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Abstract  29 

Rockfalls and other gravitational mass movements are expected to become 30 

more frequent under ongoing global warming in temperate and cold 31 

mountainous regions. In contrast, although high numbers of rockfalls are 32 

observed in humid tropical mountains, the processes controlling their 33 

occurrence remain poorly understood. These warmer regions offer valuable 34 

natural laboratories for anticipating the impacts of future warming on slope 35 

stability in currently colder environments. We used 10Be surface exposure 36 

dating to establish a chronology for seven individual rockfall deposits in the 37 

Rwenzori Mountains (Uganda) and assess climatic controls on slope 38 

destabilisation. The combination of steep valley flanks and pervasive 39 

fracturing in the basement rocks makes the Rwenzori Mountains prone to 40 

rockfalls. The 10Be ages range from 13.6 ± 0.9 ka to 1.0 ± 0.1 ka and cluster 41 

into three distinct periods: 11–9 ka, 7–5 ka and ~2 ka. These periods align 42 

with local temperature fluctuations, suggesting that rockfalls occurred 43 

episodically in response to Holocene temperature fluctuations. Early Holocene 44 

rockfall activity (~11–9 ka) likely reflects enhanced mechanical weathering 45 

and fracture propagation due to glacier retreat and freeze–thaw cycles. In 46 

contrast, mid-Holocene (7–5 ka) and late Holocene (~2 ka) rockfall activity 47 

coincide with warmer conditions that enabled chemical and biological 48 

weathering and enhanced subcritical crack growth, promoting fracture 49 

progression and slope destabilization. These results highlight the role of 50 

climate – especially temperature – driven chemical and biological weathering 51 



in preparing rock slope failures and rockfalls in tropical mountainous 52 

landscapes. With continued warming, chemical weathering may increasingly 53 

control rockfall activity in temperate and cold climates. 54 
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1. Introduction 59 

In recent years, a high number of gravitational mass movements, such as 60 

landslides, debris flows, and rockfalls, triggered by rainfall events (e.g., Larsen 61 

and Simon, 1993; Zogning et al., 2007; Chen et al., 2015; Abancó et al., 62 

2021; Zhuang et al., 2022) or earthquakes (e.g., Garwood et al., 1979; Chang 63 

et al., 2007; Faris and Fawu, 2014; Marc et al., 2015), have been reported  in 64 

tropical regions. Rockfalls, however, result from the long-term interaction of 65 

multiple factors and rarely occur solely in response to the most recent trigger 66 

(e.g., Draebing and Krautblatter, 2019). Anticipating rockfall activity therefore 67 

requires understanding both structural preconditioning and progressive 68 

conditioning. In temperate and cold mountain regions, shifts in precipitation 69 

regimes, glacial debuttressing, permafrost degradation, and freeze–thaw 70 

cycles following deglaciation are widely recognized as key climatic controls on 71 

slope destabilization (e.g., Iverson, 2000; Patton et al., 2019; Hartmeyer et 72 

al., 2020). In these regions, changing climatic conditions, particularly 73 

warming, are expected to increase the frequency of potentially hazardous 74 

processes such as landslides and rockfalls (e.g., Hartmeyer et al., 2020; Pei 75 

et al., 2023; Jacquemart et al., 2024; Stoffel et al., 2024. While these climatic 76 

controls are well researched in cold and temperate climates, a general model 77 

for warmer or tropical climates is not established.  78 

To forecast how mountainous landscapes may respond to climatic changes, 79 

from glacial to temperate to tropical climate, long-term records of climate and 80 

slope instability are needed (e.g., Gariano and Guzzetti, 2016; Pánek, 2019). 81 



Constraining the timing of gravitational mass movements is crucial for 82 

deciphering their climatic controls over various timescales (e.g., Lang et al., 83 

1999; Pánek, 2015). While considerable data exists for alpine, arctic, and arid 84 

regions (e.g., Zerathe et al., 2014; Margirier et al., 2015; Gariano and 85 

Guzzetti, 2016; Hilger et al., 2018; Pánek, 2019), chronological data in 86 

tropical regions are notably scarce despite documented occurrences of 87 

gravitational mass movements (e.g., Sewell et al., 2006; Gariano and 88 

Guzzetti, 2016; Pánek, 2019).  89 

In this study we aim to establish a chronology of rockfalls in a region that 90 

experienced strong climatic changes. The Rwenzori Mountains, a glacially 91 

influenced tropical high mountain region characterized by steep slopes, a wet 92 

climate, and active faulting, present conditions favourable for slope 93 

instabilities, making them an excellent natural laboratory for such a study 94 

(Fig. 1). The upper part of the range hosts multiple well-preserved massive 95 

rockfall deposits that postdate the glacial sculpting of the landscape (Fig. 2).  96 

At lower elevations, gravitational mass movement deposits were likely eroded 97 

by ongoing river incision, while the lower parts of the catchments are marked 98 

by recent debris flows and active landslides (Jacobs et al., 2016, 2017). These 99 

ongoing processes pose significant hazards to local populations. For example, 100 

a flash flood event in the Nyamwamba catchment in 2013, caused several 101 

fatalities and extensive damage to infrastructure (e.g., Jacobs et al., 2016). 102 

Despite clear evidence of multiple past slope instabilities in the Rwenzori 103 

Mountains, chronological constraints exist for only a single landslide deposit 104 



only (Jackson et al., 2020). Several lakes in the region provide climatic 105 

archives, documenting local temperature and precipitation changes over the 106 

past 20,000 years (e.g., Garelick et al., 2022; Mason et al., 2024, refer to Fig. 107 

