.7 mm/y along the northern Western Branch (NWB). However, since the region is 
seismically active (e.g., Masse & Needham, 1989; Xue et al., 2020) and new observations of 
crustal deformation in the NWB from new GNSS data are available (Figure 1; Kwagalakwe et 
al., 2023, 2024; Stamps et al., 2015, 2022), there is an opportunity to provide improved seismic 
hazards assessments by updating the kinematics of the NWB and of the Victoria microplate using 
more evenly distributed GNSS data. 

Given that some of our new GNSS observations are along the NWB, we provide the first 
ever estimates of geodetic fault slip rates in this region. The NWB is an active rift zone located 
in the northernmost region of the Western Branch of the EARS, which initiated between 20-25 
Ma (Roberts et al., 2012). The NWB forms part of the plate boundary between the Victoria 
microplate and the Nubian plate. It also comprises the magma-rich Lakes George-Edward graben 
in the south and the magma-poor Albertine and Rhino grabens at its apparent northern 
termination (Figure 1b). The rift valleys in the NWB are bordered by active faulting 
(Mwongyera et al., 2024; Styron & Pagani, 2020: Figure 1b). Holocene volcanism (Global 
Volcanism Program, 2013) is observed in the Lakes George-Edwards region and pervasive 
seismicity occurs along the entire NWB (e.g., Masse & Needham, 1989; Xue et al., 2020;  Figure 
1a).  

Here, we update the kinematics of the Victoria microplate using 425% more GNSS 
velocities than the latest kinematic model (Saria et al., 2014). Further, we evaluate the 
consistency of our model with the kinematics of strain accommodation at the bounding rift zones 
via paleostress inversion of geological paleoslip data (Kolawole et al., 2025). The findings in our 
study provide first order implications for the evolution of continental extensional microplates and 
the progressive localization of strain onto their bounding propagating rifts. 
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Figure 1. a) Map showing the study region with plate boundaries and deformation zones as red 
lines (Saria et al., 2014; Stamps et al., 2021), Holocene volcanoes as brown triangles (Global 
Volcanism Program, 2013), and earthquakes (gray circles) from 2015-2025 from the NEIC 
(Masse & Needham, 1989). Black box represents Figure 1b, while the inset map shows the 
relative location of the study region (red color) on Earth. b) Map of the northern Western Branch 
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(NWB), including the magma-rich Lakes George-Edward graben and the magma-poor Albertine 
and Rhino grabens. Major faults are represented by black solid lines. Red circles show locations 
of the new GNSS stations installed for the DRIAR project. Yellow stars are locations of 
paleokinematic measurements (Figures 2b-i). c) Map of horizontal GNSS velocities with respect 
to a fixed-Nubian plate with 95% uncertainties (light gray ellipses). Cyan circles are campaign 
stations. Blue circles are continuous stations. Blue vectors are GNSS solutions processed by 
King et al. (2019), and red vectors are GNSS solutions processed in this work. Predicted strain 
rates at selected locations along the Victoria microplate boundary from our preferred kinematic 
(Tables 2 & S1) model in yr-1 as indicated by the colored circles and the color bar. d) Estimated 
fault slip rates in mm/y along the NWB for our preferred model (Tables 2 & S1). 
 

2.​  Methods 
2.1.​ GPS Data Processing 
We use GNSS data collected from 15 continuous and 21 campaign GNSS stations 

throughout the Victoria Microplate (Table 1 & Figure 1c). The GNSS data used is a combination 
of newly processed data acquired during this study and a velocity solution published by King et 
al. (2019) (Table 1 & Figure 1c). All of the continuous GNSS stations (Table 1 & Figure 1c) used 
in the study have been operational for at least 2.5 years (Blewitt & Lavallée, 2002), and 
campaign sites have at least three surveys, each lasting at least 72 hours, in three different years 
(e.g., Floyd et al., 2010). We use the processing software GAMIT/GLOBK version 10.76 
(Herring et al., 2018) to process newly acquired GNSS data to obtain precise solutions (daily 
position time-series and velocities).  

We carry out GNSS processing with GAMIT/GLOBK in three steps. First, raw GNSS 
data are processed to produce loosely constrained daily solutions of site positions using GAMIT. 
Second, daily GNSS position solutions are combined and transformed into the International 
Terrestrial Reference Frame 2014 (ITRF14; Altamimi et al., 2017) by applying a daily Helmert 
transformation that estimates translation, rotation, and scale components to derive daily positions 
at each site to form time-series. The position time-series of each site are then inspected to detect 
and remove outliers by using a spatial filtering technique similar to that of Wdowinski et al. 
(1997). Observations with positional uncertainty greater than 5 mm in either the horizontal 
component or 10 mm in the vertical component are removed. The use of both daily Helmert 
transformations and a filtering algorithm helps to reduce common mode errors (Williams et al., 
2004). Third, the combined solutions for each cleaned daily solution at each site are passed 
through a Kalman filter (GLOBK) to estimate a consistent set of coordinates and velocities with 
their associated variance-covariance matrix. To have more realistic uncertainties on the 
velocities, we add random walk noise (Herring et al., 2018). Finally, the GNSS site velocities are 
then transformed into a Nubian-fixed reference frame using the angular velocity vector for 
Nubian relative to the ITRF2014 (Altamimi et al., 2017). We then use the GLOBK program 
velrot (Herring et al., 2018) to combine velocity fields from King et al. (2019) and this work into 
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a single, consistent velocity solution that is in a Nubian-fixed reference frame based on 
ITRF2014 (Altamimi et al., 2017). 
 

