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[1] High relief and steep topography are thought to result in high erosion rates. In the
Rwenzori Mountains of the Albert Rift, East Africa, where more than 3 km of relief have
formed during uplift of the Rwenzori fault block, overall low denudation rates prevail.
We measured in situ-derived cosmogenic denudation rates of 28.2 to 131 mm/kyr in
mountainous catchments, and rates of 7.8 to 17.7 mm/kyr on the adjacent low-relief East
African Plateau. These rates are roughly an order of magnitude lower than in other settings
of similar relief. We present an extensive geomorphological analysis, and find that
denudation rates are positively correlated with relief, hillslope gradient, and channel
steepness, indicating that river incision controls erosional processes. In most upper
headwater reaches above Quaternary ELA levels (>4500 m a.s.l.), glacial imprinting,
inherited from several older and recent minor glaciation stages, prevails. In regions below
4500 m a.s.l., however, mild climatic conditions impede frost shattering, favor dense
vegetation, and minimize bare rock areas and associated mass wasting. We conclude that
erosion of the Rwenzori Mountains is significantly slower than corresponding rates in other
mountains of high relief, due to a combination of factors: extremely dense mountain
cloud forest vegetation, high rock strength of gneiss and amphibolite lithologies, and low
internal fracturing due to the extensional tectonic setting. This specific combination, unique

to this extensional tropical setting, leads to unexpected low erosion rates that cannot
outpace post-Pliocene ongoing rock uplift of the Rwenzori fault block.
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1. Introduction

[2] Important advances in deciphering the coupling of
climate, tectonics, and erosion in mountain building have
been achieved recently using in situ-produced cosmogenic
nuclides to derive basin-wide, millennial-scale denudation
rates [Matmon et al., 2003; Wobus et al., 2005; Wittmann
et al., 2007; Ouimet et al., 2009]. Work in recent decades
has provided rates across the globe and across a range of
tectonic, climatic, and geomorphic settings [see Portenga and
Bierman, 2011]. However, for low-latitude settings with their
tropical humid conditions, very few studies using terrestrial
cosmogenic nuclides (TCN) are available [e.g., Hewawasam
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et al., 2003; Vanacker et al., 2007]. Such settings represent
an important end-member climate for considering the role of
vegetation in controlling the physical and chemical processes
of denudation. Moreover, existing erosion data from cos-
mogenic nuclides in extensional settings are limited to high-
latitude settings [e.g., Granger et al., 1996; Riebe et al., 2000],
where the function of a tropical climate with extensive vege-
tation and soil cover in regulating erosion cannot be studied.
Thus, our understanding of the tectonic and climatic controls
on erosion is incomplete and the data presented here are a
significant contribution to the currently existing global TCN-
derived denudation rate database [Portenga and Bierman,
2011].

[3] The specific setting of the Rwenzori Mountains
(Uganda), comprising a rapidly uplifting fault block in the
southern Albert rift segment (see Figure 1) presents inter-
esting boundary conditions that allow us to study the inter-
actions of climate and tectonics: a so-called “mountain cloud
forest” climate, featuring high precipitation with lack of sea-
sonality, dense vegetation, and soil cover up to the highest
peaks (see Figure 2). Unusually, these climatic characteristics
are combined with steep relief, a rugged, glacially sculpted
topography and high absolute altitudes, but overall minor
rock deformation of Precambrian metamorphic basement
rocks in an extensional tectonic regime. The aim of this
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Figure 1. Overview of the Rwenzori Mountains and adjacent Albert Rift in their equatorial position in
the northern part of the Western Rift branch (small overview map). Large map derived from ASTER
30 m DEM, with sampled basins marked in black and river drainage pattern in gray. The outline of quartz-
free amphibolitic lithology is marked on the SE mountain flank (white dashed line). The sampled basins
are divided into 4 groups: squares = rift shoulder platform, triangles = northern range of Rwenzori block,
circles = southern Rwenzori block, rhombohedra = rift shoulder. Given numbers indicate basin number,
with numbers in brackets indicating the denudation rate in mm/kyr. Denudation rates of basins 373, 388,

and 491 may be overestimates due to glaciations effects (see Section 5.2.1).

study is to examine the couplings of these factors within the
frame of the large interdisciplinary RIFTLINK project
(wwwriftlink.de). The RIFTLINK project focuses on col-
lecting basic data in the fields of geology, geophysics,
geochemistry, palaeontology, etc., specifically for the low-
latitude setting of the Rwenzori Mountains located in the
Ugandan part of the East African Rift System. In the con-
text of this project, we present a new data set of in situ
19Be-derived basin-wide denudation rates (Table 1) that
decipher the Holocene erosional evolution of this mountain

belt and reflect a combination of controlling factors unique
to tropical extensional settings.

2. Geological Background and Study Area

2.1.

[4] Since the Miocene, the western branch of the East
African Rift System (EARS) (see small insert map in Figure 1)
has evolved to its recent structure - a slightly convex align-
ment of mature rift graben segments [Chorowicz, 2005;

Overall and Tectonic Setting
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Figure 2. Representative photographs of the typical Rwenzori Mountain landscape of the investigated
eastern flank. (a) View toward SW from Albert rift graben to the northern Rwenzori Mountain range,
maximum elevation of the ridge is ~2500 m a.s.l., (b) view from 3780 m a.s.l. altitude along the main
valley of Mubuku catchment (373) toward N into narrow U-shaped tributary valley of Mubuku river
(peaks at ~4500 m a.s.l.), (c) view down the main valley of catchment 373 toward W into broad lower
Mubuku valley (2650 m a.s.l); moraine covered hillslopes are densely vegetated by montane forest,
(d) view of the rugged bare rock peak region of the Rwenzori Mountains (max. 5109 m a.s.l.) which is
covered by (e) today’s glacier view from upper Mubuku catchment toward southeast into a glacier-
cut valley which leads to moraine-dammed lakes. Moraines are from Omirubaho stage (11.6 kyr) [Kaser
and Osmaston, 2002]; in the foreground: moraine material covered by afroalpine belt-type vegetation.

