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Abstract 11 

The two branches of the East African Rift System (EARS) are believed to have initiated diachronously. 12 

However, a growing body of work continues to suggest the onset of rifting in the Western Branch 13 

occurred in the Palaeogene, coeval to the Eastern Branch. Due to a lack of pre-Miocene stratigraphy, 14 

attempts to resolve the geological history of the Western Branch must study the uplift and erosional 15 

histories of the modern rift topography. In this study, the rock uplift history of the Rwenzori Mountains, 16 

Western Uganda, is resolved to better our understanding of the tectonic history of the Western Branch 17 

of the EAR. Through the application of low-temperature thermochronology, Ȥ-mapping and the 18 

modelling of river profiles, we show that rock uplift of the Rwenzori dates back to the Oligocene, with 19 

thermal history models suggesting uplift induced exhumation may date back as far as the Eocene. This 20 

provides tangible evidence that extension began in the region in the Paleogene, coeval with the Eastern 21 

Branch, and not the late Neogene. These results have broad implications for the tectonic evolution of 22 

the entire East African Rift System and suggest our current understanding of the region’s rift history 23 

remains incomplete.  24 
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Continental rifts are a crucial feature of plate tectonic theory and are fundamental in 27 

understanding the history of the earth’s crust (Bosworth, 1985; Rosendahl, 1987; Olsen & Morgan, 28 

2006; Misra & Mukherjee, 2015). The East African Rift System (EARS) is a definitive example of a 29 

continental rift system (Fig. 1), allowing us to closely examine numerous features found within active 30 

rift settings (Ebinger, 1989; Morley & Ngenoh, 1999; Chorowicz, 2005; Stamps et al., 2008). The EARS 31 

is separated into two branches that are believed to have formed diachronously, the Eastern Branch in 32 

the Eocene (~40 Ma) and the Western Branch in the Miocene (~12 Ma), though it has been postulated 33 

that rifting in the western branch may also date back to the Paleogene (Roberts et al., 2012). 34 

Palaeogene stratigraphy in the Western Branch is very limited, especially in northern sectors, hence 35 

characterizing the tectonic history prior to the Miocene requires study of the rift related topography. 36 

The Rwenzori Mountains, Western Uganda, are the world's highest rift mountains (max 37 

elevation 5,109 m) and are widely considered to represent an uplifted horst block within the northern 38 

Western Branch of the EARS (Fig. 1) (Bauer et al., 2010). Biostratigraphic and stratigraphic analysis 39 

from surrounding syn-rift sediments has previously been used to infer the Rwenzori were low lying 40 

during much of the Miocene, overlain by a vast paleo-lake (Obweruka) (Pickford et al., 1992; Schneider 41 

et al., 2016) and experienced significant rock uplift during the late Miocene-Pliocene at an estimated 42 

rate of ~1.6 km/Myr (MacPhee, 2006). Although previous thermochronometric studies from the 43 

Rwenzori basement have supported this estimate, they failed to effectively resolve the Neogene and 44 

Quaternary history (Roller et al., 2012; Bauer et al., 2013).  45 

Tectonic mechanisms that are used to explain the rapid rise of the Rwenzori include rift 46 

interaction, isostatic forces or crustal delamination as possible drivers for uplift (Ring, 2008; Wallner & 47 

Schmeling, 2010). Initial models predicted the coupling of stress reorientation and glacial erosion may 48 

have started dramatically unroofing the crust ~2.3 Ma (Ring, 2008), while others suggest delamination 49 

of the lower crust following the interaction of two propagating rift systems led to rapid uplift over a period 50 

of only 1.2 Myrs (Wallner & Schmeling, 2010). These proposed mechanisms deviate from traditional 51 

extensional tectonics and suggest either the Rwenzori are a highly unique tectonic feature or that our 52 

understanding of the tectonic history is incomplete and further studies are required. In this study, we 53 

aim to constrain the rock uplift history of the Rwenzori Mountains using new low-temperature 54 

thermochronological data, Ȥ-mapping and river profile models that together quantify the rate of rock 55 

uplift across the region and help to address how the topography of the Rwenzori formed. These results 56 
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help to better resolve the tectonic history of the region and provide greater insight into broader rifting 57 

history of the EARS.  58 

2 Geological background 59 

The underlying basement of the Rwenzori is a combination of Archaean gneisses and Proterozoic 60 

schists and amphibolites of the Buganda-Toro fold and thrust belt (Koehn et al., 2016). The belt 61 

comprises thick-skinned nappes of Archean gneiss, Paleoproterozoic metasediments and orthogneiss, 62 

thrusted together during mid-Paleozoic collision (Link et al., 2010) (Fig. 2). Fabrics within this 63 

metamorphic basement do show similarities to the orientation of rift propagation within the region, 64 

consistent with the belief the Western Branch of the EARS follows a trend of Proterozoic fold and thrust 65 

belts situated between the Tanzania and Congo cratons (Link et al., 2010) (Fig. 1).  66 

Extension of the continental crust across Eastern Africa began in the Paleogene and created two 67 

divisions of rifting, the Eastern and Western branches (Morley & Ngenoh, 1999). The onset of extension 68 

across the Eastern Branch dates back to the Eocene, constrained by the timing of volcanism in the 69 

region and rift related stratigraphy (Ebinger et al., 1989; Morley et al., 1992; Mcdougall & Brown, 2009). 70 

The Western branch of the EARS is thought to have begun developing much later, in the Miocene 71 

(Morley & Ngenoh, 1999), though reviews of stratigraphy, volcanic geochronology and low-temperature 72 

thermochronology have suggested the timing of rift initiation may be drawn back to the Oligocene 73 