2.2.​ TDEFNODE Block Modeling 
We use TDEFNODE software (McCaffrey, 2005; 2009; McCaffrey et al., 2002, 2007) to 

invert our combined horizontal GNSS velocity solution to determine the best fit angular velocity 
vector for the Victoria microplate with respect to the Nubian plate (Table 2 & Figure 2a), assess 
for internal deformation, and calculate geodetic fault slip rates (Figure 1d) along the northern 
Western Branch (NWB). At several points along the block boundary that are between ~15 km 
and ~100 km apart, we also calculate strain rates using our preferred kinematic model (tst6: 
Tables 2 & S1) from the relative plate motions assuming a constant length extension of ~25 km 
(Google Earth, 2001) along the plate boundary (Figure 1c). Our block model consists of the 
Victoria microplate, the Nubian plate, and a west-dipping fault that is along the NWB (Figures 1 
& 2a). Details of the TDEFNODE inversion approach are provided in the Supplementary 
Information (Text S2). In addition, all input and output files needed to reproduce our 
TDEFNODE results are provided in the Zenodo repository of Kwagalakwe et al. (2025). 

To test for internal strain (i.e., if the Victoria block is deforming internally), we invert the 
GNSS velocities with and without solving for strain rates within the block and assess which 
scenario is a statistically better fit to the input data (Table S1). To obtain strain rates along the 
boundaries of the block (Figure 1c), we used the basic equation of strain rate equals extension 
rate, i.e., the relative plate motion (Figure 2a) divided by the relative length for which the block 
has moved 25 km based on the average half-width of the rifts bounding the Victoria microplate.  

The modeled faults have a maximum depth of 15 km (Figure S1) based on the seismic 
activity in this region. The geodetic fault slip rates across the block-bounding fault (Figure 1d) 
are determined by calculating the difference in linear velocities between two blocks from the 
Euler poles. Although some part of this relative slip rate on the fault does not occur steadily, a 
phenomenon referred to as fault locking. Fault locking leads to an accumulation of strain rates 
and velocity perturbations, which are calculated using the back-slip method of Savage (1983) 
and Okada (1985, 1992) to compute surface velocities around locked faults in a homogeneous, 
elastic half-space (McCaffrey, 2005, 2009; McCaffrey et al., 2002, 2007). The Okada model uses 
Green's function solutions to calculate displacements and strain rates at the free surface using 
inputs of the fault geometry (length, width, depth, strike, and dip of the fault) and 3-component 
dislocation amplitude (rake, slip, and open).  
 

2.3.​ Geological Investigation of Plate Boundary Kinematics at NWB 

To evaluate our GNSS plate boundary kinematic model and understand how tectonic 
stress is resolved on major faults, we analyze geological paleoslip data (Kolawole et al., 2025) 
from outcrops of the border faults along the Albertine graben (Figures 1b & 2b-j). The paleoslip 
dataset from Kolawole et al. (2025) include measurements of slickensided slip surfaces and 
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slickenlines on outcrops of the principal zone of the rift border faults, which include the Kibuku, 
Rwimi-Wasa, Tonya, Toro-Bunyoro, and Bunia faults (Figures 1b & 2b-i). We follow standard 
procedures (e.g., Angelier & Mechler, 1977; Angelier, 1989; Delvaux & Sperner, 2003; Delvaux 
et al., 2012) to invert the paleoslip dataset in order to resolve a uniform stress field (paleostress) 
for the Albertine graben. For a more extended explanation of this inversion process, see the 
Supplementary Information. 

 
3.​ Results 

Table 1 displays GNSS stations and their velocity solutions for the Victoria microplate 
relative to the Nubian plate, using the ITRF14 reference frame (Altamimi et al., 2017). Table 1 
also has information about data collection timeframes. Additionally, Figure 1c displays GNSS 
horizontal velocities in the Victoria microplate with 2-sigma uncertainties for a fixed Nubian 
plate. The highest horizontal velocity magnitude is at KYN5 (6.25±0.56 mm/y) and the lowest is 
at VWAZ (0.8±1.09 mm/y). 

 Table 2 and Figure 2a show our new kinematic model of the Victoria microplate 
compared to previous models by Saria et al. (2014) and Stamps et al. (2008). Our results indicate 
that the Victoria microplate is rotating counterclockwise at an angular velocity of 0.0623±0.0293 
deg/My similar to the rate of Saria et al. (2014); however, the Euler poles are not in the same 
location within uncertainties. The Euler pole from this study is ~376 km north and west of the 
Euler pole calculated by Saria et al. (2014). The change in location of the Euler pole based on 
our results does not imply that the Victoria microplate has changed its style of motion since the 
latest kinematic from Saria et al. (2014), rather with the denser GNSS velocity solution we are 
using, we find a better constrained location for the Victoria microplate Euler pole. Our best-fit 
kinematic model indicates that the southern regions, farthest from our calculated Euler pole, 
move faster than the northern regions, as shown in Figure 2a. 