Ebinger, 1989; Bauer et al., 2010]. In its northernmost part,
the Western Rift shows two roughly N-S oriented lake-filled
rift segments, the Edward and Albert Rifts, which are
propagating toward each other [Koehn et al., 2007]. The
Rwenzori block is located in the intersection of the two rift
segments (Figure 1) [Koehn et al., 2007] and is bounded
by a series of high offset normal faults [Ebinger, 1989;

Chorowicz, 2005]. Over its length of ca. 20 km, the northern
range of the fault block is currently detaching from the east-
ern graben shoulder, whereas in the south it is already fully
detached [Koehn et al., 2007].

[5] The narrow and eclongated northern range of the
Rwenzori Mountains reaches altitudes between 2000 and
3500 m above sea level (m a.s.l.). The southern part of the
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fault block reaches altitudes of up to 5109 m a.s.l., with a
mean relief calculated for all southern catchments of
~2800 m (we define relief here as the maximum altitude
minus the minimum altitude of the basin). The graben
shoulders as well as the adjacent cratonic platform reach
comparably low elevations between 1500 and 2500 m a.s.l.,
and the flat graben floor is situated at altitudes between
600 to 1400 m a.s.l. (see Figure 1).

[6] The tectonic stress regime of the study area is exten-
sional, but with local slight strike-slip components occur-
ring. Strain is concentrated along narrow rift zones with
relative motion of ~2 mm/yr to the East for the Victoria
plate, i.e., the micro-plate between the eastern and western
rift branches [Calais et al., 2006; Stamps et al., 2008]. Apart
from minor volcanic activity, recent tectonic activity is wit-
nessed by a large number of seismic events recorded during
the last 5 years by a seismic monitoring network positioned
around the Rwenzori block [Lindenfeld et al., 2010]. Up to
800 events per month of magnitudes 1 to 4 occur at depths
up to 25 km, mainly in intraplate positions on the eastern rift
shoulder, but also scattered in the vicinity of the normal fault
planes bounding the Rwenzori fault block and rift shoulder
[Lindenfeld et al., 2010; Maasha, 1975]. However, there are
only a small number of earthquake foci beneath the Rwenzori
fault block itself, except for a narrow E-W-oriented zone of
earthquake foci located between the northern range and the
southern block [Lindenfeld et al., 2010].

[7] A flexural uplift pulse of the rift shoulder around
14-12 kyr before present (BP) [Ring, 2008; Pickford et al.,
1993] probably led to a fluvial network re-organization of
the platform region. This tectonic pulse had a large-scale
impact on the hydrological system by locally modifying base
level and transport energy [Pickford et al., 1993]; in detail,
the northeastern basins draining the platform were probably
affected by a non-quantifiable admixing of material from
alluvial channels that were drained prior to channel network
re-organization.

2.2. Lithology and Rock Properties

[s] Bedrock lithologies of the Rwenzori block and the rift
shoulder consist of mainly Precambrian metamorphic rocks,
such as gneisses, intercalated schists, and amphibolites (for
the extent of amphibolite see Figure 1; geologic map in
Figure 3), belonging to the Proterozoic Toro-belt and to the
Archean basement of the Congo and Tanzania cratons
[Bauer et al., 2010]. Apart from the amphibolite (SiO, 38—
52 weight %), bedrock lithologies all contain quartz (SiO,
is in a range between 57 and 83 weight % (B. Nagudi,
unpublished data, 2010). In the northern range and on the
rift shoulder, undifferentiated gneisses dominate, and in the
southern part, gneisses with intercalated schists crop out
(Figure 3).

[s] In the Albert Rift area, deep weathering of the pre-
weathered basement surface has progressed since the Middle
Miocene [Bishop and Trendall, 1966]. A mid-Cretaceous to
early Miocene uplift period lead to stripping of parts of the
weathered surfaces but mostly did not reach down to bedrock
level [Ollier, 1959; Taylor and Howard, 1998]. The low-
topography, slightly southward sloping platform between
Lake Victoria and the Albert Rift valley today is character-
ized by thick lateritic, highly weathered saprolites and soils
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[Bishop and Trendall, 1966; Taylor and Howard, 1998] and
the occurrence of swamps.

[10] Mountain-scale bedrock strength may influence ero-
sion [Kiihni and Pfiffner, 2001]. Quantitative rock strength
data for Albert rift lithologies are not available; instead, we
give a qualitative characterization of the Precambrian rocks
based on standard erodibility values of Kiihni and Pfiffner
[2001] and consider the rock mass strength (RMS) values
published by Korup and Schlunegger [2009]. Generally, the
basement rocks can be roughly classified assuming medium
erodibility for the different schist units, low erodibility for
the gneisses and very low erodibility for the amphibolites.
Furthermore, compared with the above mentioned standard
values, high-grade gneisses (as present in the Rwenzoris)
possess high tensile strengths and therefore generally have
high erodibility coefficients [e.g., Johnson, 1972]. However,
besides lithology, the in situ rock stress regime in a rock
mass, i.e., the mountain scale rock strength, can contribute
significantly to the actual rock properties, as tectonically
stressed and deformed rocks can have considerably reduced
RMS values [Augustinus, 1995; Montgomery, 2001].