(Roberts et al., 2012; Mortimer et al., 2016). The lack of well exposed pre-Miocene sediment across the 74 

region makes it difficult to effectively date the timing of rift initiation, though it has been suggested that 75 

the region underwent uplift in the Eocene (van der Beek, 1998).  76 

Miocene extension of the Western Branch of the EARS is believed to have initiated rock uplift of 77 

the Rwenzori. Biostratigraphy analysis of sediment from the Kisegi-Nyabusosi area suggests the region 78 

was covered by a single large palaeo-lake in the Miocene (Lake Obweruka), implying the topography 79 

of the Rwenzori was absent (Pickford et al., 1992). This is supported by petrological analysis of 80 

sediments north of the Rwenzori showing a significant change in mineral assemblage at the 81 

Miocene/Pliocene boundary (~5.5 - 5.0 Ma), suggesting uplift of the Rwenzori began at this time 82 

(Schneider et al., 2016). Previous thermochronological studies in the region support this interpretation, 83 

suggesting that rapid rock uplift occurred during the Pliocene-Pleistocene and erosion has failed to keep 84 

up, leading to dramatic surface uplift (Bauer et al., 2010; Bauer et al., 2012; Bauer et al., 2013). This 85 
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lack of erosion has resulted in Oligocene and older apatite fission-track and (U-Th)/He ages (Bauer et 86 

al., 2010; Bauer et al., 2012; Bauer et al., 2013). Though thermal history modelling of the data is 87 

consistent with rapid cooling through the Neogene and Quaternary (Bauer et al., 2010; Bauer et al., 88 

2012; Bauer et al., 2013), previous work has highlighted how thermochronological data fails to 89 

effectively resolve this period due to a lack of erosion-driven cooling (MacPhee, 2006) and a direct rate 90 

of exhumation cannot by extracted. Additionally, heavy vegetation cover makes it challenging to map 91 

extensional and compressional structures across the Rwenzori and many features are inferred from 92 

geomorphology and contrasting thermochronological ages (Bauer et al., 2013), making it difficult to 93 

corroborate interpretations with observable geology. 94 

3 Methodology 95 

3.1 Apatite low-temperature thermochronology  96 

 This study utilizes apatite fission-track (AFT) and (U-Th)/He analysis (AHe) to resolve a given 97 

rock sample’s thermal history. Each method provides temporal information from a defined temperature 98 

window: the AFT partial annealing zone (PAZ; 120 °C – 60 °C; Gallagher et al., 1998) and the AHe 99 

partial retention zone (HePRZ; ~70 °C – 40 °C; Gautheron et al., 2012). The thermal sensitivity of each 100 

system depends on many factors including grain chemistry, thermal history, grain size, geometry and 101 

degree of radiation damage, which influence fission-track annealing and helium diffusion kinetics 102 

(Ketcham et al., 2007; Gautheron et al., 2012). These controls on annealing and diffusion generally 103 

lead to a range of ages being derived from a rock sample, a feature that can be utilised within thermal 104 

history modelling (Ketcham et al., 2007). However, other factors can also influence a grain’s age that 105 

are difficult to account for within the modelling process; such as implantation, mineral inclusions and 106 

isotope zonation (Wildman et al., 2016 and references therein), meaning ages cannot always be 107 

effectively modelled. Bedrock samples from 12 locations were analysed as part of this study, collected 108 

from the NW, NE and SE flanks of the Rwenzori (Fig. 1). Samples were collected from rift flanks to 109 

specifically target the locations of highest exhumation, while samples from the SE flank are part of the 110 

Mubuku River watershed and encompass ~2500 m elevation difference to constrain vertical motions 111 

(Fig. 1). All 12 samples produced AFT data, while 8 include counterpart AHe data (Table S1; TableS2). 112 

3.2 Inverse thermal history modelling 113 
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 Modelling of these data provides thermal histories of each rock sample that can be used to 114 

interpret exhumation, burial and rock uplift histories, alongside relevant geological information. Within 115 

this work, thermal modelling was completed using QTQt, a program that uses a Bayesian 116 

Transdimensional Markov Chain Monte Carlo algorithm to search time-temperature space and test 117 

numerous possible thermal histories against the input data (Gallagher, 2012). The resultant thermal 118 

history of a sample is an ‘expected model’ created from all possible histories and weighted by their 119 

posterior probability (Gallagher, 2012). This approach allows for the joint inversion of both AFT and 120 

AHe data as well as data from multiple samples. Fission-track data were modelled using the annealing 121 

model from Ketcham et al. (2007), using the diameter of the etched track pit parallel to c-axis (Dpar) as 122 

an annealing parameter and c-axis corrected track lengths (Carlson et al., 1999; Donelick et al., 1999).  123 

 The intra-sample dispersion of single grain AHe ages is common for samples that have resided 124 

within the HePRZ for 10s of millions of years (Wildman et al., 2016). A broad range of AHe ages from 125 

a single sample, some older than counterpart AFT central ages, can make it difficult to effectively model 126 

thermal histories. If, however, this dispersion can be modeled, it can be exploited to provide effective 127 

thermal constraints. In an attempt to model dispersed ages, three additional steps were taken during 128 

thermal modelling: (i) the inclusion of a radiation damage model, (ii) the resampling of the additional 129 

activation energy required for helium trapped in damage vacancies (Eb) and (iii) the resampling of AHe 130 

error. The radiation damage model accounts for the change in helium diffusion kinetics due to 131 

development of damage vacancies in the crystal lattice caused by decay processes (e.g. alpha recoil, 132 

spontaneous fission and alpha emission). The model used is from Gerin et al. (2017) and describes 133 

how the energy required for He atoms to escape vacancies varies between individual grains and can 134 

be >50 kJ/mol (Gerin et al., 2017). Resampling of Eb between the values of 30 – 50 kJ/mol aims to 135 

improve AHe age predictions and produce more effective thermal history models. The resampling of 136 