1 for the location of these lakes within the Rwenzori Mountains). We 108 

hypothesized that linking these climatic records to the timing of rockfall events 109 

would provide first insights into the role of climatic variations in 110 

preconditioning rock slopes for failure. 111 

We identified seven major rockfall deposits in the Rwenzori Mountains and 112 

used terrestrial cosmogenic nuclide (TCN) dating to constrain their 113 

chronology. Our results point to rising temperatures as a key preconditioning 114 

factor in tropical mountain environments.  115 

  116 



 117 

FIGURE 1. (A) Topographic map of the Rwenzori Mountains showing the 118 

location of the dated rockfall deposits (orange dots, this study) and a landslide 119 

deposit (orange square, BUJ-1; Jackson et al., 2020). The inset map shows 120 

the location of the study area within Africa. The topography is derived from 121 

the SRTM 1 Arc-Second Global DEM (30 m resolution; U.S. Geological Survey, 122 

2000). The extent of Last Glacial maximum (LGM) glaciation is outlined in light 123 

blue, and present-day glacial remnants are shown as small light blue areas 124 

(RGI 7.0 Consortium, 2023). Active faults related to rifting are shown in black 125 

(Koehn et al., 2016). (B) Zoomed-in view of the high central Rwenzori region 126 

highlighting the location of the dated deposits and the lakes (blue diamonds) 127 

used for paleoclimatic reconstructions. (C) Same area as (B) showing dated 128 



deposit locations, slope angles, and tectonic lineaments from Koehn et al. 129 

(2016), along with an inset rose diagram of fracture orientations from the 130 

same source. 131 

 132 



 133 



FIGURE 2. Photographs of the rockfall deposits. (A-C) Mutinda Valley: MU-1, 134 

MU-2, and MU-3 deposits. (D) Margherita Valley: MA-1 deposit. (E-G) Bugata 135 

Valley: BUG-1, BUG-2 and BUG-3 deposits. (H) Bujuku Valley: BUJ-1 deposit 136 

(photograph by Ingvar Backéus). Dashed white lines outline the extent of each 137 

deposit. Selected boulders are highlighted with white contours, and dated 138 

boulders are identified where possible (note that the prefix RWZ23- does not 139 

appear on the photographs). Insets show close-ups of boulder sampling. 140 

Individuals are circled in red to provide scale for both the deposits and the 141 

boulders. 142 

 143 

 144 

2. Context 145 

2.1 Geology and geomorphology 146 

The Rwenzori Mountains, with elevations exceeding 5,000 m, are among the 147 

highest on the African continent, featuring more than 3,000 m of relief. 148 

Geologically, the Rwenzori represent an uplifted horst block within the western 149 

branch of the East African Rift system (Ring, 2008; Jess et al., 2020). The 150 

range is composed primarily of Archaean gneisses, Proterozoic schists, and 151 

Paleoproterozoic amphibolites (Koehn et al., 2016). The long-lived tectonic 152 

activity in the region has produced a dense network of fault lineaments cutting 153 

the crystalline basement. The upper part of the range is characterized by two 154 

dominant fault populations with steep planes oriented NNW–SSE and NNE–155 

SSW, which accommodated normal and strike-slip motion. Additionally, a set 156 



of gently southward-dipping, E–W striking faults is present (Koehn et al., 157 

2010, 2016). Despite the region’s tectonic activity, only small-magnitude and 158 

deep earthquakes have been recorded near the Rwenzori Mountains (e.g., 159 

Maasha, 1975; Albaric et al., 2009; Lindenfeld et al., 2012).  160 

The Rwenzori Mountains have been shaped by several glacial advances (e.g., 161 

Bauer et al., 2012). Large moraines are preserved in the eastern part of the 162 

mountains and controlled the formation of extensive swamps and bogs (e.g., 163 

Bauer et al., 2012; Jackson et al., 2020). U-shaped valleys are ubiquitous, 164 

highlighting the strong influence of past glaciations on the landscape (Bauer 165 

et al., 2012).  These high-elevation (3500-4500 m asl) valleys preserve 166 

numerous rockfall deposits, providing evidence of past slope instability (i.e., 167 

Jackson et al., 2020). Based on 10Be dating of boulders, an age of 11.0 ± 0.2 168 

ka was determined for a rockfall deposit from the Bujuku Valley (Fig. 1; 169 

Jackson et al., 2020).  At lower elevations (below ~3000 m asl) the relief is 170 

characterized by steep slopes and deep valleys incised by active river systems 171 

(e.g., Bauer et al., 2012). Below ~3500 m asl, climatic conditions favour dense 172 

mountain cloud forest vegetation, limiting the extent of bare rock exposure 173 

(e.g., Bauer et al., 2012; Roller et al., 2012). The overall denudation rates in 174 

the mountain range are low, with in situ-derived cosmogenic denudation rates 175 

ranging from 28 to 131 mm/kyr across the catchments (Roller et al., 2012). 176 

 The combination of inherited steep topography, active fluvial incision, high 177 

rainfall and seismic activity favours the occurrence of hazardous landslides, 178 



rockfalls, and frequent debris flows (e.g., Jacobs et al., 2016; Jacobs et al., 179 

2017).   180 

 181 

2.2 Climate and glaciations 182 

The African continent has experienced dramatic climatic fluctuations over the 183 

past 20 kyr. During the African Humid period (~14.8 to 5.5 ka) the northward 184 

migration of the Intertropical Convergence Zone led to enhanced moisture 185 

availability and the expansion of lakes and wetlands in northern and equatorial 186 

Africa (De Menocal et al., 2000; Shanahan et al., 2015; De Menocal, 2015; 187 

Tierney et al., 2017). The timing and rates of the termination of the African 188 

Humid period varied spatially (e.g., Shanahan et al., 2015; Claussen et al., 189 

2017). Available local climatic records from lake sediments provide high-190 

resolution reconstructions of past temperature and hydrological changes in 191 

the Rwenzori Mountains (Garelick et al., 2022; Mason et al., 2024). 192 

Temperature reconstructions from Lake Mahoma (refer to Fig. 1 for location), 193 

based on the relative abundance of branched glycerol dialkyl glycerol 194 

tetraethers (brGDGT), show warming during the last global deglaciation (~21 195 

– 7 ka), a temperature maximum in the mid-Holocene (~7 – 5 ka), and a 196 

cooling trend until the present (~5 – 0.2 ka; Garelick et al., 2022). The 197 

temperature reconstruction from Lake Mahoma aligns with the pollen record 198 

from the same site (Livingstone, 1967). Precipitation records from Holocene 199 

leaf wax hydrogen isotopic composition (δ2Hprecip) in Lake Mahoma, Lake 200 

Kopello, and Lake Africa (refer to Fig. 1 for locations) reveal intensified 201 



precipitation in the early Holocene (~11.7 – 8.2 ka), which gradually 202 

diminished through the middle to late Holocene (~8.2 ka – present) (Garelick 203 

et al., 2022; Mason et al., 2024). Today, the Rwenzori Mountains receive over 204 