2.3. Glacial History of the Rwenzoris

[11] The recent topography of the Rwenzori block
(Figures 2 and 3) has been shaped by several glaciations,
which can be correlated to equivalent stages on Mt. Elgon
and Mt. Kilimandjaro. The last three maxima date back to
~300 kyr, ~100 kyr, and 22 to 15 kyr (LGM), and one
retreat stadium is reported at 11.6 kyr BP, corresponding to
the so-called Katabarua, Ruimi Basin, Mahoma Lake, and
Omirubaho stages, respectively [Osmaston, 1989; Osmaston
and Kaser, 2001; Hastenrath, 2009]. Three southeastern
mountainous basins (Table 2: 373, 388, and 491) were
directly affected by glaciations (i.e., during the cosmogenic
apparent age) and covered by ice to up to 40% during the
Mahoma Lake (LGM) stage. Ice cover during the Omirubaho
stage (11.6 kyr ago) amounted to 1.1%, 9.9%, and 13.3%,
respectively. The recent Lac Gris stage (300 yrs BP to today)
[Osmaston, 1989] has a comparably small extent: in 1995,
its extent amounted to 1.5 km? [Osmaston and Harrison,
2005]. Until 2003, 2glacial recession continuously reduced
this area to 0.96 km” [Taylor et al., 2006]. Today’s glaciers
are even smaller and affect only the highest parts of basin 373
with an areal extent of <0.5% of the basin. Today, steep
glacier tongues reach down to ~4600 m a.s.l., but are pro-
ducing minor amounts of eroded material when compared
with moraine remnant material of the earlier glaciation stages
[Young and Hastenrath, 1987; Osmaston, 1989; Osmaston
and Harrison, 2005; Hastenrath, 2009]. The glacial melt-
water contribution to Mubuku River (basin 373) amounts to
<2% of the total rivers’ discharge [Taylor et al., 2009].

[12] Due to repeated erosive ice cover (e.g., 260 km? during
the Last Glacial Maximum, LGM [Taylor et al., 2009]),
characteristic U-shaped valleys with oversteepened walls
and locally overdeepened basins occur down to altitudes of
2900 m a.s.l. (Figure 2). Based on geomorphological anal-
yses of the landscape, several authors have suggested that
the rugged topography of the eastward-tilted Rwenzori horst
does not seem to have existed prior to the oldest Katabarua
glaciation stage [e.g., Taylor and Howard, 1998; Kaser and
Osmaston, 2002; Ring, 2008].
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Figure 3. (a) DEM of the Rwenzori Mountains (including the Congo side) with continuous channel
steepness (kg calculated using a reference concavity index 6,.r= 0.45) along the main rivers and geological
map showing main lithologies and major normal faults (after Bauer et al. [2010] and Koehn et al. [2007]).
(b) Simplified overview map of the Rwenzori block and investigated catchments with todays’ relicts of
moraine material (Ruimi plus Katabarua stages and Mahoma Lake plus Omirubaho stages) and outlines
of recent Lac Gris, and former LGM (Mahoma Lake) and Omirubaho (11.6 kyr) ice extents based on

Kaser and Osmaston [2002].

[13] Large amounts of material from superimposed moraine
generations related to the three older glaciation stages are still
stored along the valleys above 2070 m a.s.l. [Kaser and
Osmaston, 2002; Osmaston and Harrison, 2005]. This stor-
age is attributed to the lack of pronounced melting seasons,
which, in non-tropical glaciated areas, would ensure inter-
mittently higher transport energy [Kaser and Osmaston,
2002]. Most catchments except a few basins with low maxi-
mum altitude and the platform and rift shoulder basins are
affected by storage of moraine material, but very limited
fluvial re-working of this old glacial material is indicated.

2.4. Climate and Vegetation

[14] Modern climatic conditions are humid to wet, with
a locally varying mean annual rainfall between 800 and
1500 mm/yr on the rift shoulder and in the lowlands, which
occurs during two rainy seasons [Osmaston, 1989; Pickford
et al, 1993; Taylor et al., 2009]. However, these

fluctuations between the seasons are far less pronounced in
the mountains than in the lowlands [Young and Hastenrath,
1987; Osmaston, 1989; Taylor et al., 2007]. Due to the high
altitude and prominent position of the Rwenzori Mountains,
the lower atmosphere’s circulation is disturbed and rain-
clouds are retained. The resulting constant orographic cloud
cover produces all-year-round daily precipitation on the
eastern flank of the Rwenzori Mountains, causing minor
annual bimodal fluctuations and typical “montane cloud
forest” conditions [Foster, 2001; Hamilton, 1995; Kappelle,
2004].

[15] On the eastern flank of the Rwenzori Mountains,
precipitation and temperature follow a gradient with altitude:
at the base of the mountains at 1250 m a.s.l., precipitation
amounts to 1150 mm/yr and the mean annual temperature is
~24°C. At 3300 m a.s.l. values of 2600 mm/yr and 10-15°C
are reached, and above that altitude, precipitation decreases
again to 2000 mm/yr at 4000 m a.s.l. and temperature drops
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Figure 4. Proportions of land cover types for each 500 m-spaced altitude class integrating over the area
covered by the map of Figure 1. The land cover type “shrubs” contains both savannah-type and bushy veg-
etation of the lowlands and lower mountainous regions (<3000 m a.s.l.) and represents typical afroalpine

belt-type evergreen vegetation in the high-altitude regions (>3000 m a.s.1.).

to 4-10°C. Above 4300 m a.s.l., precipitation is mainly
received as snow, average temperatures are below 4°C and
reach 0°C at 4600 m a.s.l. [Osmaston, 1989].