AHe error during the inversion means single grain ages that consistently fail to fit with counterpart data 137 

can be effectively removed from the process by increasing their error.  138 

3.3 Ȥ-mapping and river profile modelling 139 

Understanding the modern rock uplift history of the Rwenzori is achieved through analysing the 140 

modern drainage dynamics across the mountain range. We use two approaches, Ȥ-mapping of the 141 

modern drainage systems and deriving uplift histories directly from river profiles. Ȥ is a numerical proxy 142 
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based on the geometry of a given fluvial system (Perron and Royden, 2012). This can be used to 143 

visualize areas within a drainage system undergoing changes in equilibrium, such as divide migration 144 

and river capture (Willett et al., 2014). The numerical value of Ȥ for a specific point is the along channel 145 

integral of one over the upstream drainage area, scaled by a reference upstream drainage area raised 146 

to the power m, from the base level to this point and multiplied by a reference upstream drainage area 147 

(A0 = 1 m2). It can be thought of as a normalized landscape response time, such that information 148 

propagates from the base level to points of equal Ȥ values. The comparison of Ȥ values across drainage 149 

divides provides a useful interpretative tool for understanding drainage dynamics of a given system 150 

(Willett et al., 2014). Drainage divides with similar Ȥ values on either side are interpreted as being in 151 

equilibrium, while divides with contrasting Ȥ values are interpreted as being in disequilibrium, where the 152 

side with higher Ȥ values is interpreted as the victim of drainage capture (Willett et al., 2014). A Ȥ-map 153 

of the Rwenzori’s was created using TopoToolbox (Schwanghart, & Scherler, 2014).  154 

Estimating rock uplift histories from the river profiles across the Rwenzori is completed using 155 

the methodology outlined in Goren et al. (2014) and Fox et al. (2015). This approach converts the 156 

relationship between Ȥ and elevation into a rock uplift rate through time and assumes; (i) rock uplift is 157 

spatially uniform across the catchment, (ii) bedrock erodibility is uniform in space and time and (iii) 158 

information propagates through the network independent of the local channel slope. Simply put, the 159 

elevation of a point on the river profile can be defined by the integral of normalized rock uplift rate 160 

between zero and the Ȥ-value. Therefore, a linear model describing the Ȥ and elevation relationship can 161 

provide an estimate of the normalized rock uplift rate (Goren et al., 2014). To account for noise in the 162 

data and to stabilize the model, a weighted least squares approach with a smoothing parameter is used 163 

(see Goren et al. (2014) and Fox et al. (2015) for details), that defines a total amount of rock uplift over 164 

an unknown, normalized time. Thermal history models provide estimates for the amount of uplift-165 

induced exhumation over a known duration and therefore, an erodibility value (K) can be derived that 166 

provides an uplift rate that is consistent with the thermochronological data. Uplift models were 167 

completed on 7 rivers; 3 drainage systems that include samples and thermal histories from this study, 168 

1 using a thermal history from a previous study (Mansour, 2016) and a further 3 using K values inferred 169 

from neighboring river systems. 170 

4 Results 171 
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4.1 Apatite low-temperature thermochronology  172 

  AFT central ages range between 35.2 ± 2 Ma and 133.3 ± 8 Ma (Fig. 1), while c-axis corrected 173 

mean track lengths (MTLs) range between 13.21 ± 1.06 ȝm and 14.09 ± 1.13 ȝm (Table. S1). From the 174 

12 AFT samples, 4 fail the chi-squared test (Galbraith, 2005), though only one sample (Rs47) is made 175 

of two age populations of which the older age population is defined by only a single anomalously old 176 

grain. Dpar values, a kinetic parameter used to determine fission-track annealing behavior, range 177 

between 1.45 ȝm and 2.46 ȝm and broadly show positive correlations against AFT single grain ages, 178 

suggesting ages are dependent on variations in annealing characteristics (Carlson et al., 1999).  179 

 AHe single-grain ages range between 14 Ma - 321 Ma, with one anomalously old age (1429 180 

Ma) that has been deemed as an outlier (Table. S2). Mean sample ages, calculated with this single 181 

removed age, range between 18 ± 4 Ma and 106 ± 66 Ma (Fig. 1) and display younger ages across the 182 

NW flank of the Rwenzori, while older ages are found on the eastern flank. Of the 8 samples, 3 show a 183 

positive trend against equivalent spherical radius (r’), while 6 show a positive trend against the effective 184 

uranium (eU) content, implying radiation damage and extended residence in the HePRZ may be a 185 

considerable factor in single grain age dispersion. 186 

 Comparisons between both the AFT and AHe data exhibit overlapping age ranges within 5 187 

samples, highlighting the extent of dispersion with AHe samples, though mean AHe ages are lower 188 

than respective AFT ages in 6 samples, suggesting these overlapping age ranges may be driven by 189 

outliers. Additionally, the standard deviation of AHe samples, a proxy for dispersion, and mean AHe 190 

age against AFT age, both show a moderate positive correlation, implying samples with older AFT ages 191 

yield a greater amount of dispersion in AHe ages, likely due to extended residences in the HePRZ. 192 

 AFT and mean AHe ages against elevation show no obvious trend, suggesting that ages vary 193 

spatially across the study area. Notably, the highest sample (Rs30) produces a much younger 194 

Palaeocene age in comparison to surrounding samples, which show Cretaceous ages (Fig. 1). Age 195 

against distance to rift flank shows a trend of younger ages near the rift flanks, with the exception of 196 

samples from the NE flank (Rs47, Rs49 & Rs50) and sample Rs30, suggesting cooling and erosion of 197 

rift flanks may be a leading cause of age variation except in the NE of the region (Fig. 3).  198 

Data from previous thermochronological studies from across the Rwenzori (Bauer et al., 2013; 199 

Mansour, 2016) (Fig. 2) allows for comparison of our new data to the wider dataset and review the 200 
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spread of ages across the region. Longitudinal plots of AFT and AHe mean from the regional dataset 201 

clearly shows younger ages on the western side of the Rwenzori in comparison to older ages on the 202 

eastern side (Fig. 3).  203 

4.2 Thermal history modelling 204 

 Results from thermal history modelling are shown for the NW and NE flank (Fig. 4) and the SE 205 

flank of the Rwenzori (Fig. 5). The NW flank of the Rwenzori incorporates three samples and two 206 

thermal histories from the rift flank. Rs44 exhibits linear protracted cooling throughout the Cenozoic at 207 

a rate of 1.3 °C/Myr (Fig. 4). A thermal history including both Rs71 and Rs72 exhibits four periods of 208 

cooling with an initial protracted cooling period until 30 Ma (1.5 °C/Myr), followed by accelerated cooling 209 

from 30 Ma to 20 Ma (3.4 °C/Myr), a period of slow protracted cooling between 20 Ma and 3 Ma (0.4 210 