2500 mm of precipitation annually at high elevations (Osmaston, 1989; 205 

Russell et al., 2009). Precipitation in the Rwenzori Mountains is predominantly 206 

influenced by easterly monsoons, resulting in higher annual precipitation on 207 

the eastern slopes compared to the western side. Mean annual temperature 208 

at 4200 m asl is approximately 2 °C, with a lapse rate of ~0.67 °C per 100 m 209 

elevation (Osmaston 1965). 210 

Moraine 10Be exposure ages allow reconstructing the deglaciation history in 211 

the Rwenzori Mountains since the Last Glacial Maximum (LGM), locally known 212 

as Lake Mahoma Stage (e.g., Livingstone, 1967; Kelly et al., 2014; Jackson 213 

et al., 2020). During the LGM, all major valleys were glaciated, with glacier 214 

termini reaching elevations as low as ~2200 m asl in some valleys. The glacial 215 

retreat began at ~20 ka (Kelly et al., 2014; Jackson et al., 2019) and 216 

accelerated at ~18.5-18 ka (Jackson et al., 2020). By ~15–14 ka, glacier 217 

termini had retreated by more than 50% from their LGM extents. After a brief 218 

period of stability around ~15 ka, glacial retreat continued at slower rates. 219 

Glaciers then experienced rapid retreat after ~11.7 ka (Jackson et al., 2020). 220 

Before the 1950s, all six Rwenzori peaks were still glaciated, with ice tongues 221 

descending from Mounts Stanley, Speke, and Baker to elevations as low as 222 

4,200 m asl (Kaser and Osmaston 2002). Currently, only small glaciers persist 223 

at high elevations in the Rwenzori Mountains (Fig. 1A; RGI 7.0 Consortium, 224 



2023). The comparison of glacial extents with regional climate proxies 225 

suggests that the deglaciation dynamics are predominantly controlled by 226 

temperature changes, with precipitation playing a secondary role on glacial 227 

fluctuations (Jackson et al., 2020; Garelick et al., 2022). Temperature 228 

reconstructions indicate that the freezing-level height rose above the summit 229 

elevations of the Rwenzori Mountains between ~7 and 5 ka, likely causing 230 

complete deglaciation during this period (Garelick et al., 2022). Garelick et al. 231 

(2022) identify this mid-Holocene warming as an analogue for the glacial and 232 

environmental changes the Rwenzori Mountains are expected to experience in 233 

the coming decades. 234 

 235 

2.3 Rockfall locations, deposit morphology and sources 236 

Rockfalls have their source areas on steep mountain walls and cliffs, with 237 

deposit accumulating at the base of the slope. Their volume is largely 238 

controlled by geological factors such as lithology, fracture and joint spacing. 239 

On steep slopes, failure typically occurs through extensional fracturing, driven 240 

by the propagation of existing joints and fractures.  241 

Based on field observations, all dated rockfall deposits (this study; Jackson et 242 

al., 2020) originate from steep (frequently exceeding 70°) to near-vertical cliff 243 

zones in the glacially shaped high elevation valleys of the Rwenzori Mountains. 244 

These steep slopes are not resolved by the 30m SRTM digital elevation models 245 

available for the region (SRTM 1 Arc-Second Global DEM; 30 m resolution; 246 

U.S. Geological Survey, 2000), as slope metrics are highly sensitive to the 247 



DEM resolution (e.g., Voigtländer et al. 2024a). Consequently, in our 248 

morphometric analysis of rockfall source and deposition areas, slope was used 249 

as a spatial filter while all the subsequent analyses rely on elevation values. 250 

The mean, minimum, and maximum elevations of source cliffs were 251 

determined by applying a 35° slope threshold to the delimited upstream area 252 

of each deposit (Fig. 3).  253 

Six rockfall deposits (MU-2, MU-3, MA-1, BUG-1, BUG-2, BUG-3; dated in this 254 

study) originated from cliffs aligned with the NNW–SSE structural trend either 255 

from northeast or southwest facing slopes, and two deposits (MU-1, BUJ-1; 256 

dated in this study and by Jackson et al., 2020 respectively) are sourced from 257 

north-facing slopes. The source areas of these rockfalls range from 3590 to 258 

4619 m asl based on DEM analysis, (Fig. 3; Table S1).  259 

In the Mutinda Valley, rockfall deposits MU-1 (Fig. 2A), MU-2 (Fig. 2B), and 260 

MU-3 (Fig. 2C) are located at elevations of ~3650–3700 m, ~3590–3650 m, 261 

and ~3650–3750 m asl, respectively. MU-1 likely originated from a steep 262 

north-facing slope between 3729 and 3930 m asl, MU-2 from a south-facing 263 

slope between 3621 and 3740 m asl, and MU-3 from a southwest-facing slope 264 

between 3681 and 3936 m asl (Table S1). These three deposits are vegetated 265 

and moss partially covers the boulder surfaces. The MU-1 deposit is 266 

characterized by a ridge along its southeastern margin and a relatively flat 267 

lobe, composed of boulders ranging from approximately 2 to 5 m in diameter 268 

(Fig. 2A). MU-2 forms a large, cone-shaped rockfall deposit of boulders 269 

measuring roughly 1 to 3 m in diameter (Fig. 2B). In contrast, MU-3 is 270 



composed of notably larger blocks, with several boulders exceeding 15 m in 271 

diameter (Fig. 2C). 272 

In the Margherita Valley, we identified and sampled one major rockfall deposit, 273 