[16] The long-term climatic record for the study area
(based on pollen records) suggests warm tropical climate
similar to today prior to 42 kyr BP, a change to cooler and
drier conditions until 30 kyr BP, followed by a period of
cool and moist climate during the LGM period [Coetzee and
van Zinderen Bakker, 1989; Johnson et al., 1996]. The
minimum age of deglaciation dates back to 16 kyr BP
[Livingstone, 1967] and the post-LGM climate was warm
and humid from ~12.5 to ~4 kyr [Taylor and Howard,
1998] becoming increasingly dry from ~4 kyr BP onwards
[Marchant and Hooghiemstra, 2004; Kiage and Liu, 2006;
I. Ssemmanda, personal communication, 2009], with a grass-
land expansion around Lakes Albert and Victoria, indicat-
ing aridification at around 4.2 kyr BP [Marchant and
Hooghiemstra, 2004].

[17] Extensive vegetation cover and montane forest suc-
cession commenced in post-LGM times [Livingstone, 1967].
Present-day vegetation has been established since the retreat
of the Omirubaho glaciation stage [Livingstone, 1967]. The
vegetation pattern observed in lowland areas is a mixture of
agricultural land use, forests, swamps, savannah (classified
as shrubs in land cover analysis, Figure 4), and grasslands
(see Table 2). In the Rwenzori Mountains, vegetation is a
mixture of agricultural land, forests, swamps, and savannah.
Here, the vegetation pattern is characterized by altitudinal
zonation, resulting from the combination of vertical (rain)
and horizontal (cloud-filtered) precipitation [Stadtmiiller,
1987; Foster, 2001] that ensures optimum conditions for
growth of vegetation under mountain cloud forest conditions.
The United Nation’s Food and Agriculture Organization
(FAO) characterized the woody biomass of the Rwenzori
Mountains with a value of 2-3 t/kmz, which is a value com-
parable to e.g., the densely vegetated Congo Basin lowlands,

where average values of 2—4 t/km” prevail [Food and
Agriculture Organization of the United Nations, 2000].

[18] Generally, an absence of bare rock zones is rarely
encountered in glaciated settings and contrasts to e.g., Mount
Kilimanjaro and Mount Kenya [Young and Hastenrath,
1987]. In the Rwenzoris, bare rock exposures are almost
exclusively limited to slopes in regions above 4000 m a.s.1.
(Figure 2), because remnant glacial and fresh rockfall mate-
rial on valley floors is quickly covered by vegetation in the
time span of a few years (own observation, Temple [1968],
and Bauer et al. [2010]) and even the steep flanks of huge
valley moraine bodies of the former glaciations are covered
by dense vegetation (Figure 2c).

[19] From field observations, we estimate soil thickness to
be ~300 cm in areas up to 3000 m a.s.1. and 20 to 100 cm up
to an altitude of 4200 m a.s.l.. The notably convex shaped
soil-mantled hillslopes feature both a large hydrological stor-
age capacity in the thick regolith cover, and a low landslide
density, respectively [e.g., Allison, 1994] — two facts consis-
tent with our own field observations (e.g., Figures 2a and 2c).
In the platform areas, deep in situ weathering produced rego-
lith thicknesses of 5-15 m, even up to 30 m in some areas
[Bishop and Trendall, 1966; Taylor and Howard, 1999].

3. Methods

3.1.

[20] We sampled 13 perennial rivers for cosmogenic '°Be
analysis on the Ugandan part of the Rwenzori Mountains,
one on the adjacent rift shoulder and three on the platform
from active channel bars (Figure 1 and Table 1). Quartz
was extracted using HF leaching methods and magnetic
separation. '’Be was extracted using standard methods
[von Blanckenburg et al., 1996; Wittmann et al., 2007], and
about 200 ug of °Be carrier derived from a Phenakite
mineral were added to each sample. '°Be/’Be ratios were

Sample Preparation and AMS Measurements
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measured in BeO targets with accelerator mass spectrometry
at SUERC in East Kilbride and corrected as described by
Maden et al. [20071. The *Be Phenakite-carrier was deter-
mined to contain a '°Be/’Be ratio of 4.5 + 1.6 x 107'° at
SUERC AMS laboratory. Samples 295-2 and 373-2 were
measured at ETH Zurich and corrected according to Kubik
and Christl [2010]. Results from both AMS laboratories are
directly comparable; SUERC reports absolute '’Be/’Be
ratios derived from using a nominal ratio of 3.06 x 10~'" for
their NIST reference material (National Institute of Standard
and Technology Standard SRM4325 as reported in Xu et al.
[2010]), a value that has also been measured for this mate-
rial at ETH. We decided to reduce all measured '°Be/’Be
ratios (also blank ratios, accordingly) by a factor of 1.096 as
suggested by Kubik and Christl [2010] to allow for direct
comparison with data obtained relative to the standards pro-
duced by Nishiizumi et al. [2007]. These standards are often
used as reference standards in the Cronus online calculator
and are compatible with the newly determined '°Be half-life
(1.387 + 0.012 x 10° yr) [Chmeleff et al., 2010; Korschinek
et al.,2010]. Analytical as well as blank error corrections are
described in Table 1.

[21] In order to check the comparability between the sam-
ples and also between SUERC and ETH AMS, duplicates of
the 0.5—1.0 mm size fraction of samples 295 and 373 were
measured at both AMS laboratories. Within 1o uncertainty
(see Table 1), '’Be concentration results agree for 373—1 and
—2, and an overlap within both uncertainties is given for
295-1 and 2. Consistency for grain sizes was explored by
measuring both the 0.5-1.0 mm and the 1.0-1.25 mm size
fractions of samples 311 and 388. For two catchments and
their sub-basins (24- Mpanga S and 9-Mpanga N, and 399-
Lubilia with 398-upper Lubilia) (see Table 1), we tested
catchment-wide consistency of the results with regard to
drainage area changes.