°C/Myr) and rapid cooling since 3 Ma (4 °C/Myr) (Fig. 4). The NE flank of the Rwenzori incorporates 3 211 

samples, all taken from the rift flank. All three thermal histories outline linear protracted cooling histories 212 

throughout the Cenozoic with a cooling rate of 0.9 °C/Myr (Rs47), 0.73 °C/Myr (Rs49) and 0.4 °C/Myr 213 

(Rs50) (Fig. 4). 214 

 The SE flank encompasses 6 samples taken from elevations ranging between 3471 m and 215 

1609 m. Sample Rs30 outlines a slow cooling rate (0.49 °C/Myr) until 5 Ma, followed by rapid cooling 216 

until present (7.4 °C/Myr) (Fig. 5). Rs31 shows a protracted Cenozoic cooling history at a rate of 0.57 217 

°C/Myr to present (Fig. 5). Rs38 shows a three-stage history with a slow rate of cooling (0.32 °C/Myr) 218 

until 63 Ma, followed by a period of rapid cooling (2.7 °C/Myr) to 21 Ma and finishing with reheating 219 

(0.33 °C/Myr) to present (Fig. 5). Rs39 exhibits a linear protracted cooling throughout the Cenozoic at 220 

a rate of 1.01 °C/Myr until present (Fig. 5), while Rs40 displays cooling at a rate of 1.7 °C/Myr until 19 221 

Ma when the rate lowers to 0.42 °C/Myr (Fig. 5). Finally, Rs43 displays a three-stage history with slow 222 

cooling (0.5 °C/Myr) until 55 Ma, followed by a period of accelerated cooling (1.3 °C/Myr) until 20 Ma 223 

and finishing with a period of reheating (0.25 °C/Myr) to present (Fig. 5). 224 

 Age and track length predictions from thermal histories vary with fission-track data being well 225 

predicted, while AHe data being poorly replicated. From the 12 samples analysed, the AFT central ages 226 

and mean track lengths were all replicated within error. In contrast, from the 40 AHe data only six ages 227 

were replicated within 10% error. From the remaining 34 ages, 30 were underpredicted (predicted age 228 

< observed age) implying that many of the analysed ages were older than expected, especially when 229 
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compared to fission-track ages. There are many factors that can increase AHe ages (e.g. zoning, 230 

radiation damage, chemistry), particularly in samples with prolonged cooling through the PRZ, which 231 

cannot be accounted for in thermal modeling. Moreover, the bedrock sampled is either Proterozoic or 232 

Archaean in age implying that apatites may have experienced a complex thermal history that may have 233 

greatly affected the diffusion kinematics and inheritance of individual grains (Fox et al., 2019).  234 

 The thermal history modelling results presented here differ to the results of Bauer et al. (2013). 235 

Cenozoic cooling is confined to the Neogene in the results of Bauer et al. (2013) with any Paleogene 236 

cooling restricted to a much broader Late Cretaceous-Paleocene cooling event. These disparities may 237 

be due to differences in sampling strategy, prevalence of much older fission-track and (U-Th)/He ages, 238 

the use of recently developed helium diffusion models that account for radiation damage, and/or 239 

different modelling programs.  240 

4.3 Ȥ-map 241 

 Ȥ-mapping of the Rwenzori exhibits a complex spread of Ȥ values across the mountain range 242 

with higher values localised in the central region, around the highest topography, and in the 243 

northernmost boundary (Fig. 6). High Ȥ values in the central region are predominantly on the eastern 244 

side of a major drainage divide separating eastern fluvial systems from western systems (a in Fig. 6). 245 

The westerly side of this divide exhibits lower Ȥ values suggesting this divide is in disequilibrium and 246 

migrating eastwards, though this may also result from the effect of eastward regional tilting steepening 247 

and shortening rivers on the western side (Goren et al., 2014), implied from the regional geology and 248 

the thermochronology. High Ȥ values in the north of the Rwenzori are found within a set of NE flowing 249 

fluvial systems on the northern side of a u-shaped drainage divide (b in Fig. 6). The southern side of 250 

this u-shaped divide exhibits much lower chi values from fluvial systems flowing either NW or SE, 251 

implying the drainage divide is in disequilibrium and is migrating northwards. The Ȥ-map also highlights 252 

a major linear drainage divide that separates the NE flank from the NW flank and terminates in the 253 

central region (c in Fig. 6). The Ȥ-values across the divide do not contrast significantly, though 254 

comparatively higher values are found in the NW side of the divide implying the divide is in disequilibrium 255 

and migrating NW. Though this could imply the NE flank is uplifting at greater rate, it is more likely a 256 

representation of the difference in base level on either side of the Northern Rwenzori (Fig. 1), creating 257 

lower Ȥ values further upstream on the NE side.  258 
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 An additional point of interest from Ȥ-mapping is the nature of the headwaters of the river 259 

labeled ‘River x’ in Figure 6. The headwaters of this river appear to initially flow east before abruptly 260 

redirecting north, suggesting river capture has occurred. The easterly direction of the headwaters 261 

suggests it may have previously connected to the river east of the drainage divide, labeled ‘River y’ in 262 

Figure 6, and uplift of the landscape has caused the headwaters to be captured by River x. This would 263 

imply recent tectonism in the Central Rwenzori and may explain why drainage divides a and c are not 264 

connected (Fig. 6), as would be expected of a simple horst structure.  265 

4.4 River profile modelling 266 

Uplift models were extracted from 7 river catchments. 4 models use an erodibility value (K) 267 

constrained from thermal models present in each catchment (Fig. 7; a, b, c, d) (Supplementary Data), 268 

and an additional 3 from neighboring catchments (Fig. 7; a-i, b-i, d-i), in which K is inferred from the 269 

neighbouring rivers, assuming it does not significantly change over this relatively short distance (Fig. 270 