Figure 1c displays the strain rates (colored circles and color bar) calculated along the 
Victoria microplate boundary at selected locations with rates ranging from 7.6×10⁻⁸ to 1.36×10⁻⁷ 
y⁻¹ with a standard error of 1.86×10⁻⁸ y⁻¹. We find that the geodetic fault slip rates in this region 
range from 1.93-2.34 mm/y with a standard error of 0.36 mm/y (Figure 1d). 

Geological mapping of paleoslip vectors on exhumed border fault slip surfaces along the 
Albertine graben show a predominance of oblique-slip normal-shear slickenlines (Figures 2b-i). 
The kinematic solution for each measurement location generally shows normal faulting focal 
mechanism solutions but with varying magnitudes of obliquity (see insets in Figures 2b-i). Our 
paleostress inversion (Figure 2j) resolves a normal faulting regional tectonic stress regime (stress 
ratio index R’=0.48±0.13) with a NNE-SSW-oriented minimum principal stress axis (σ3). This σ3 
axis is consistent with our geodetic model of NE-SW plate motion direction along the NWB 
(Figure 2a). 
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Figure 2.  a) Predicted relative motions (black and white vectors) along the Victoria microplate 
boundary from our preferred kinematic model (Tables 2 & S1) in a Nubia-fixed reference frame. 
The black, red, blue, and gray stars represent the Euler poles and their 95% uncertainty ellipses 
for this work, Saria et al. (2014: only GNSS velocities), Saria et al. (2014: GNSS velocities and 
earthquake slip vectors), and Stamps et al. (2008), respectively. The thick, black solid line in the 
northern Western Branch (NWB) represents the modeled fault that has been mapped in the field 
(Mwongyera et al., 2024), whereas the black dashed line represents a modeled fault/block 
boundary that is poorly constrained. b-i) Photographs showing ubiquitous oblique-normal 
slickenlines on exhumed border fault slip surfaces along the Albertine  graben (Figure 1b), 
including b-c) Kibuku Fault, d) Rwimi-Wasa Fault, e) Tonya Fault, f) South Toro-Bunyoro Fault 
near Buseruka, g) North Toro-Bunyoro Fault, and h-i) Bunia Fault in the Panyimur area. j) 
Paleostress inversion results for the highest quality geological slip vectors measured on the fault 
surfaces, resolving a regional σ3 orientation that is similarly oriented obliquely to the NWB rift 
axes, similar to our GNSS-resolved NWB motion direction. 
 
Table 1: GNSS velocity solutions of Victoria microplate sites  relative to the Nubian plate 
(Altimimi et al., 2017). Ve, Vn and Vu are velocities in the east, north, and up directions. 
σe, σn, and σu are the 2-sigma uncertainties. corren is the correlation.  
Site 
name 

Lon  
(°) 

Lat 
(°) 

Ve 
(mm/y) 

Vn 
(mm/y) 

Vu 
(mm/y) 

σe 
(mm/y) 

σn 
(mm/y) 

σu 
(mm/y) 

corren Years of data 
collection 
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a)​ Processed in this study  

BAKC 29.893 0.350 4.41 1.76 5.37 0.51 0.58 1.04 0.000 3.18 

BIIS 31.474 1.736 0.61 -0.62 -6.77 0.39 0.34 1.23 0.000 3 epochs 

EBBE 32.445 0.038 2.28 -1.27 -0.91 0.20 0.22 0.67 0.000 4.26 

HOID 31.340 1.449 1.82 0.73 -3.47 0.16 0.19 1.63 0.001 7.61 

HYDP 31.112 1.546 0.88 0.00 -3.85 0.35 0.28 0.89 0.000 3 epochs 

KYN5 35.921 0.488 5.99 1.81 2.38 0.41 0.38 9.28 -0.023 2.5 

KYN6 35.344 1.391 5.12 -1.18 -6.21 0.44 0.84 2.70 0.015 2.5 

MBAR 30.738 -0.601 3.51 0.28 -1.83 0.19 0.16 0.65 -0.001 16.65 

UGN1 34.218 0.985 2.01 0.01 -1.78 0.31 0.35 0.94 0.016 2.5 

UGN2 33.161 1.157 2.23 0.72 -3.83 0.21 0.18 0.88 0.011 2.5 

UGN3 32.473 1.315 2.58 0.25 -6.03 0.24 0.20 0.81 -0.021 3.0 

UGN4 30.001 -0.010 4.99 1.56 -6.25 0.93 0.80 3.44 -0.032 2.53 

UGN5 31.340 1.449 1.82 0.73 -3.47  0.16 0.19 1.63  0.001 2.5 

OLO5 35.889 -2.634 3.18 0.44 -4.60 0.30 0.20 1.00 -0.004 5.0 

XLOK 34.343 4.206 4.26  0.17 -8.19 0.92 0.57 2.37 -0.005 2.5 

b)​ Processed by King et al. (2019) and combined with our solution using velrot 
Note that the GNSS solutions from King et al. (2019) for continuous sites had at least 2.4 years of data collection while the campaign sites 
had at least 3 epochs. 
EMSK 35.277 -4.164 3.34 -0.04 2.64 0.82 0.78 17.83 0.00  