MA-1 at ~4100-4200 m asl which consists of boulders mostly ranging from 274 

~1 to 5 m in diameter (Fig. 2D). It originated from a west-facing slope 275 

between 4188 and 4619 m asl (Fig. 3B). The deposit is vegetated. Moss and 276 

lichens partially cover the boulder surfaces.  277 

We sampled three rockfalls in the Bugata Valley south of Weismann Peak. 278 

Deposit BUG-1 at ~4350-4400 m asl, closest (~500m) to the peak has a 279 

source area on southwest-facing slope between 4333 and 4459 m asl (Fig. 280 

3C). Boulders range from ~3 to 15 m in diameter (Fig. 2E). Vegetation is 281 

sparse within the rockfall deposit, the boulders are partially covered with moss 282 

and lichens. At ~4150-4250 m asl and about 500m downstream, BUG-2 283 

rockfall is deposited, and similarly sourced from a southwest-facing slope 284 

between 4206 and 4324 m asl (Fig. 3C). Boulders range from ~2 to 6 m in 285 

diameter (Fig. 2F). The deposit is more vegetated than BUG-1. The third 286 

rockfall deposit (BUG-3; ~4100-4200 m asl) lies 1.5 km south of BUG-2. It 287 

originated from an east-facing slope between 4205 and 4294 m asl (Fig. 3D). 288 

Boulders range from ~2 m to 10 m in diameter (Fig. 2G). The deposit is fully 289 

vegetated.  290 

Situated ~2 km northeast of MA-1 rockfall deposit, BUJ-1 deposit (Fig. 2H) is 291 

located in the Bujuku Valley at ~3910-3920 m asl, it was previously described 292 

by Jackson et al. (2020) as a rockfall. The deposit partially dammed the valley 293 



and controlled the formation of Lake Bujuku. Based on aerial photograph 294 

analysis, Livingstone et al. (1967) proposed the BUJ-1 rockfall originated from 295 

the slopes of Mt. Baker. The north-facing source area would have been 296 

between ~3974 and 4651 m asl (Fig. 3E).  297 

 298 



 299 



FIGURE 3. Maps showing the approximate extent of the rockfall deposits and 300 

their potential source areas. Slope angles exceeding 35° are represented 301 

using a colour gradient. Contour lines (white) are calculated from the DEM. 302 

Individual boulder exposure ages are indicated on each panel. (A) Mutinda 303 

Valley: MU-1, MU-2, and MU-3 deposits. (B) Margherita Valley: MA-1 deposit. 304 

(C) Bugata Valley: BUG-1 and BUG-2 deposits. (D) Bugata Valley: BUG-3 305 

deposit. (E) Bujuku Valley: BUJ-1 deposit (Jackson et al., 2020). 306 

 307 

 308 

3. Methodology 309 

Terrestrial cosmogenic nuclide (TCN) surface exposure dating is based on the 310 

accumulation of cosmogenic isotopes (such as in-situ produced 10Be) in 311 

minerals exposed to cosmic rays at or near Earth’s surface (e.g., Gosse and 312 

Phillips, 2001; Bierman et al., 2002). This technique allows determining the 313 

time elapsed since a rock surface was first exposed, making it particularly 314 

effective for dating deposits resulting from gravitational mass movements 315 

such as rockfalls and landslides. In such contexts, measuring concentrations 316 

of in-situ produced 10Be in quartz from rock surfaces enables the 317 

reconstruction of depositional ages following detachment and transport. This 318 

method assumes that the sampled surface was not previously exposed; to 319 

mitigate the potential influence of inherited nuclides (e.g., Hilger et al., 2019), 320 

multiple boulders from the same deposit are typically analysed (e.g., Zerathe 321 

et al., 2022). Cosmogenic dating has been successfully applied in diverse 322 



geomorphic settings to constrain the timing of slope failures (e.g., Cossart et 323 

al., 2008; Ivy-Ochs et al., 2009; Margirier et al., 2015; Zerathe et al., 2022). 324 

 325 

3.1 Sampling strategy 326 

A total of 3–5 samples were collected from each of seven distinct rockfall 327 

deposits from the eastern flank of the Rwenzori Mountains for TCN dating. We 328 

selected large boulders (>2 m) that showed minimal vegetation coverage 329 

(limited to moss and some lichens) and no indication of post depositional 330 

movement or alteration. No evidence of surface exfoliation or flaking of thin 331 

rock layers was observed in the field. All boulders within the rockfall deposits 332 

consist of gneiss, except for the Margherita Valley deposit (MA-1), which 333 

consists of amphibolite. We sampled the uppermost part (< 3 cm) of each 334 

selected boulder using a hammer and chisel. For the MA-1 deposit, two 335 

samples were specifically collected from quartz veins at the top of the boulders 336 

to ensure sufficient quartz content for the analysis. We recorded sample 337 

locations using a handheld GPS and measured the topographic shielding using 338 

a clinometer and compass. All boulders sampled from the rockfall deposits are 339 

located between 2622 and 4373 m asl. 340 

 341 

3.2 10Be surface exposure dating 342 

Sample preparation was conducted at the Institute of Earth Surface Dynamics 343 

(IDYST) at the University of Lausanne and at the Helmholtz-Zentrum Dresden-344 

Rossendorf (HZDR). As most of the samples contained enough quartz, we 345 



extracted in situ produced beryllium-10 (10Be) using the chemical procedures 346 

developed by Brown et al. (1991) and Merchel and Herpers (1999). The AMS 347 

10Be measurements were performed at the DREAMS facility of the Ion Beam 348 

Centre at the HZDR (Lachner et al., 2023) and data were normalized to the 349 

reference material SMD-Be-12 with a nominal ratio of (1.704 ± 0.030) × 10-12 350 

(Akhmadaliev et al., 2013). Analytical uncertainties include uncertainties 351 

associated with AMS counting statistics, AMS external error (1 %), standard 352 

reproducibility and chemical blank measurements (10Be/9Be blank ranging 353 

from 3.14 ± 1.29 ´ 10-16 to 6.97 ± 1.94 ´ 10-16). External uncertainties include 354 

uncertainty in the production rate and uncertainty in the 10Be decay constant. 355 