7). Calibration of these models requires rock uplift rate histories to be converted to cumulative rock uplift 271 

histories and then compared to the exhumation histories (Figure S1). As thermochronological samples 272 

are close to baselevel, the rock uplift rates here are likely equal to the exhumation rate.  273 

Results from river profile modelling show a clear dichotomy between the south-eastern flank 274 

and western flank of the Rwenzori. Along the SE flank, river a records uplift from 40 Ma, showing a rise 275 

in uplift rate from 20 m/Myr to 63 m/Myr between 35 Ma and 18 Ma, before declining to 16 m/Myr at 276 

present (Fig. 7). This is mimicked by the uplift history of river a-i, which records uplift from 37 Ma 277 

onwards showing a gradual increase in uplift rate from 30 m/Myr to 66 m/Myr between 37 Ma and 18 278 

Ma, before a decline to 20 m/Myr at present (Fig. 7).  279 

Along the NW flank of the Rwenzori, river b resolves an uplift history of only 16 Ma. This is 280 

because of the shorter rivers, and thus smaller Ȥ-values, found across this area. The history exhibits a 281 

decline in uplift rate from 70 m/Myr to 50 m/Myr between 15 Ma and 9 Ma, followed by an increase to 282 

65 m/Myr at present (Fig. 7). This is similar to the history recorded in river c, which also resolves a 283 

history from 15 Ma to present, showing a small decline from 55 m/Myr to 53 m/Myr between 15 Ma and 284 

10 Ma and a gradual increase back to 55 m/Myr at present day (Fig. 7). This uplift history is the same 285 

in river b-i that records an uplift history from 20 Ma onwards, exhibiting a decline from 75 m/Myr to 52 286 

m/Myr between 20 Ma and 10 Ma, followed by a gradual rise to 64 m/Myr at present day (Fig. 7).  287 
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Along the western flank of the Rwenzori, river d resolves an uplift history from 16 Ma to present, 288 

exhibiting a sharp decline in uplift rate from 151 m/Myr to 111 m/Myr between 16 Ma and 11 Ma, 289 

followed by two small pulses of increased uplift, reaching 121 m/Myr, at 9 Ma and 6 Ma followed by a 290 

sharp increase to 134 m/Myr at present (Fig. 7). River d-i resolves an uplift history from 18 Ma to present 291 

and initially outlines a decline in uplift rate from 123 m/Myr to 86 m/Myr between 18 Ma and 13 Ma 292 

followed by an increase back to 123 m/Myr at present day (Fig. 7).  293 

 These models provide insight into the uplift history of the Rwenzori; however, it is important to 294 

recognize the limitations in the approach. Firstly, these models assume rock uplift rate is spatially 295 

uniform across the river catchment, which may be unlikely as we see different thermal histories at the 296 

outlets of the catchments suggesting regional tilting. Eastward tilting can lead to differences in the Ȥ-297 

elevation relationship that would lead to apparent accelerating uplift (i.e., steepening rivers) on the 298 

western side and decelerating uplift (i.e., shallowing rivers) on the eastern side. The presence of the 299 

low rates of rock uplift resolved during the earliest time intervals across the eastern catchments suggest 300 

that this tilting is not the dominant signal and that the rivers are responding to transient signals and 301 

therefore the assumption of spatially uniform rock uplift is suitable. Secondly, this approach assumes 302 

that the topography is formed by fluvial erosional processes in response to rock uplift. There is clear 303 

evidence for glacial erosion at high elevations and this may also lead to anomalous rock uplift rates; 304 

however, the equilibrium-line altitude in the region is ~4500 m and makes up <0.5% of the landscape 305 

implying the influence of glaciers is negligible. Thirdly, due to the Rwenzori’s relatively limited size 306 

(~3000 km2), many of the river systems are short and can only resolve a certain amount of information 307 

on a small timescale (<40 Myr). This is highlighted by comparing rivers a and b, which contrast greatly 308 

in length (37.1 km and 1.4 km, respectively) and temporal resolution (40 Myr and 15 Myr, respectively) 309 

showing longer rivers provide longer temporal resolution. Finally, it is important to note that the 310 

uncertainties on the inferred uplift rate histories can be quite large. These uncertainties relate to the 311 

choice of the damping parameter and the erodibility value for each river basin (Figure S1 and S2), 312 

however, the overall trends and magnitude of cumulative rock uplift are robust.  313 

5 Discussion 314 

5.1 Uplift history of the Rwenzori Mountains 315 
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 Spatial disparity between thermochronometric ages, thermal histories and uplift histories across 316 

the flanks of the Rwenzori suggests each flank experienced differing rock uplift and exhumational 317 

histories throughout the Cenozoic. The SE flank of the Rwenzori appears to have experienced 318 

significant uplift between the Eocene and early Miocene, with later uplift occurring away from the rift 319 

margin in the late Miocene–Pliocene. Thermal histories outline either protracted cooling throughout the 320 

Cenozoic, periods of accelerated cooling throughout the Eocene and Oligocene or rapid cooling in the 321 

late Miocene–Pliocene (Fig. 5). Differences in fission track ages and thermal history results between 322 

Rs38, Rs39 and Rs40 may result from a fault between samples, as previously noted in Bauer et al. 323 

(2010), however, until detailed mapping of the area is completed this is difficult to identify effectively. 324 

These results imply the SE flank experienced exhumation and uplift during the Paleogene, with the 325 

latter stage of cooling likely resulting from localised uplift away from the rift flank. This is supported by 326 

uplift histories derived from river profiles that resolve a significant uplift phase between 35 Ma and 18 327 

Ma reaching a maximum of 63 m/Myr (Fig. 7). The short length of these river profiles means the uplift 328 

history >40 Ma cannot be resolved; however, thermal history models imply earlier uplift phases may 329 

have occurred in the Eocene (Fig. 5; Rs38, Rs40 & Rs43).  330 

The NE flank of the Rwenzori appears to have experienced only limited uplift during the 331 