KIG2 29.637 -4.866 1.67 0.09 -1.31 0.62 0.57 7.19 0.00  
KIOM 33.912 -6.134 2.11 -0.55 1.60 0.63 1.03 2.39 0.00  
KLCP 35.242 -1.835 1.09 1.36 -3.92 0.77 0.75 4.33 -0.01  
MOIU 35.290 0.288 1.85 0.94 -1.44 0.31 0.33 0.78 -0.08  
MPA2 31.041 -6.349 2.69 0.58 -4.03 0.97 1.10 5.13 0.02  
NURK 30.090 -1.945 3.32 -0.06 -2.45 0.54 0.48 1.31 0.00  
NZG2 33.183 -4.257 2.50 -0.80 -5.15 1.07 1.01 3.54 0.00  
SERN 34.896 -2.409 1.15 1.27 3.98 0.78 0.76 11.11 0.00  
SMBG 31.715 -8.022 2.08 -0.04 0.05 0.57 0.53 2.85 0.00  
SRTI 33.620 1.710 2.77 1.05 -1.42 0.94 0.62 1.99 -0.01  
T05F 34.820 -2.437 3.66 3.08 -0.70 0.68 0.66 2.07 0.00  
T07Z 31.606 -7.951 2.22 0.50 1.08 0.60 0.58 1.72 0.00  
T12F 34.306 -3.517 1.69 1.20 -2.51 1.38 1.32 4.00 -0.01  
T12Z 29.668 -4.887 1.75 0.79 2.67 0.70 0.66 2.05 0.01  
T13Z 31.799 -1.326 3.18 1.56 5.68 1.03 0.90 3.27 0.00  
T14Z 32.923 -2.447 4.72 1.71 2.03 0.65 0.64 1.86 -0.01  
T16F 31.337 -5.046 3.13 -0.18 -0.67 0.98 0.91 3.09 0.03  
T33F 30.940 -6.365 1.71 0.96 2.25 0.89 0.85 2.74 0.01  
T36F 33.206 -6.804 1.62 1.48 4.16 0.93 0.85 2.91 0.00  
VWA2 32.894 -9.146 0.75 -0.29 0.01 0.62 0.90 1.93 0.01  
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Table 2: Angular velocity solutions describing of the Victoria microplate with respect to 
Nubia. 
* Dash (-) means not applicable or missing value. 

Parameters Symbol Units Stamps et al. 
(2008: using 
GNSS 
velocities  and 
Earthquake 
slip vectors) 

Saria et al. 
(2014: using 
GNSS 
velocities  and 
Earthquake 
slip vectors) 

Saria et al. 
(2014; Only 
GNSS 
velocities) 

This work 
(Only GNSS 
velocities) 

Plate - - Victoria-Nubia Victoria-Nubia Victoria-Nubia Victoria-Nubia  

Longitude of pole 𝙻𝚘𝚗 Deg 32.5886 32.54  31.77 27.8598 

Latitude of pole 𝙻𝚊𝚝 Deg 8.3696 12.14  15.44 19.515 

Rotation rate (Angular velocity) 𝝎 Deg/My 0.1294 0.0760  0.0620 0.0623 
(Positive 
means 
counterclockwi
se rotation) 

Standard error of rotation rate 𝜎𝝎 Deg/My 0.0058 0.012  0.026 0.0293 

Maximum axis of lon/lat error ellipse 𝙴𝚖𝚊𝚡 Deg 1.8 12.4  17.9 15.41 

Minimum axis of lon/lat error ellipse 𝙴𝚖𝚒𝚗 Deg 1.0 5.5  2.7 2.09 

Azimuth of maximum axis of lon/lat 
error ellipse 

𝙰𝚣𝚒 Deg 22.55 4.4  174.8 169.0 

X component of angular velocity 𝝎𝚡 Deg/My 0.1079 0.0626  0.0508 0.0519 

Y component of angular velocity 𝝎𝚢 Deg/My 0.0689 0.0399 0.0315 0.0275 

Z component of angular velocity 𝝎𝚣 Deg/My 0.0188 0.0159 0.0165 0.0208 

Standard error of 𝝎𝚡 𝚂𝚡 Deg/My - 0.000 0.000 0.026 

Standard error of 𝝎𝚢 𝚂𝚢 Deg/My - 0.000 0.000 0.017 

Standard error of 𝝎𝚣 𝚂𝚣 Deg/My - 0.000 0.000 0.006 

 
4.​ Discussion  

Estimates of how the surface moves from block kinematic modeling aid in our 
understanding of active tectonics as well as long-term movements of the plates/blocks and the 
surrounding regions (e.g., Argus et al., 1995; Burgmann et al., 2002; Calais & Minster, 1995; 
Kusche & Schrama, 2005; Larson et al., 2010; Larson and Freymueller, 1997;  McCaffrey et al., 
2002, 2005, 2007, 2009; Saria et al., 2014; Stamps et al., 2008, 2014; Wang et al., 2017). The 
results of this study indicate that the Victoria microplate has a counterclockwise rotation (Table 
2), which is consistent with previous geodetic studies (e.g., Fernandes et al., 2013; Saria et al. 
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2014; Stamps et al., 2008). The result of this work is also consistent with the previous findings of 
Hartnady (2002) who proposed that the Victoria microplate is a coherent tectonic block, distinct 
from its surrounding plates and microplates. We also find that the Victoria microplate is rotating 
counterclockwise, similar to previous estimates that included earthquake slip vector data in 
addition to GNSS data, which were used to constrain the rotation rate and direction (e.g., 
Fernandes et al., 2013; Saria et al., 2014; Stamps et al., 2008).  