3.2. Production Rate Corrections

[22] Calculations of production rates (using pixel-based
altitudes derived from 30 m resolution DEM from the
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (“ASTER”) satellite data) and absorption laws
for '°Be including muons were done following Schaller et al.
[2002] and '°Be sea level high latitude (SLHL) production
rates of 4.5 + 0.5 for high-energy neutrons, 0.097 + 0.007
for negative muons, and 0.085 £ 0.012 for fast muons
were used. The '’Be SLHL production rate for high-energy
neutrons was recalculated from Balco et al.’s [2008] '°Be
calibration-site data set, using the time-independent altitude-
latitude scaling scheme of Dunai [2000] and a 19Be half-life
of 1.387 Myr [Chmeleff et al., 2010; Korschinek et al., 2010].
The '°Be SLHL production rates for muons were taken from
Kubik et al. [2009].

[23] Production rates were corrected for topographic
shielding following Norton and Vanacker [2009]. The topo-
graphic shielding factors were calculated from DEM-derived
basin-specific elevation variances and the calculated theo-
retical maximum shielding factor [Norfon and Vanacker,
2009]. Corrections of the production rate due to snow- and
ice- related shielding were carried out following Wittmann
et al. [2007], by setting the nucleogenic component of the
production rate to zero for pixels covered by ice due to recent
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glaciation. The extent of recent glaciation was digitized
from the ‘Map of the Rwenzori Mountain National Park’
[Kaser and Osmaston, 2002]. We calculated the respective
glaciated areas during Mahoma and Omirubaho stages for
affected basins (see Table 2), based on known equilibrium
line altitudes (ELA) and on the location of terminal moraines
(shown in Figure 3b) [Osmaston and Harrison, 2005]. For
pixels covered by snow, a correction factor was calculated
based on Wittmann et al. [2007, equation 5], using a snow
density of 0.3 g/em® for old, compacted snow [Roebber
et al., 2003]. We did not specifically correct for varying
quartz contents within the different basins, except in cases of
basins 359 and 373, where the total production rate was set to
zero for pixels covered by large outcrops of amphibolite with
negligible quartz contents (see Figure 1). Production rate
correction factors (for topographic shielding, snow and ice
shielding, and different quartz contents) vary between 0.87
and 0.99 for the sampled basins (see Table 1). The above-
described corrections were carried out in accordance with
our understanding of current treatment of cosmogenic
nuclide data. However, given that production rate calibration
sites at low latitudes are poorly represented in most scaling
models, muonic production and their depth-scaling is still
not well understood, and snow and ice cover may have
fluctuated significantly in the past, we adopt an overall
production rate uncertainty of 10% and deliberately neglect a
correction for changes in the production rate over time due to
changes in Earth’s magnetic field.

3.3. Numerical Modeling of the Approach
of Cosmogenic Nuclides to Steady State
After Surface Zeroing by Glaciations

[24] We explore the effects of former glaciation on TCN-
derived denudation rates by using a modeling approach,
similar to the approach used by Wittmann et al. [2007] that is
based on the numerical model by von Blanckenburg [2005].
“Be production is thereby simulated by integrating over
the attenuation path length during small time steps, while
the surface is lowered by denudation. We used the muonic
and nucleogenic production and adsorption terms from
Schaller et al. [2002] for calculation, and our revised total
SLHL production rate. Starting at 100 kyr BP, we simu-
lated the response of denudation to three de-glaciation
events by assuming a prescribed (“input”) denudation rate
of 300 mm/kyr following the Ruimi Basin stage glaciation
(see Figure 5), and a rate of 200 mm/kyr for both the
Mahoma Lake and the Omirubaho stages beginning at 22 kyr
and 11.6 kyr BP, respectively. We chose a higher input
denudation rate for Ruimi Basin stage, as this glaciation pre-
sumably lasted longest, thus removing most surface material.
In between glaciations, input denudation rates approach
~50 mm/kyr, an average value that has been measured in
northern basins of the Rwenzoris that were never affected
by the two youngest glaciations stages (case 1, lower gray
bar). The modeled or “real” denudation rate that approaches
steady state after the glacial perturbations, but never quite
reaches it (case 2), is denoted by the black stippled line in
Figure 5.

3.4. Geomorphologic Analysis

[25] For topographic analysis, an ASTER-DEM with a
resolution of 30 m was used. To create a hydrologically
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Figure 5. Numerical modeling of the approach of cosmogenic nuclides to steady state after zeroing by
glaciations (similar to the approach used by Wittmann et al. [2007]) for the last 100 kyr before present
(BP). Starting at 100 kyr BP, an input denudation rate (see blue curve) of 300 mm/kyr during the Ruimi
Basin glaciation was assumed. In between glaciations, denudation rates approach an input, or steady state
denudation rate of ~50 mm/kyr, an average value that has been measured in northern basins of the
Rwenzoris that were never affected by the two youngest glaciations stages (case 1, lower gray bar). During
the LGM stage (~15-22 kyr BP) and the last glacial retreat stage (Omirubaho, at ~11.6 kyr BP, assumed
here to have lasted 1 kyr) an input denudation rate of ~200 mm/kyr was assumed. The black stippled curve
gives the “real” (or modeled) denudation rate that approaches steady state denudation after the glacial
perturbations. The analysis shows that cosmogenic steady state erosion is not achieved in this scenario;
i.e., real denudation after the last perturbation amounts to ~80 mm/yr. Case 2 (upper gray bar) denotes the
average measured denudation rate in formerly glaciated Rwenzori mountainous basins (~80 mm/kyr) that
falls between the blue and the stippled curve, indicating that measured denudation rates are close to steady
state, but do not quite approach it. In case of this scenario, where complete zeroing of surface concentrations

within an entire basin is simulated, TCN-derived denudation rates overestimate real rates by ~50%.