Cenozoic expressed by old thermochronometric ages (Figs. 2 and 3) and protracted cooling in thermal 332 

histories. This suggests rock uplift magnitude has been <2 km and has failed to expose young 333 

thermochronometric ages (Fig. 4). This is consistent with the geomorphology of the NE flank, where the 334 

landscape to the east is an elevated plateau >900 m higher than the landscapes surrounding all other 335 

flanks of the Rwenzori (Fig. 1). It has been postulated this elevated plain is the result of the Lake George 336 

Rift’s failure to propagate northward (Koehn et al., 2016), causing only minor uplift along the NE flank. 337 

The NW flank of the Rwenzori formed through two uplift phases occurring in the Oligocene and 338 

the late Miocene–Pliocene. Fission-track and (U-Th)/He ages range from the Eocene to Miocene (Fig. 339 

1) and thermal history models outline either protracted cooling or a four-phase cooling history with 340 

accelerated cooling in the Oligocene and late Miocene–Pliocene (Fig. 4). This suggests the rate of 341 

exhumation increased during these times, likely due to fault-driven uplift of the flank, though it should 342 

be noted the most recent cooling event occurs outside the HePRZ and may be a modelling artefact. 343 

This is supported by river profile models which exhibit a rise in rock uplift rate in the Miocene (11 Ma) 344 

and fail to resolve an Oligocene event due to the limited length of the studied rivers (<3 km) (Fig. 7), 345 
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though the decrease in uplift rate from 16 Ma to 9 Ma implies rates may have been higher prior to 16 346 

Ma. Importantly, the uplift rates taken from the NW flank appear to increase from north to south, a trait 347 

that is consistent with the rise in topography toward the south and highlights the variability of uplift rates 348 

across the Rwenzori.  349 

The western flank of the Rwenzori shows uplift histories from river profiles, constrained from 350 

thermal histories from Mansour (2016), exhibiting very high uplift rates (~120 m/Myr), following an 351 

increase in rate during the Miocene (Fig. 7). These results are consistent with the southward trend of 352 

increasing uplift rates along the NW and W flank, explaining the western flanks elevated topography 353 

(Fig. 7). Moreover, though both rivers d and d-i are too short to resolve an uplift history before 20 Ma, 354 

they do show a significant decrease in rock uplift rate between 18 Ma and 11 Ma, suggesting elevated 355 

rates of rock uplift may have occurred prior to 20 Ma (Fig. 7). This is consistent with the rock uplift 356 

history derived from the NW and SE flanks and further implies the whole region was uplifting in the 357 

Palaeogene, while only the western side saw renewed rock uplift in the late Miocene–Pliocene (Fig. 8). 358 

Moreover, rock uplift on the western side of the Rwenzori accounts for the chi values along the central 359 

drainage divide in the chi-map, where lower values to the west imply the drainage divide is migrating 360 

east, likely driven by greater rock uplift on the western side (Fig. 6). 361 

This interpretation of the Rwenzori uplift history fails to correlate with the interpreted history 362 

from stratigraphic studies (Pickford et al., 1992; Schneider et al., 2016). Miocene strata to the NE of the 363 

Rwenzori show a petrological change in sediment around ~5.5 Ma, implying surface uplift of the 364 

Rwenzori began at this time (Schneider et al., 2016). Moreover, biostratigraphic work of the surrounding 365 

lakes suggests they were all linked as the paleo-lake Obweruka, which was separated by the rising 366 

Rwenzori in the late Miocene (Pickford et al., 1992). The rock uplift history presented here, alongside 367 

the perceived age of paleo-lake Obweruka, suggests it is more likely the Rwenzori acted as an elevated 368 

peninsula within the Lake Obweruka throughout much of the Miocene, with only the late Miocene uplift 369 

event effectively resolved in the documented stratigraphy. As such, it is unlikely the paleo-lake 370 

Obweruka fully covered the mountain range, implied by the absence of Cenozoic sedimentary rocks 371 

within the Rwenzori that would likely have been preserved due to the documented low rates of erosion 372 

(Roller et al., 2012).  373 

5.2 Mechanism of rock uplift 374 
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 Our interpretation of the Rwenzori’s spatially differential rock uplift histories infers two main 375 

phases of rock uplift have occurred during the Cenozoic: Eocene-Oligocene and late Miocene-Pliocene 376 

(Fig. 9). These findings require rock uplift mechanisms that account for the rapid rock uplift on short 377 

timescales (<2.3 Ma) are now unnecessary (Ring, 2008; Wallner & Schmeling, 2010) and processes 378 

that incorporate a longer uplift history must be recognized. Previous studies on the fault kinematics of 379 

the Rwenzori concluded the mountain range is rotating clockwise due to the interaction of both the Lake 380 

Albert and Lake George rifts (Koehn et al., 2008; Sachau et al., 2013). Numerical modelling of this rift 381 

interaction, encompassing a stiff elastic horst block between the two, highlights the creation of a unique 382 

stress field that bends the brittle lithosphere of the central horst block upwards and drives significant 383 

rates of rock uplift while also allowing the underlying Moho to rise (Sachau et al., 2013). This mechanism 384 

predicts the rock uplift of the Rwenzori effectively and is also consistent with estimates of Moho depth 385 

across the region that show a significant rise under the central Rwenzori (~22 km) compared to the 386 

surrounding lithosphere (~30 km) (Gummert et al., 2016).  387 

Importantly, similar numerical models that incorporate relevant faults within the Rwenzori, show 388 

brittle deformation transfers away from the rift margin, effectively shifting the location of maximum uplift 389 

into the center of the Rwenzori (Fig. 9c), an event highlighted in our interpretation of the SE flank. The 390 

transfer of uplift away from the rift flank in late Miocene–Pliocene is supported by the thermal history of 391 

sample Rs30, geomorphology and Ȥ values from the central Rwenzori. The thermal history model of 392 