We find that the relative velocity of plate motion of the western part of the Victoria 
microplate, which includes the large portions of the Western Branch, relative to the Nubian plate 
are slightly higher than those of Saria et al. (2014) because of the new location of the Euler pole. 
For instance, the predicted extension rates between the Lakes George-Edward graben and the 
Albertine graben in the NWB range from 2.1 to 2.3 mm/y in this study but are only 1.7 mm/y in 
Saria et al. (2014). Although the difference in rate is only about 0.5 mm/y, the difference is 
significant when considering 2-sigma uncertainties.  

The northern Western Branch (NWB)  is primarily considered to have dip-slip faults, 
specifically normal faults, with minor dextral and sinistral strike-slip motion (e.g., 
Abeinomugisha & Kasande, 2012; Hollinsworth et al., 2019); therefore, the positive geodetic 
fault slip rate values (Figure 1d) mostly represent extension rather than  strike-slip motion. If our 
fault slip rate values were negative, our kinematic model (tst6) would predict contraction. The 
predicted present-day geodetic fault slip rates of the southern part of the NWB (i.e., the Lakes 
George-Edward graben and southern Albertine graben) are higher than the northern part of the 
NWB (Figure 1d; Rhino graben) implying that more deformation is occurring in the southern 
part of this region than the northern part. Previous studies, including geophysical and geologic, 
suggest that Lakes George-Edward graben and the southern Albertine graben are more 
tectonically active with volcanoes and hot springs compared to the Rhino graben (Figure 1; 
Abeinomugisha & Kasande, 2012; Pasteels et al., 1989; Pouclet & Bram, 2021). Field 
observations of tectonic geomorphology are consistent with active to recently active extensional 
faults deforming the landscape,   but geologic fault slip rates are currently unknown. .  

Earlier studies based on GNSS measurements by Stamps et al. (2018) suggest strain rates 
along the East African Rift System range from ~0-2×10⁻⁸ y⁻¹. Our computed strain rates, ranging 
from 7.6×10⁻⁸ to 1.36×10⁻⁷ y⁻¹ with a standard error of 1.86×10⁻⁸ y⁻¹, are  higher by at least 5.8% 
compared to those computed by Stamps et al. (2018). Stamps et al. (2018) found the highest 
strain rates in the Main Ethiopian Rift, Tanganyika Rift, and the Nubia-Victoria-Rovuma plate 
intersection near the Rukwa Rift and northern Malawi Rift. According to our kinematic model, 
we see a similar pattern where the highest strain rates are in the southern part of the Victoria 
microplate, for example, the Nubia-Victoria-Rovuma plate intersection, compared to the northern 
part, such as the Nubia-Victoria-Somalia plate intersection (Figure 1c). This result indicates that 
the divergent deformation along the Victoria microplate is not uniformly distributed, but mainly 
partitioned along its southern and northern regions. This deformation pattern also matches well 
with the historical record of large earthquakes being near these regions (Masse & Needham, 
1989). The pattern of deformation from block kinematics and GNSS velocities yield clues for 
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understanding the regional tectonics and assessing block rigidity. A recent study by Birhanu et al. 
(2016) found large portions of the Main Ethiopian Rift experienced diffuse and broad 
deformation using GNSS velocities in contrast to previous studies that suggested narrow zones 
of deformation. Further, Stamps et al. (2021) resolved a broad zone of deformation extending 
from eastern Rovuma to northern Madagascar using GNSS velocities and kinematic modeling 
that also contradicts previous work that suggested all deformation along the East African Rift 
System is constrained to narrow zones bounding rigid blocks (i.e., Harnady, 2002; Stamps et al., 
2008). Given that we leverage 425% more GNSS data to constrain the Victoria microplate than 
Saria et al. (2014), we suggest our study definitively constrains the internal rigidity of the 
Victoria microplate and provides an improved position of the Euler pole.   

The interior of the Victoria plate hosts Neogene rift basins (Nyanza/Kavirondo, Eyasi, 
and Mara rift zones) that appear to have propagated into the plate from the Eastern Branch of the 
rift system (Mboya, 1983; Le Gall et al., 2008; Fletcher et al., 2018; Kolawole et al., 2021; Ludat 
& Kübler, 2022). Age-dating of rift deposits and volcanics suggest that tectonic extension started 
as early as the Miocene (e.g., Mboya, 1983; Macgregor, 2015), marking deformation during the 
early phases of establishment of the Eastern Branch of the rift system. However, relatively 
minimal seismicity in these rift zones and interior of the Victoria Plate compared to its margins 
(Figure 1a) and our GNSS microplate rigidity tests, suggest that these rifts are likely deactivating 
and that strain is likely now primarily localized onto the microplate boundaries. This is 
consistent with previously proposed space-time transitions from an initial strain accommodation 
along both margins and interior during initial microplate nucleation, to strain localization onto 
the bounding rift zones (Bird et al., 1998). 

Furthermore, our paleostress inversion of geological slip vectors (Figure 2j) resolve a rift 
paleokinematics with NNE-SSW directed extension direction which is oblique to the 
NE-SW-oriented axes of the NWB rift zone. This resolved extension direction is sub-parallel to 
the resolved geodetic plate motion direction at the NWB (Figure 2a). Overall, the obliquity of 
resolved plate motion direction relative to the rift axes, suggest that the localization of tectonic 
strain onto the northwestern corner of the Victoria microplate margin, and ongoing rotation of the 
microplate are being accommodated by oblique-slip on the principal plate boundary faults.  