correct DEM, the ArcGIS pit-filling routine was used.
We calculated the stream network and catchment areas via an
eight direction flow model from the DEM. We extracted
morphological parameters (Table 2) from the DEM via
standard ArcGIS routines. Hillslope gradient is the maxi-
mum rate of change between each cell and its neighbors
averaged over the whole basin. We also calculated mean
hillslope gradients for areas of similar basement lithology
across the mountainous basins using the geological map in
Figure 3. As we used a DEM with 30 m resolution, a dif-
ference of few degrees compared with other studies where
10 m resolution DEM data was used can be assumed. The
hillslope histograms (Figure 6) were calculated by ArcGIS
for the catchment areas as outlined in Figure 1.

[26] River profiles were derived from the DEM using a
250 m smoothing window and a 15 m contour interval
(Figure 7). The geomorphologic analysis of river channels
was done following the method described by Wobus et al.
[2006], using freely available Matlab and ArcGIS scripts
(www.geomorphtools.org). To smooth the river profiles and
minimize data noise while keeping the form of the profile, a
moving window of 250 m edge length and 15 m contour

steps were chosen. Channel steepness (k) and concavity (#)
were calculated by linear regression within log-log slope-area
plots of the river profiles. Because of the self-correlation of
ks and 6, a direct comparison of channel steepness among
basins with different concavity index is problematic [Wobus
et al., 2006]. For adequate comparison we calculated a
normalized channel steepness indices (k,) from the 6-values
of the undisturbed river segments (see Table 2), using a ref-
erence concavity Gr. 0..r can be computed using the mean 6
of all undisturbed river segments within a region but can
also be freely chosen without altering the relative differ-
ences in kg, [Wobus et al., 2006]. To allow comparison with
other studies [e.g., Wobus et al., 2006; Ouimet et al., 2009;
Cyr et al., 2010; Schildgen et al., 2012], 0,.f was defined as
0.45. The continuous kg, values were then combined with
lithological maps and compared to glacial ELA as well as
the maximum extents of glacial ice-coverage (Figure 3).

3.5. Glacial and Landcover Analysis

[27] Based on the map from Kaser and Osmaston [2002],
we quantified the areal cover of remnant moraine material
for the two combined oldest and youngest glaciation stages
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Figure 7. River long profiles of sampled rivers (catchment numbers given) draining the Rwenzori
Mountains that were also analyzed for cosmogenic nuclides, calculated from a 30 m resolution DEM using
a 250 m smoothing window and a 15 m contour interval. Solid lines: mainly concave shaped river profiles,
stippled lines: mainly convex shaped river profiles. Equilibrium line altitudes (ELA) and maximum ice
extents are indicated for all 5 glaciation stages (following Kaser and Osmaston [2002]). Where knickpoints
can be assigned to major faults (NF = normal fault) or lithological changes, this is indicated. Extents of
erosion-resistant Amphibolite are indicated with dotted lines (basins 359 and 388).

(for Ruimi plus Katabarua and for Mahoma plus Omirubaho;
see Figure 3b and Table 2).

[28] In order to classify the recent landcover of the study
area (Figure 4), we used the three bands in the visible and
near infrared (VNIR) from ASTER satellite data with a
resolution of 15 m. The three individual bands were stacked
using the model maker tool in ERDAS IMAGINE 9.1 in
order to create a multiband image. To enhance the visual
interpretability, we utilized the histogram equalizer and
tasseled cap transformation (spectral enhancement). Eight
different output classes were analyzed from the image by the
‘supervised classification’ tool of the ERDAS IMAGINE 9.1
classifier. Correction for the landcover was done by referring
to field observations and Google Earth images. According to
the climatic conditions of the region, agricultural areas above
2500 m a.s.l. were corrected to be shrubs. Areas classified as
swamps at an altitude above 4200 m a.s.l. were corrected to
be bare rock areas.

4. Results

[20] Measured denudation rates range from 7.8 to 131 mm/
kyr (Tables 1 and 2 and Figure 1). According to topographic,
morphological, and structural aspects, our data set can be
subdivided into three groups:

[30] Group 1. The northern mountainous catchments (see
Tables 1 and 2) drain the flanks of the simple horst-structure
of the narrow northern range of the Rwenzori block. Also
included in this group is basin 538 (rift-shoulder catchment
in Tables 1 and 2) that partly drains the Rwenzori block, but
most of the catchment area is located on the rift shoulder.
Group 1 basins erode at rates between 28.2 £ 3.3 and 70.0 £
8.6 mm/kyr (n = 10 measurements, mean 51.6 + 1.8 mm/kyr,
standard deviation SD = 12.4 mm/kyr) and have a mean relief
of ~750 m.

[31] Group 2. The southern mountainous catchments (see
Tables 1 and 2) drain the high relief central part of the
Rwenzoris with denudation rates ranging between 32.3 £
4.0 and 131 + 21.2 mm/kyr (n =9, mean 71.8 & 3.5 mm/kyr,
SD = 36.8 mm/kyr). Two basins erode at higher rates of
>100 mm/kyr (basins 388 and 491). For all catchments
draining the Rwenzori block (group 1 and 2), denudation
rates range between 28.2 £ 3.3 and 131 £ 21.2 mm/kyr, at
an average relief of ~1200 m (Table 2).