Rs30 outlines the onset of rapid cooling at ~5 Ma (7.4 °C/Myr) to present (Fig. 9a), implying exhumation 393 

of the surface suddenly intensified, likely due to tectonic activity. The geomorphology of the sample site 394 

appears to verify this, characterised by a steep sided valley (topography envelope 700 – 1000 m) that 395 

abruptly ends at the inferred northern extent of the Ibimbo Fault (Fig. 9b). Moreover, should the Ibimbo 396 

Fault continue further north, it would also explain the proposed river capture between rivers x and y, as 397 

shown in the chi-map (Fig. 6; Fig. 9). Uplift of the inferred Ibimbo Fault’s footwall in the late Miocene–398 

Pliocene would have likely caused a redirection in flow pathways instigating the capture of river x’s 399 

headwaters from river y (Fig. 6; Fig. 9). The absence of an increase in uplift rate on the SE rift margin 400 

suggests brittle deformation and uplift transferred westward to the Ibimbo Fault in the late Miocene (Fig. 401 

9).  402 

The transfer of deformation and uplift from the SE rift margin westward to the inferred Ibimbo 403 

Fault (Fig. 9) can be explained through the stalling of the Lake George Rift in the late Miocene. This 404 
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lack of rifting may be due to the NW-SE fabric within the Buganda-Toro metamorphic belt, stopping 405 

further propagation of the rift northwards and effectively stalling it (Koehn et al., 2016). Numerical 406 

modelling of stalled rifts highlights how the termination of rift propagation will lead to horizontal stress 407 

and deformation being distributed widely across the area near the tip rift propagation (Van Wijk & 408 

Blackman, 2005). In the case of the Rwenzori, this redistribution of stress may have caused uplift to 409 

transfer from the rift margin to the Ibimbo Fault in the late Miocene, creating the modern geomorphology 410 

of the Rwenzori.  411 

5.3 Implications for the history of the East African Rift 412 

The results presented here suggest the Rwenzori’s began uplifting in the Eocene, incorporating 413 

two phases of uplift in the Eocene–Oligocene and late Miocene–Pliocene (Fig. 8). This interpretation is 414 

contentious as active rifting across the Western Branch of the EARS is believed to have initiated in the 415 

Miocene (Ebinger, 1989; Morley & Ngenoh, 1999) and thus much later than in the Eastern Branch 416 

where rifting began in the Eocene (Morley & Bosworth, 1999). Though the Miocene age for the Western 417 

Branch initiation is the widely held hypothesis, magnetostratigraphy, tephrostratigraphy and the detrital 418 

geochronology of sediment from the Rukwa Rift Basin, in the southern Western Branch, suggests active 419 

rifting began in the Oligocene (Roberts et al., 2012). This corresponds to previous thermochronological 420 

studies from the Western Branch that outline the onset of cooling in thermal models in the Eocene (50 421 

Ma – 40 Ma) (van der Beek et al., 1998; Bauer et al., 2010), implying uplift of the landscape may have 422 

started even earlier. Moreover, uplift in the Eocene correlates with other geological phenomena in the 423 

region, such as the redirection of the Nile (Underwood et al., 2013) and the Congo rivers (Stankiewicz 424 

& de Wit, 2006), and is consistent with the timing of rift initiation from thermochronological work in the 425 

Eastern Branch (Boone et al., 2019). Boone et al. (2019) presents thermal history models from the rift 426 

flanks of the Turkana Depression that highlight accelerated cooling from the Eocene to Miocene, 427 

initiating at 45 Ma, while similar studies across the Eastern Branch have also highlighted cooling 428 

episodes in the Late Cretaceous–Paleocene and late Miocene–Pliocene (Foster & Gleadow, 1996; 429 

Spiegel et al., 2007). Our results effectively unite the two branches of the EARS temporally and provides 430 

the means for generating a universal mechanism for the formation of the entire rift system.  431 

The underlying mechanism that formed the EARS remains a highly debated topic, with both 432 

‘active’ and ‘passive’ mechanisms postulated (Chorowicz, 2005). Though this study does not offer 433 
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greater insight into a wider mechanism, it supports the notion of contemporaneous rifting across the 434 

EARS in the Paleogene which correlates to numerous tectonic processes including rifting phases in 435 

Northern Kenya and Sudan (Bosworth, 1992; Morley, 1992), kinematic changes across the Indian 436 

Ocean (Cande et al., 2010) and the broader collision of African into Eurasia (Rosenbaum et al., 2002). 437 

This may suggest extension across the EARS was driven by large-scale passive tectonic processes, 438 

though active plume-related processes that initiate contemporaneous rifting must also be recognized 439 

(Koptev et al., 2015). Further studies of sediments within rift basins across the region, such as Lake 440 

Albert, Lake Rukwa and Lake Tanganyika, are necessary to effectively determine the timing of 441 

extensional onset. Although attempts are being made to investigate deeper sequences in rift lakes 442 

(Russell et al., 2012), stratigraphic evidence to support early initiation of rifting remains elusive. The 443 

results of this work alongside previous studies suggest the topography of the Western Brach of the East 444 

African Rift likely dates back to the Eocene and thus, the modern consensus on rift initiation requires 445 

review.  446 

6 Conclusions 447 

 Apatite fission-track and (U-Th)/He analysis, coupled with thermal history and river profile 448 

modelling suggest the Rwenzori Mountains formed through multiple phases of uplift beginning in the 449 

Eocene. We suggest the Rwenzori have experienced spatially varying uplift and exhumation histories 450 

throughout the Cenozoic, with the western flank experiencing much greater amounts of uplift compared 451 

to the eastern flank. This is supported by spatial trends in thermochronological data and thermal history 452 

modeling, which display higher rates of cooling across the NW flank and much slower rates of cooling 453 

across both the NE and SE flanks. Uplift histories derived from river profiles reveal a significant phase 454 

of uplift in the Eocene–Oligocene and another in the late Miocene–Pliocene, that is continuing at present 455 

along the western flank. This dichotomy in uplift histories across the region suggest uplift was instigated 456 

due to the interaction of two propagation rift centers, the Lake Albert and Lake George rifts, leading to 457 

rapid uplift of the central horst block, likely caused by the stiffness of the brittle crust and asthenospheric 458 

upwelling. As no late Miocene–Pliocene uplift is recorded on the eastern flank it is likely the Lake George 459 