 
5.​ Conclusions 

In this study, we present a new synthesis of GNSS data within the Victoria microplate and 
produce a new velocity solution that consists of 36 sites (15 continuous GNSS and 21 campaign). 
To assess the present-day kinematics of the Victoria microplate, we employ a block modeling 
approach to invert the horizontal GNSS velocities. Tests for internal deformation indicate the 
Victoria microplate is better fit with a rigid block model with strain localization on its 
boundaries. Independent assessment of rift kinematics from GNSS data and geological paleoslip 
vectors indicates that plate motion direction and the regional σ3 orientation are sub-parallel and 
are both oblique to the rift axis, suggesting that the rotation of the Victoria microplate is 
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accommodated by localized strain on the rift border faults along its margins and oblique slip at 
the northern Western Branch corner of the bounding plate boundaries. 
 

6.​ Open Research 

We obtained the King et al. (2019) velocity solutions from King et al. (2019).  
GAMIT/GLOBK software is hosted by MIT (Herring et al., 2018) while TDEFNODE software 
is hosted on GitHub (McCaffrey, 2009). The input model materials and output model materials 
used in the TDEFNODE block inversion modeling for this study are available for open access 
through Zenodo at Kwagalakwe et al. (2025). The field measurements of geological paleoslip 
data used for paleostress inversion are available for open access through Zenodo at Kolawole et 
al. (2025), and the Win-Tensor program for the stress inversion is available at  Delvaux and 
Sperner (2003).  
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CONCLUSIONS AND FUTURE RESEARCH 
 

This PhD research has investigated the kinematics and dynamics of the northern Western 
Branch of the East African Rift System using geodynamic modeling, geodetic and structural 
mapping techniques. Our geodynamic modeling results indicate that rifting in the northern 
Western Branch is likely influenced by melt that migrates northward from the Kivu Rift and deep 
melt that migrates westward along the Aswa shear zone from the Kenyan Rift. Our kinematic 
model confirms that the Victoria Plate rotates counterclockwise at 0.0623±0.0293 deg/Ma and 
that this rotation is accommodated by oblique slip on the northern Western Branch border faults, 
as shown by our geodetic and structural geology results. 

The PhD study used batch melting to model deep melt generation below the LAB, 
revealing substantial melt fractions at shallow depths. Future research could explore alternative 
types of melting, such as fractional, critical, or incremental melting. The study also used a coarse 
estimation of mantle potential temperatures from Rooney et al. (2012) beneath the northern 
Western Branch. Future works could consider using better constrained temperatures for a better 
understanding of the role of melt during extensional processes in the northern Western Branch of 
the EARS. In future research, we recommend investigating the role of pre-existing structures in 
rifting in the northern Western Branch using modern techniques such as 3D numerical 
geodynamic modeling to enhance the physics of strain localization beneath the northern Western 
Branch. Previous studies, such as Aanyu and Koehn (2011) and Katumwehe et al. (2015), 
indicated that pre-existing structures might influence rifting processes of the northern Western 
Branch. However, these studies only looked at part of the northern Western Branch, not the entire 
northern Western Branch. To better understand if pre-existing structures contribute to rifting 
processes in the northern Western Branch, more research is needed.  In future studies, we 
recommend using more GNSS stations, especially continuous stations as they come available to 
better constrain the kinematics of the northern Western Branch and the Victoria microplate. 
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APPENDIX ONE 

Introduction 
The content of Appendix one includes supplementary information for Chapter one: (1) 

the test results of the lithospheric thickness maps of the study area and immediate surroundings 
constructed with the LITHO1.0 model (Pasyanos et al., 2014) and the Fishwick model 
(Fishwick, 2010, revised) compared with the Afonso model (Afonso et al., 2022; Figure S1). 
Appendix one also shows horizontal slices of mantle convection flow field at depths of 250 and 
370 km (Figure S2) to demonstrate how mass is conserved in our models, along with model set 
up for initial temperature for Lithospheric Modulated Convection model and Tomography-Based 
Convection model plotted in a different color pallet to show how temperature varies with depth 
based on equations 10-13 in Chapter one (Figure S3). 

 
Text S1 

We test out two other lithospheric thickness models in addition to the Afonso lithospheric 
thickness model Afonso et al. (2022), which we chose to use in our study. These include the 
global LITHO1.0 model (Pasyanos et al., 2014) and the regional Fishwick (2010, revised), which 
we refer to as the Fishwick model. The version of the Fishwick model we tested out is updated 
with more seismic data since the original Fishwick (2010) publication. All the above three 
lithospheric thickness models all use surface wave data and additional constraints in the case of 
the Afonso model to estimate the lithospheric thicknesses but differ in the details of calculating 
the position of the Lithosphere-Asthenosphere Boundary (LAB).  