[32] Group 3. The low-topography platform catchments
drain the eastern rift shoulder, which have a mean relief of
~200 m. Here, denudation rates lie between 7.8 £ 0.9 and
17.7 £ 2.1 mm/kyr (n = 3, mean 11.6 £+ 0.1 mm/kyr,
SD = 5.4 mm/kyr). This group includes basin 9 that has
some westerly tributaries reaching up to the northeastern
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Figure 8. Cosmogenic nuclide-derived denudation rates (mm/kyr) versus (a) basin average relief in
m a.s.l., (b) mean hillslope gradient of basins in degrees, (c) mean elevation (m a.s.l.) and (d) channel
steepness index. Also plotted are (¢) channel steepness index versus mean hillslope gradient and (f) mean
hillslope gradient versus mean elevation. The rZ; values give correlation coefficients for all catchments,
Iy, for mountainous catchments and r3; for all platform catchments, regressions refer to all data points.
The sampled basins are divided into 4 groups: squares = rift shoulder platform, triangles = northern Rwenzori
block, circles = southern Rwenzori block, rhombohedra = rift shoulder. Denudation rates of basins 373,
388, and 491 may be overestimates due to glaciation effects (see Section 5.2.1), and thus, Figure 8e might
be reconciled toward a linear regression (statistics given for linear regression). The error bars correspond to

the ‘internal error’ values given in Table 1.

Rwenzori flank, and has a slightly higher denudation rate
of 17.7 £ 2.1 mm/kyr.

[33] Denudation rates measured in the Rwenzori Moun-
tains and on the cratonic platform show positive linear cor-
relations with basin average relief, mean hillslope gradient,
mean elevation, and channel steepness index (Table 2 and
Figure 8). Implications from the observed correlations will

be discussed in Section 5. Note that our denudation rates
do not show any correlation with basin area, and that the
following observed correlations between denudation and
topographic parameters are not severely changed if the
low-topography basins of the platform are excluded (see
Figures 8a—8c).
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4.1. Denudation Rates Versus Topographic Metrics

[34] Intrinsic in the positive correlation of denudation with
topographic parameters is the correlation with mean annual
temperature and precipitation. We observe highest denudation
rates for the catchments with the highest maximum altitudes
and mean elevations (basins 373, 388, 491). Generally, these
basins show the highest values for all topographic parameters
(see Figure 8). Basin hypsometries of these catchments yield
17%, 19%, and 23%, respectively, of the total drainage
area present in the high altitude zone above 4000 m a.s.l.
(compared to 4-0% for the other catchments). These basins
erode at the highest observed rates of all mountainous catch-
ments (mean rate of 107 mm/kyr, n = 5). Basin 373 has the
highest maximum elevation (Table 2), but has a lower
denudation rate and proportionally less area at high altitudes
when compared with basins 388 and 491. However, the rea-
sons for the high rates of the three above mentioned basins
could be methodological, which will be discussed in a later
section (Section 5.2).

4.2. Basin-Average Slope Gradients, Slope Histograms,
and Lithology

[35] In many cases hillslope angles can be used as a proxy
for the erodibility of the prevailing lithologies [Hack et al.,
2003]. However, for the Rwenzori Mountains, it has to be
noted that the majority of slopes are soil-mantled and hence
the hillslope gradient values are characteristic of a morphology
resulting from a mixture of underlying bedrock and overlying
regolith cover of variable thickness. Hence, the mean basin-
wide slope is a composite one that integrates over both soil-
mantled, and, where present (e.g., basins 373, 388, 491), over
bedrock-covered slopes. The skewness of hillslope dis-
tributions, which we present for our basins in Figure 6, can
give an indication on the relative importance of erosional
versus depositional processes and the occurrence of hillslope
failures [Wolinsky and Pratson, 2005, section 5.5].

[36] In detail, calculated mean hillslope gradients for the
different lithologies of the Rwenzori Mountains show that
the gneissic areas exhibit steep slopes of 22.3°, and the inter-
calated undifferentiated schists with quartzite bands and the
Kilembe Schist units feature lower average hillslope gradients
of 20.9° and 18.7°, respectively. Only the amphibolite area
(that we subtracted from further consideration for cosmogenic
nuclide calculations) shows a higher average hillslope value
of 26.3°. These minor differences in hillslope gradients cor-
respond to the ranking of the lithologies according to general
RMS values, where amphibolites are ranked as more resistant
than gneiss, and schists yield the highest erodibilities.

[37] The overall linear correlation between slope and
denudation (see Figure 8b) is only impaired by three outly-
ing data points (basins 373, 388, 491). In these basins, we
observe the largest proportions of steep slopes with values
between 40° and 60°. These areas with very steep slopes
cover 6 to 9% of the total basin areas of basins 373, 388,
491, respectively (see Figure 6). In basins draining the flat
rift shoulder and/or graben areas (e.g., 9, 538), and in mon-
tane basins containing mountainous valleys that were filled
during postglacial times to subhorizontal level by swamps
(e.g., 359), we find positive skewness (Figure 6). In only few
basins (e.g., 295), we observe negative skewness of hillslope
distributions.
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4.3. Channel Profiles and Steepness Indices

[38] As a potential indicator for tectonic activity driving
river incision [Safran et al., 2005; Berlin and Anderson,
2009], we extracted channel profiles (see Figure 7) and cal-
culated continuous (Figure 3a) and basin-integrated channel
steepness indices (kg,) (Figure 8d). The latter parameter is a
measure of stream-channel gradient normalized to drainage
area [Wobus et al., 2006] and therefore a proxy for river
incision rate in glacially non-modified landscapes [Cyr et al.,
2010]. Apart from the linear correlation of kg, with denudation
rates (Figure 8d), channel steepness also correlates linearly
with mean hillslope gradient (see Figure 8e).