Exposure ages were calculated using the online calculator, version 3 (Balco et 356 

al., 2008) with the global production rates from Borchers et al. (2016) and 357 

the LSDn time-dependent scaling method (Lifton et al., 2014). In addition, we 358 

recalculated the 10Be exposure ages reported by Jackson et al. (2020) using 359 

the same parameters to ensure consistency across datasets. The exposure 360 

ages were calculated under the assumption of zero surface erosion, which is 361 

justified given the young (postglacial) age of the deposits. At such timescales, 362 

and given the slow denudation rates (Roller et al., 2012), long-term average 363 

erosion would have a negligible impact on the ages.  364 

 365 

 366 

4. Results 367 

4.1 Rockfall 10Be exposure ages 368 



The 10Be concentrations measured in all rockfall samples range from 1.93 ± 369 

0.09 ´ 104 to 3.09 ± 0.07 × 10⁵ atoms per gram of quartz (at g-1 qtz) (Table 370 

1). Corresponding individual boulder 10Be exposure ages range from 13.6 ± 371 

0.9 to 1.0 ± 0.1 ka. When individual 10Be exposure ages of boulders in a 372 

deposit are consistent within uncertainties, the mean age of the deposit is 373 

calculated as the average of the boulder ages. The reported uncertainty on 374 

the mean age of the deposit corresponds to the standard deviation of the 375 

individual boulder ages. 376 

Rockfall deposits in the Mutinda Valley yield exposure ages ranging from 13.6 377 

± 0.9 to 1.0 ± 0.1 ka (Fig. 3A; Fig. 4; Table 1).  The MU-1 deposit yields 378 

exposure ages ranging from 13.6 ± 0.9 to 1.7 ± 0.1 ka (Fig. 3A; Fig. 4; Table 379 

1). Two samples from the ridge of MU-1 give exposure ages of 1.7 ± 0.1 ka 380 

and 13.6 ± 0.9 ka, while boulders from the lobe yield consistent exposure ages 381 

of 1.8 ± 0.1 ka, 1.8 ± 0.2 ka, and 1.9 ± 0.2 ka. Excluding the older exposure 382 

age from the ridge (13.6 ± 0.9 ka; RWZ23-C01), the ages are consistent within 383 

uncertainties, the mean age of the deposit is thus 1.8 ± 0.1 ka. The MU-2 384 

deposit shows greater age dispersion. The lowest boulder (RWZ23-C08; 385 

3593 m asl) gives an exposure age of 4.9 ± 0.3 ka, while the two higher 386 

boulders (RWZ23-C06 and RWZ23-C07; 3622–3625 m asl) yield younger 387 

exposure ages of 1.0 ± 0.1 ka and 2.4 ± 0.2 ka (Fig. 3A; Fig. 4). The MU-3 388 

deposit yields consistent exposure ages of 5.9 ± 0.4 ka, 6.0 ± 0.4 ka and 6.5 389 

± 0.4 ka (Fig. 3A; Fig. 4), resulting in a mean age of 6.1 ± 0.3 ka. 390 



In the Margherita Valley, the MA-1 deposit was dated using two boulders, both 391 

yielding ages of 1.9 ± 0.1 ka (Fig. 3B; Fig. 4). A third sample did not contain 392 

sufficient quartz for analysis. 393 

Rockfall deposits in the Bugata Valley yield exposure ages ranging from 5.6 ± 394 

0.4 to 10.2 ± 0.7 ka. The BUG-1 deposit was dated using two boulders, yielding 395 

exposure ages of 5.6 ± 0.4 ka and 8.9 ± 0.6 ka (Figs. 3C, 4). Quartz content 396 

in a third sample was too low for analysis. The BUG-2 deposit shows consistent 397 

exposure ages of 9.7 ± 0.6 ka, 9.8 ± 0.6 ka, and 10.1 ± 0.7 ka, with a mean 398 

age of 9.9 ± 0.2 ka (Figs. 3C, 4). For the BUG-3 deposit, three boulders yield 399 

exposure ages of 6.2 ± 0.4 ka, 10.1 ± 0.6 ka, and 10.2 ± 0.7 ka, with the latter 400 

two consistent within uncertainties (Fig. 3C; Fig. 4). 401 

The 10Be exposure ages of individual boulders from rockfall deposits in the 402 

Rwenzori mountains cluster into three distinct periods: ~11–9 ka, 7–5 ka, and 403 

~2 ka (Fig. 4). 404 

405 



 406 

FIGURE 4. Surface exposure ages of rockfall deposits from the Rwenzori 407 

Mountains. Kernel probability-density estimation (KDE) plots of exposure ages 408 

for individual rockfall deposits: three from Mutinda Valley (MU-1, MU-2, MU-409 

3), one from Margherita Valley (MA-1), three from Bugata Valley (BUG-1, 410 

BUG-2, BUG-3), one from Bujuku Valley (BUJ-1; Jackson et al., 2020). (I) 411 

Combined probability density plot for all deposits. Thin black lines correspond 412 

to individual exposure ages. Red circles and diamonds represent individual 413 

exposures ages of rockfalls from this study and from Jackson et al. (2020) 414 

respectively. White markers indicate exposure ages interpreted as outliers, 415 



specifically RWZ23-C01 (MU-1) and RZ-16-35 (BUJ-1) dated at 13.6 ± 0.9 and 416 

11.7 ± 0.7 ka respectively (see text for details). Thick black curves and filled 417 

area correspond to the summed probability density functions excluding these 418 

outliers, dashed black curves correspond to the summed probability density 419 

including all the ages. 420 

 421 

 422 

4.2 Recalculated rockfall ages 423 

Jackson et al. (2020) dated three boulders from a rockfall deposit (BUJ-1) in 424 

the Bujuku Valley. The recalculated ages for the three boulders are of 10.8 ± 425 