The LITHO1.0 model uses global scale surface wave dispersion maps with 1° resolution 
and calculates the LAB using a grid search method following Pasyanos (2010). The Fishwick 
model uses a regional-scale surface wave tomography model with resolutions of 1.5° (for central 
and southern Africa) and 3° (for the rest of Africa). The Fishwick model follows the Priestley 
and McKenzie (2006) parameterization, where velocities from the surface wave tomography are 
converted into temperature estimates. The LAB is then defined by calculating at what depth the 
temperature profile reaches the isentrope (no entropy change) for a potential temperature of 
1315℃. The Afonso model uses global and regional datasets of Rayleigh-wave dispersion curves 
together with absolute elevation, surface heat flow, upper mantle geoid anomalies, gravity 
anomalies, and gravity gradients to determine the LAB. The spatial resolution used in the Afonso 
model ranges from 1° to 1.5°. All of these datasets used in the Afonso model are then jointly 
inverted by a thermodynamically constrained multi-observable probabilistic inversion method. 
This is a method specifically designed to obtain estimates of the physical state, e.g., the 
temperature distribution of the lithosphere. During the inversion, the authors compute 1D 
steady-state conductive geotherms in each cell down to the LAB, which they identify as the 
depth to the 1250 ℃ isotherm (Afonso et al. 2022).  
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The three lithospheric thickness maps created from the respective lithospheric thickness 
models differ significantly (Figure S1). According to the Fishwick model (Figure S1a), the LAB 
varies from 128 to 148 𝑘𝑚 beneath the Rhino graben, from 115 to 128 𝑘𝑚 beneath the Albertine 
graben, and from 115 to 148 𝑘𝑚 beneath the Lakes George and Edward graben. The LITHO1.0 
model (Figure S1b) has strong along-strike gradients in lithospheric thickness beneath the 
Albertine graben and to the northeast of Uganda. Beneath the Rhino graben in Figure S1b, the 
LAB ranges between 68 and 144 𝑘𝑚 and from 144 to 216 𝑘𝑚 beneath the Albertine graben, while 
beneath the Lakes George-Edward graben it is between 54 and 200 𝑘𝑚. According to the Afonso 
model (Figure S1c), the lithospheric thickness beneath the northern Western Branch ranges from 
94 to 120 𝑘𝑚, with an average of 110 𝑘𝑚. The lithospheric thickness varies from 102 to 106 𝑘𝑚 
beneath the Rhino graben;  106 to 120 𝑘𝑚 beneath the Albertine graben, and 94 to 118 𝑘𝑚 
beneath the Lakes George-Edward graben.   These differences in lithospheric structure represent 
very different starting conditions for both our Tomography-Based Convection and Lithospheric 
Modulated Convection modeling.  

We choose the Afonso model in this study because it uses a more robust dataset, a newer 
method, and resolves more variations in lithospheric topography beneath the region. For 
example, different regions of rift segments (northern Western Branch, Kivu Rift, Tanganyika 
Rift, Main Ethiopian Rift, and Kenya Rift) show significantly lower lithospheric thickness, 
which is expected, and the Tanzanian craton has significantly higher lithospheric thickness, 
which is also expected. 
 

Figure S1 

 

 

Figure S1: Lithospheric thickness maps of the study area and immediate surrounding constructed 
by:  (a) Fishwick model (Fishwick, 2010, revised)); (b) LITHO1.0 model (Pasyanos et al., 2014); 
and (c) Afonso model (Afonso et al., 2022) . Black triangle represents a peak in the Rwenzori 
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Mountains, red triangles represent Holocene volcanoes, gray solid line represent the Tanzanian 
craton, and dashed lines show contour intervals of 10 𝑘𝑚 lithospheric thickness. NWB = 
Northern Western Branch; KIR = Kivu Rift; TR = Tanganyika Rift; MER = Main Ethiopian Rift; 
KR = Kenya Rift; 1 = Lakes George-Edward graben; 2 = Albertine graben; 3 = Rhino graben. 

 
Figure S2 
 

 

Figure S2: Horizontal slices showing mantle convection flow field at depths a) 250 km and b) 
370 km demonstrating  how mass is conserved in our models. Line AB is the profile shown in 
Figure 6. 
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Figure S3 

 

Figure S3: Model set up for initial temperature for Tomography-Based Convection model plotted 
in a different color pallet to show how temperature varies with depth based on equations 10-13 in 
Chapter one 

76 



 

APPENDIX TWO 

 Introduction 

The content of Appendix two includes supplementary information for Chapter two on (1) 
paleostress inversion of geological slip vectors that was conducted along the exhumed border 
fault slip surfaces of the Albertine rift of the northern Western Branch of the East African Rift 
System by Kolawole et al. (2025), (2) details of the TDEFNODE inversion approach, (3) a 
Figure that portrays the fault geometry modeled for the northern Western Branch, and (4) Table 
S1 of the kinematic model statistics. 

 
Text S1 

Using a database of geological paleoslip vectors (slickenlines) that were collected along 
the exhumed border fault slip surfaces of the Albertine rift of the northern Western Branch of the 
East African Rift System (Kolawole et al., 2025), we did a stress inversion to resolve the 
paleostress of the rift zone and assess how well it fits with the GNSS kinematic model calculated 
in this research. The Kolawole et al.  (2025) database includes a ranking of the quality of the 
slickenlines. This research analyzes only the highest-quality slip vector measurements of the 
Kolawole et al. (2025) dataset and excludes measurements taken at hot springs since the stress 
inversion of paleoslip data is unable to account for the influence of fluid pressure in the 
reactivation of misoriented fracture planes. It is currently unclear whether the Albertine rift 
underwent rifting during the Mesozoic extension phases in East Africa, so we focus on 
measurements taken at the base of the fault escarpments, assuming that the slip surfaces at this 
level reflect the recent tectonic phase of fault footwall exhumation. In total, we use 13 
measurements for the inversion process. 