Rift stopped propagating in the late Miocene, due to a contrasting fabric in the underlying basement, 460 

and uplift migrated west to the Ibimbo Fault at the center of the Rwenzori. These results have broad 461 

implications for the rifting history of the Western Branch of the EAR, implying rift initiation began in the 462 
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Eocene–Oligocene, parallel with rift initiation in the Eastern Branch of the EAR and consistent with a 463 

growing catalogue of research and regional geological phenomena.  464 
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(Figure. 1) Digital elevation model of the Rwenzori and the East African Rift System. Sample locations 475 

highlighted with sample name, mean AHe age (square brackets) and AFT central ages shown. The 476 

asterisk on the mean AHe age from sample Rs43 highlights that this value has been calculated following 477 

the removal of one anomalously old AHe age (>1 Ga) (Table. S2). The wider map of the East African 478 

Rift highlights the Rwenzori’s location in the Western Branch (red box) and the location of important 479 

features in the region. 480 
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 481 

(Figure. 2) Simplified geological map of the Rwenzori Mountains, Uganda, with sample locations from 482 

this study and previous studies marked; adapted from Koehn et al. (2016) and Schneider et al. (2016). 483 

The basement of the Rwenzori is principally made up of Archaean gneisses and Proterozoic amphibolite 484 

and metasediments. Cenozoic volcanics and sediments are found on the flanks, formed/deposited 485 

during extension of the Lake Albert and Lake George rifts. 486 

 487 
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 488 

(Figure. 3) Cross sections across the northern (A–A’) and southern (B–B’) regions of the Rwenzori 489 

displaying apatite fission track (AFT) central ages and mean apatite (U-Th)/He (AHe) ages from this 490 

study and two previous studies (Bauer et al., 2013; Mansour, 2016). Spatial trends show the western 491 

side of the Rwenzori consistently has lower AFT central ages and mean AHe age when compared to 492 

the eastern side, suggesting great amount of cooling has occurred on the western side, possibly through 493 

enhanced exhumation and rock uplift. 494 
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 495 

(Figure. 4) Thermal history models from the northern portion of the Rwenzori with age and track length 496 

distribution predictions. The black line within each thermal history is the ‘expected model’ and the grey 497 

shaded area outlines the 95% credible intervals. Age predictions are shown in the observed age against 498 

predicted age plots, where Ɣ = AFT central ages and Ÿ = single grain AHe ages. Measured track length 499 

distribution (c-axis corrected) are shown in grey histograms, while the predicted distribution with 95% 500 

credible intervals are displayed in red and grey respectively. Results show that greater cooling has 501 

occurred on NW flank compared to the NE flank and two phases of accelerated cooling occurred in the 502 

Oligocene-Miocene and late Miocene-Pliocene (Rs71 & 72). 503 
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(Figure. 5) Thermal history models from the southern portion of the Rwenzori with age and track length 504 

distribution prediction outlined below. The black line within each thermal history is the ‘expected model’ 505 

and the grey shaded area outlines the 95% credible intervals. Age predictions are shown in the 506 

observed age against predicted age plots, where Ɣ = AFT central ages and Ÿ = single grain AHe ages. 507 

Measured track length distribution (c-axis corrected) are shown in grey histograms, while the predicted 508 

distribution with 95% credible intervals are displayed in red and grey respectively. Results show either 509 

protracted cooling of accelerated cooling throughout the Paleogene, while localised rapid cooling has 510 

occurred at the highest elevations (Rs30). 511 
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 512 

(Figure. 6) Chi-map of the Rwenzori Mountains created using TopoToolbox (Schwanghart, & Scherler, 513 

2014). Results highlight three major drainage divides (a, b & c) and the catchments of rivers x and y. 514 

Chi values in the south imply uplift is likely higher on the western side, while in the north uplift is higher 515 

on the eastern side, though the latter is likely due to differing base levels. The headwater of River x 516 

suggests it was initially part of River y and were captured likely due to tectonic forcing in the late 517 

Miocene. This would also explain why drainage divides a and b are not connected, as would be 518 

expected in a typical horst structure. 519 
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(Figure. 7) Results from river profile modelling outlining uplift histories from the SW, NW and SE flanks 520 

of the Rwenzori. Results shows that uplift histories differ on either side of the Rwenzori with the eastern 521 

flank experiencing the majority of uplift in the Oligocene-Miocene and the western flank in the late 522 

Miocene-Pliocene. 523 

 524 
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 525 

(Figure. 8) Summary of the proposed uplift history of the Rwenzori. Schematic cross section and 526 

tectonic map during the (a) Eocene–Oligocene onset of rifting, and (b) late Miocene–Pliocene 527 

reactivation.  528 
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(Figure. 9) Results from this work and Sachau et al. (2013) outlining the uplift of the inferred Ibimbo 529 

Fault in the late Miocene–Pliocene. (a) Thermal history from sample Rs30 (b) Map of southern Rwenzori 530 

that displays the observed extent of the Ibimbo Fault and the inferred extent derived from 531 

geomorphology and the possible river capture of river x’s headwaters. (c) Results of numerical modeling 532 

from Sachau et al. (2013) that incorporates a major central fault in the center of a rigid horst block. 533 

Rifting on either side of the horst block leads to a dramatic rise of the horst’s topography and the 534 

underlying Moho, though uplift of the western side of the block appears greater than the eastern due to 535 

the central fault. (d) Cumulative uplift histories of Point 1 and Point 2 in (c) outlining that both uplift at 536 

the same rate until ~6 Ma, where the central fault causes Point 1 to keep uplifting and Point 2 to cease 537 

uplifting.  538 
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