0.7 ka, 10.8 ± 0.7 ka and 11.7 ± 0.7 ka, with the three ages consistent within 426 

uncertainties. Our re-calculated ages are slightly younger than the published 427 

ages (10.9 ± 0.7 ka, 10.9 ± 0.7 ka and 11.9 ± 0.7 ka), because we take into 428 

account magnetic field strength variation. Jackson et al. (2020) excluded the 429 

older age (recalculated at 11.7 ± 0.7 ka) based on the local 10Be moraine 430 

chronology and evidence that the rockfall occurred after the glacier retreated 431 

from the Bujuku Valley. Following this reasoning, we excluded the older age 432 

and obtain a rockfall deposit age of 10.8 ± 0.1 ka. This age aligns with the 433 

older age cluster (~11–9 ka) defined by the seven rockfall deposits dated in 434 

this study (Fig. 3). 435 

 436 

 437 

5. Discussion 438 



5.1 Chronology of rockfall activity 439 

Individual 10Be exposure ages from boulders consistently cluster at ~11–9 ka, 440 

7–5 ka, and ~2 ka (Fig. 4), suggesting discrete phases of enhanced rockfall 441 

activity. Within four deposits (MU-3, MA-1, BUG-2, BUJ-1), the exposure ages 442 

are consistent within their uncertainties, indicating that the boulders were 443 

likely destabilized and exposed during single, short-lived events. In contrast, 444 

the greater age dispersion observed in deposits MU-1, MU-2, BUG-1, and BUG-445 

3 suggests that these exposure ages reflect multiple rockfall events, post 446 

depositional remobilisation of the boulders, or inheritance from pre-exposed 447 

surfaces. While most exposure ages from these deposits fall within the main 448 

age clusters, two outliers stand out: one at 13.6 ± 0.9 ka (MU-1) and another 449 

at 1.0 ± 0.1 ka (MU-2). The 13.6 ± 0.9 ka age from MU-1 is inconsistent with 450 

other ages from both the ridge and lobe of MU-1. Based on the morphology of 451 

the deposit and the consistency of the remaining ages, we attribute this age 452 

to inherited cosmogenic nuclides concentration acquired prior to deposition. 453 

We therefore exclude it from further chronological interpretation. MU-2 454 

corresponds to a large cone-shape rockfall deposit where three dated boulders 455 

yield distinct ages (4.9 ± 0.3, 2.4 ± 0.2 and 1.0 ± 0.1 ka). The cone-shaped 456 

morphology of this deposit in conjunction with the boulder age distribution 457 

with the youngest age at the bottom and the oldest at the top suggests that 458 

this deposit does, in fact, not represent a discrete rockfall event but results 459 

from prolonged, intermittent rockfall activity. Post-depositional 460 

remobilization, however, cannot be fully excluded. The age dispersion in 461 



deposits BUG-1 and BUG-3 likely reflects multiple destabilization events. The 462 

older ages may record the combined history of two rockfall episodes: initial 463 

exposure on the scarp following an early event, and subsequent exposure on 464 

the deposit after a second event, which is recorded by the younger ages. 465 

 466 

5.2 Comparison of the rockfall chronology with climate records 467 

The first phase of rockfall activity (~11–9 ka) coincides with a period of 468 

increasing temperatures, as inferred from the local lake sediment record (Fig. 469 

5; Garelick et al., 2022). Comparison of the 10Be exposure ages of rockfall 470 

deposits with moraine chronologies that constrain the timing of deglaciation 471 

(Fig. 5) indicates that this initial phase of slope failure occurred shortly after 472 

a major glacial retreat at high elevations (~4000 m), as documented by 473 

Jackson et al. (2020). Subsequent rockfall activity phases, dated to 7–5 ka 474 

and ~2 ka, correspond to the mid-Holocene thermal maximum and a short-475 

lived late Holocene warming anomaly, respectively, according to the 476 

paleotemperature reconstruction of Garelick et al. (2022). This suggests a 477 

strong temperature control of rockfall conditioning.  478 

Although the Rwenzori Mountains experienced persistently high precipitation 479 

levels throughout the Holocene, hydroclimatic conditions have varied over 480 

time. Hydrogen isotope records from terrestrial leaf waxes preserved in 481 

sediment cores from three local lakes (locations in Fig. 1B) show a consistent 482 

temporal variation between dryer and wetter phases (Mason et al., 2024). 483 

Relatively dry conditions prevailed around 11 ka, followed by a transition to 484 



wetter conditions between 10 and 6 ka, and a return to drier conditions 485 

beginning around 5 ka (Fig. 5, different colours distinguish individual lake 486 

records; Mason et al., 2024). The earliest rockfall phase (~11-9 ka) coincides 487 

with a wetter phase relative to the late Holocene and a period of rising 488 

temperatures. The two later phases (7–5 ka and ~2 ka) occurred under 489 

increasingly drier conditions, but during generally warmer temperatures. 490 

Precipitation variability does not relate directly to the timing of rockfall events 491 

in the Rwenzori Mountains. This contrasts with observations from other 492 

mountain regions, such as the European Alps or the Andes, where slope 493 

instabilities, like rockfalls and landslides, are often associated with wetter 494 

climatic phases (e.g., Trauth et al., 2003; Zerathe et al., 2014; Margirier et 495 

al., 2015). The persistent humidity of the Rwenzori region may reduce the 496 

sensitivity of slope stability to precipitation variability, thereby enhancing the 497 

relative influence of temperature-related conditioning mechanisms. 498 

 499 



 500 

FIGURE 5. Surface exposure ages of rockfall deposits and Holocene climatic 501 

records from the Rwenzori Mountains. (A) Kernel probability-density 502 

estimation (KDE) plot of surface exposure ages. Red circles and diamonds 503 

represent individual ages from this study and Jackson et al. (2020) 504 

respectively; white markers denote ages interpreted as outliers. Thin black 505 

lines represent KDE for individual ages, while the thick black curve and shaded 506 

area represent the summed KDE excluding outliers. (B) Mean annual air 507 

temperature (MAAT) reconstructions from Lake Mahoma, derived from the 508 

relative abundance of branched glycerol dialkyl glycerol tetraethers (brGDGT) 509 