The stress inversion method is based on Angelier and Mechler (1977) and Angelier 
(1989) and resolves a stress tensor that contains the orientations of the principal compressive 
stress axes (σ1, σ2, and σ3, where σ1 > σ2 > σ3) and a stress ratio R given by R = (σ2-σ3)/(σ1-σ3). 
We implement this inversion in the Win-Tensor program (Delvaux & Sperner, 2003). The 
program first estimates the tensor solution using the Right Dihedron Method (Angelier, 1989; 
Angelier & Mechler, 1977) to resolve the range of possible orientations for σ1 and σ3. The 
program then employs an iterative grid-search rotational optimization procedure, using the initial 
tensor result as a starting point to determine the best fit tensor. The misfit function F5, referred to 
as "f3" in Delvaux and Sperner (2003), is employed to minimize the difference between the 
calculated slip direction and the resolved direction (α). The final resolved stress field from the 
inversion process is shown as a lower hemisphere projection of the principal stress axes and 
focal planes, which is best fitted by a uniform stress field, while the resolved stress regime type 
is illustrated using a Frohlich ternary graph (Frohlich, 1992). Our study uses an internal friction 
angle of 30° (μ = 0.57), which aligns with the steady-state friction range estimated from 
laboratory tests on fault gouges derived from gneissic basement sources in rift settings by 
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Kolawole et al. (2024). The inversion process resulted in a reduction of our final focal planes to 
11, achieving a misfit F5 of less than 30, which aligns with the acceptable ranges found in earlier 
studies conducted in East Africa (e.g., Delvaux et al., 2012). 

 
Text S2  

TDEFNODE is open-source Fortran software used to invert for elastic plate motions,  
calculate elastic strain accumulation, estimate locking or geodetically constrained slip on plate 
boundary faults, and characterize transient deformation, such as from the seismic cycle, when 
time-series are leveraged (McCaffrey, 2005; 2009; McCaffrey et al., 2002, 2007).  

Decomposing the horizontal GNSS velocity field, 𝐯, explains the relationship of rigid 
angular rotations and strain rates (e.g., McCaffrey, 2005, 2009; McCaffrey et al., 2002, 2007). 
First, TDEFNODE converts horizontal velocity vectors from ellipsoidal (Eq. 1) to Cartesian (Eq. 
2) coordinates using the Snyder (1985) approach to form a velocity gradient tensor (𝑳; eq. 3) for 
strain rates (έ: symmetric tensor) and rotation (𝜃: antisymmetric tensor) estimation, i.e. 𝑳 = έ + 𝜃 
(McCaffrey et al., 2002). 

 
𝐯(𝛌,𝛗) = (𝐯e(𝛌,𝛗), 𝐯n(𝛌,𝛗)) ….   eq.1 
𝐯(𝒙,𝒚) = (𝐯𝒙(𝒙,𝒚 ), 𝐯𝒚(𝒙,𝒚)) …. eq.2 
𝐯(𝒙,𝒚) = 𝑳𝑿 + 𝑻 + 𝑬(𝑿 ) ……   eq.3 
 

where 𝐯 is the horizontal velocity field, 𝒙 is the 𝒙-axis, 𝒚 is the 𝒚-axis, 𝛌 is the latitude, 𝛗 is 
longitude, e is the east direction, and n is the north direction, 𝑳 is the velocity gradient tensor,  𝑿  
is a position vector, 𝑻 is an independent position translation vector (𝑻𝒙, 𝑻𝒚), and 𝑬(𝑿) is a 
position-dependent error vector field (McCaffrey et al., 2002). Second, TDEFNODE extracts the 
rotation pole (Euler pole; Figure 2 & Table 2), and the rotation rate (angular velocity; Table 2) 
from the rotation rate tensor using an inversion specified by the user, such as linear least-squares 
inversion, simulated annealing, or a grid search method; in our case we used simulated 
annealing. TDEFNODE applies the elastic half-space model of Okada (1985, 1992), which 
assumes crustal deformation can be approximated as elastic using a linear system that requires 
stress and strain to be proportional.  

To solve for internal strain rates, TDEFNODE finds a coordinate system that zeroes the 
off-diagonal elements of the strain rate tensor (McCaffrey, 2005, 2009; McCaffrey et al., 2002, 
2007). 

 
Figure S1  
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Figure S1: Fault depth in km where 0 km is top and -15 km is the bottom portraying the 
westwarding dipping normal faults modeled in this study. 
 
Table S1 
  

Table S1: Model statistics. tst6 is the preferred model based on the lower 𝜒² value. Obs = Number of Global Positioning 
System (GNSS) Components (East & North); Np = Number of free parameters; 𝜒² = Reduced Chi-Square (Misfit); NRMS = 
Normalized Root Mean Square; WRMS = Weighted Root Mean Square. 
*In the key parameters calculated column, the words in parenthesis are the flags used in TDEFNODE software 

Model Key parameters calculated/included Obs Np 𝜒² NRMS WRMS 

tst6 Poles of rotation (pi) = Yes 
Strain rate (si) = No 
Fault geometry input (fa) = Yes 
Fault locking (ff) = Yes 

72 4 4.649 2.088 1.871 

tst9 Poles of rotation (pi) = Yes 
Strain rate (si) = Yes 
Fault geometry input (fa) = Yes 
Fault locking (ff) = Yes 

72 7 4.864 2.088 1.871 
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