(Garelick et al., 2022). Temperatures and associated uncertainties were 510 

recalculated using the Zhao et al. (2023) calibration by James Russell (pers. 511 

comm.). The solid line represents the temperature record, with the shaded 512 

yellow area indicating the corresponding 2-sigma uncertainty. The dashed line 513 

shows the running mean of the temperature data. Vertical grey bands 514 

highlight warm climatic phases (Garelick et al., 2022). The temperature 515 

reconstruction is shown in conjunction with moraine chronologies that 516 

constrain the timing of deglaciation (Jackson et al., 2020). Moraines from the 517 

Bujuku Valley are shown in blue, those from Mubuku in red, and those from 518 

Nyamugasani in yellow. (C) Hydrogen isotope records from terrestrial leaf 519 

waxes preserved in sediment cores from three local lakes: Kopello (4017 m 520 

asl, dark brown), Africa (3895 m asl, orange), and Mahoma (2990 m asl, 521 

yellow) (Mason et al., 2024). (D) Panel adapted from Garelick et al. (2022). 522 

Pollen reconstructions from Lake Mahoma (Livingstone, 1967). Pollen 523 

frequency measures how many grains of each pollen type are present in a 524 

given sediment volume. The three pollen types correspond to plants growing 525 

today at distinct Rwenzori elevations: high (Dendrosenecio), mid (Ericaceae), 526 

and low (Celtis). 527 

 528 

  529 



5.3 Structural and tectonic controls on the rockfalls  530 

Steep glacial valley flanks and geologic structures, like foliation, veins, and 531 

pervasive pre-existing fractures showcase structural controls on rockfall in the 532 

Rwenzori Mountains.  533 

Six out of seven rockfall deposits, dated in this study as well as BUJ-1 534 

originated from cliffs whose orientations align with the dominant fracture sets 535 

(Figs. 1C, 6A). Notably, valley orientations are generally parallel to these 536 

fracture sets (Koehn et al., 2010, 2016), suggesting a strong structural control 537 

on both landscape morphology and rockfall source areas. The pervasive pre-538 

existing fracturing in the basement rocks provides pathways for weathering 539 

and fracture propagation, thereby promoting mechanical destabilization.  540 

We find no relationship between deposit age and the aspect of the source 541 

areas (Fig. 6A). A weak correlation is observed between the elevation of 542 

rockfall source areas and the exposure ages of their deposits, with older ages 543 

(>8 ka) generally originating from higher elevations (between 3900 and 4620 544 

m asl), whereas younger ages are predominantly associated with lower-545 

elevation sources (below 3900 m asl) (Fig. 6B).  546 

While topography and inherited tectonic structures control the spatial pattern 547 

of rockfall activity in the Rwenzori Mountains, they do not explain the 548 

conditioning of the slopes and timing of the observed activity.  549 

 550 



 551 



FIGURE 6. (A) Exposure ages plotted as a function of the slope aspect of the 552 

rockfall source areas (slope >35°). Angular and radial error bars represent 553 

aspect and age uncertainties, respectively. (B) Exposure ages of individual 554 

boulders plotted against the elevation of their source cliffs. Different colours 555 

and shapes distinguish individual rockfall deposits, and outliers are shown with 556 

white-filled symbols. Vertical error bars indicate the elevation range of each 557 

source area (slope >35°). Red shaded bands highlight the three age clusters 558 

identified in Figure 4. (C) Exposure ages of individual boulders plotted against 559 

the volume of the boulders. The uncertainty in volume is estimated as 30% of 560 

the measured value. Circles and diamonds represent the mean dated boulder 561 

volume for each rockfall deposit, while stars indicate individual dated boulder 562 

volume. 563 

 564 

 565 

5.4 Climatic controls on rockfall preconditioning 566 

Steeply dipping joints and faults in the Rwenzori Mountains (e.g., Koehn et 567 

al., 2010, 2016) predefined weaknesses in the rock slopes. Once fractures are 568 

persistent, rock bridges broken, and friction decreased, rockfalls can happen 569 

any time. The progressive rock degradation leading to this can be 570 

mechanically, chemically, and biologically enhanced. The mechanisms that 571 

promote the progression are sensitive to environmental conditions, including 572 

temperature, moisture, and biological activity, which varied throughout the 573 

Holocene (Fig. 5). In Figure 7, we present a first conceptual model of the 574 



temporal evolution of potential conditioning controls on rockfall activity in 575 

relation with temperature. 576 

The first phase of rockfall activity (~11–9 ka) occurred during a prolonged 577 

period of rising temperatures (Fig. 5). It postdates shortly the local glacier 578 

retreat, as inferred from dated moraines at relevant elevations (Jackson et 579 

al., 2019, 2020). This early Holocene phase of rockfall activity was restricted 580 

to high elevations (Fig. 6B), and likely corresponds to the widely discussed 581 

postglacial, permafrost or paraglacial geomorphic slope adjustments (e.g., 582 

Ballantyne, 2002; Cossart et al., 2008; McColl, 2012; McColl and Davies, 583 

2013; Dixon et al., 2024; Krautblatter et al., 2013). Permafrost conditions 584 

likely persisted in the high-elevation rockfall source areas following glacial 585 

retreat. Available meltwater or precipitation could have infiltrated existing 586 

fractures, enabling freeze–thaw processes to progressively destabilize the 587 

rock slope. Water-filled cracks expand and contract due to volumetric 588 

expansion during the phase transition from water to ice, which mechanically 589 

propagates fractures (Krautblatter et al., 2013). In addition, the presence of 590 

water reduces the rock strength and promotes localized failure (Voigtländer 591 

et al., 2018, 2020). These predominantly mechanical controls and physical 592 

weathering likely preconditioned early Holocene slope destabilisation (Fig. 7), 593 

similar to present-day conditions in the European Alps, Himalaya and Arctic 594 

(e.g., Regmi and Watanabe, 2009; Grämiger et al., 2017; Hilger et al., 2018; 595 

Hartmeyer et al., 2020).  596 



The second phase of rockfall activity (7–5 ka) coincides with the mid-Holocene 597 

climatic optimum during which temperatures were ∼3 °C higher than in the 598 

late Holocene (Fig. 5C; Garelick et al., 2022). Such elevated temperatures 599 

would have raised the freezing level above 5000 m (Garelick et al., 2022), 600 

making freeze–thaw processes an unlikely control in this and the subsequent 601 

rockfall phase (~2 ka). The second phase followed local deglaciation and an 602 

initial phase of rockfall activity that was mechanically preconditioned, e.g., by 603 

freeze–thaw processes. Glacial erosion and mechanical weathering provided 604 

fresh mineral surfaces with high chemical reactivity, making chemical 605 

enhancement of fracture growth a likely mechanism for progressive 606 

destabilization. The mid-Holocene warming was also accompanied by an 607 

upward shift in vegetation zones (Fig. 5; Livingstone, 1967), evidenced by an 608 

increase in Celtis pollen, characteristic of present-day low elevations, 609 

alongside a decline in Ericaceous pollen, typical of mid-elevation vegetation 610 

(Fig. 5D). This vegetation shift likely introduced biologically mediated 611 

processes contributing to slope destabilization. Elevated temperatures and 612 

enhanced biological activity in the Rwenzori Mountains during the mid 613 

Holocene likely promoted intensified chemical weathering. Progressive 614 

fracturing, or subcritical crack growth, has been shown to progress faster 615 

when chemically enhanced (e.g., Eppes & Keanini, 2017; Gerber & 616 

Scheidegger, 1969). Chemical and bio-chemical mechanisms include 617 

enhanced dissolution at the facture tips (stress corrosion), as well as wedging 618 

due to crystallization pressure and volumetric strain of precipitates in the 619 



fracture (Figure 7). In silicate rocks, elevated temperature increases chemical 620 

reaction kinetics, promoting the formation of secondary, soil-forming, 621 

minerals such as clays (e.g., White and Blum, 1995; Deng et al., 2022), which 622 

in turn promotes biological activity. Although rates of chemically enhanced 623 

crack growth in natural settings remain poorly constrained, laboratory and 624 

modeling studies have suggested propagation rates on the order of several 625 

millimeters per year, with a strong temperature dependence (e.g., Atkinson, 626 

1984; Eppes & Keanini, 2017). Field based quantification of rates of chemically 627 

or biologically enhanced rock fracturing, and thus chemo-mechanical coupled 628 

processes remains a key challenge in current research.  629 

The third phase of rockfall activity (~2 ka) occurred during slightly dryer 630 

climate, following a prolonged period of likely extended chemical weathering, 631 

including mineral leaching, dissolution and precipitation of secondary minerals 632 

which left the preexisting fractures likely near-equilibrium chemical 633 

conditions. We therefore propose a stronger control of biologically mediated 634 

chemo-mechanical mechanisms during the third phase of rockfall activity (Fig. 635 

7). In this context, diffusion-controlled leaching of minerals may continue 636 

within preexisting fractures, increasing in porosity and reducing mechanical 637 

strength. In addition, dryer conditions favour the precipitation and 638 

crystallisation of secondary minerals in fractures (e.g., Walter et al., 2018; 639 

Hayes et al., 2019). This mineral precipitation can lead to volumetric 640 

expansion and fracture propagation. Over time, these processes weaken rock 641 

bridges, open secondary fractures, and promote wedging apart of blocks, 642 



ultimately contributing to rockfall susceptibility. The prolonged action of 643 

biologically mediated chemo-mechanical mechanisms on fractures likely 644 

explains the smaller boulder sizes observed in the third rockfall activity phase 645 

(Fig. 6C). Extended time for (bio)chemical reactions, probably allowed to form 646 

soil-like material in the fractures in which vegetation can grow. While soils are 647 

usually assumed to limit weathering (e.g., Hartmann et al., 2014), vegetation 648 

rooted in fractures can enhance local water retention, intensify chemical 649 

reactions, and exert mechanical strain, thus sustaining localized zones of rock 650 

weakening.  Additional biologically mediated effects, such as those driven by 651 

microorganisms, may contribute to weathering and fracture propagation but 652 

their role remains a current research frontier (e.g., Wild et al., 2022; 653 

Voigtländer et al., 2024). 654 

Overall, the preconditioning of slopes for destabilisation appears to be strongly 655 

influenced by Holocene climate, with temperature acting as the dominant 656 

factor. 657 

  658 



 659 

 660 

FIGURE 7. Conceptual sketch of temperature-controlled mechanisms 661 

enhancing progressive rock failure. Temperature and its temporal evolution 662 

enable mechanical, chemical or bio-chemical enhancement of fracture 663 

progression.  664 

 665 

 666 

6. Conclusions 667 

With current warming trends, temperatures in tropical high-mountain regions 668 

are projected to reach mid-Holocene levels within the coming decades. In the 669 

Rwenzori Mountains, contemporary warming has already led to glacier 670 

shrinkage and temperature conditions comparable to those of the early 671 

Holocene. This positions the Rwenzori as a valuable natural analogue for 672 

understanding how temperature-driven slope destabilization may evolve 673 



under ongoing and future climate change, both in tropical settings and in 674 

presently colder mountain environments.  675 

The combination of steep valley flanks and pervasive pre-existing fracturing 676 

in the basement rocks makes the Rwenzori Mountains particularly prone to 677 

rockfalls. The 10Be exposure ages of eight rockfall deposits cluster into three 678 

distinct periods: 11–9 ka, 7–5 ka, and ~2 ka. The alignment between these 679 

ages and regional temperature records suggests that major rockfall events 680 

occurred episodically in response to Holocene climatic fluctuations. We 681 

suggest that conditioning of slopes toward failure is strongly influenced by 682 

climate, especially temperature, that controls mechanical, chemical, and 683 

biological enhancement of progressive rock degradation. 684 

These findings highlight the coupled influence of inherited tectonic structures 685 

and climate-driven processes in controlling slope instability in tropical 686 

mountain landscapes. Based on our results, we suggest that rising 687 

temperatures will likely enhance chemical and biological weathering, 688 

increasing the risk of future slope failures under ongoing climate change. 689 
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