[39] River profiles for most catchments (e.g., 311, 316,
373, 388, 491) are uneven to rough, showing the presence of
a number of knickpoints. Potential causes for the existence
of knickpoints in river profiles include litho-specific erod-
ibility, tributary confluences, the structure and presence of
active faults, base level changes, and overprinting by glacial
erosion [Whipple et al., 1999; Brocklehurst and Whipple,
2006; Phillips and Lutz, 2008]. In basins where lithology
is partly uniform (e.g., 311, 316 with gneissic basement),
these knickpoints are most likely related to tributaries (e.g.,
catchments 311) or are potentially caused by faulting and
uplift. A clear relationship between a major fault and a
strong knickpoint river morphology can be found in the
lower part of river profile 375 (at x axis value 12,000 m). We
will discuss these relations in more detail in Section 5.2.

4.4. Landcover Analysis

[40] From land cover analysis of the study area (Figure 4
and Table 1), it follows that >99% of the surface area
below 3000 m a.s.1. is covered by a combination of grassland,
agricultural land (up to 2500 m a.s.l.), forests, swamps, and
shrubs. The ‘shrubs’ are represented by bushy savannah in
the lowlands, and by typical afroalpine vegetation in the
mountainous areas. The mountainous regions are mainly
covered by montane forest and evergreen afroalpine vegeta-
tion. In altitude regions between 3000 and 4000 m a.s.1., bare
rock area increases from 10 to 20% and reaches 50% between
4000 and 4500 m a.s.l. With respect to the individual catch-
ments, the non-vegetated area is <1% for all catchments
except 373, 388, and 491, for which bare rock areas account
for 6 to 11% of the basin area (see Table 2).

5. Discussion

5.1. Relative Magnitude of Denudation in the Rwenzori
Mountains

5.1.1. Mountainous Catchments Versus the Low-Relief
Platform and Rift Shoulder

[41] The average denudation rate for low-relief basins
exclusively draining the low-topography platform (i.e.,
basins 24 and 28) is 8.5 &= 1.0 mm/kyr. Comparing these low
platform denudation rates with those of the high-relief basins
(average 59.9 mm/kyr, group 1 and 2), the latter show 5- to
sevenfold higher mean denudation rates. One explanation
could be that the focus of uplift in the Rwenzori Mountains
since Middle Miocene times (oldest syn-rift sediments in
Rwenzori region [e.g., Pickford et al., 1993]) that caused
their orogenic evolution in the first place, is ongoing. Cos-
mogenic nuclides could thus well reflect ongoing differential
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uplift and erosion in the mountains, and the near-absence of
these processes in the lowlands. Beyond that, there is the
higher potential for erosion in the mountainous basins, due
to steeper slopes and large climatic gradients (including
glaciation, frost shattering), when compared to the flat low-
land areas.
5.1.2. Comparison With Other Settings

[42] In comparison with other tectonically active, high-
relief settings of the world that have similar topography and
comparable slopes, the mean denudation rate (~69 mm/kyr)
of the measured mountainous Rwenzori basins is remark-
ably low. Qualitatively, other comparable, yet compressive
settings erode at a rate that is on average ~10 times faster: To
name a few large-scale studies, medium-sized basins of the
high Central Swiss Alps erode at rates of 500 to 1400 mm/kyr
[Wittmann et al., 2007; Norton et al., 2010], the Central
Andes erode at a mean rate of ca. 400 mm/kyr [Safran et al.,
2005; Wittmann et al., 2009; Insel et al., 2010], and the high
Himalaya erodes at maximum rates of 3000 mm/kyr [Vance
et al., 2003; Ouimet et al., 2009], with mean values, depend-
ing on lithology, topography, etc., between 230 to 360 mm/kyr
[Ouimet et al., 2009; Palumbo et al., 2010]. In the mainly
extensional setting of the Sierra Nevada, California, over-
all denudation rates, albeit constrained from very small
basins (<1 km?) with moderate relief, are much lower (20—
30 mm/kyr). However, in the vicinity of active fault scarps
and steep river canyons, erosion may peak at 250 mm/kyr in
this setting [Riebe et al., 2000]. In contrast, the mountainous
Rwenzori basins erode at a rate that is similar to those derived
from the retreating Sri Lankan escarpment (25—70 mm/kyr
[Vanacker et al., 2007]) and to basin-average rates that pre-
vail in tropical Puerto Rico (~40 mm/kyr) [Brown et al.,
1995; Riebe et al., 2003].

5.2. Potential Effects of Glaciation on Cosmogenic
Nuclide Concentrations and Basins Morphology

5.2.1. Effects on Cosmogenic Nuclide Concentrations

[43] The quantification of the extent of former and recent
glaciation, and storage of old moraine material in the river
basins is important, as steady state nuclide concentration
may not have been reached after deglaciation, and the
incorporation of low-nuclide material could bias TCN-based
denudation rates. The extent of bias on denudation rates
depends on the amount of area covered by glaciers and
moraine material per basin, the time that has passed since
the cessation of glaciation, and the prevailing erosion rate
[Wittmann et al., 2007].

[44] The contribution of low-concentration material to
the river by glaciers of the recent Lac Gris glaciation can be
regarded as negligible, due to the very limited extent of the
Lac Gris stage [see also Taylor et al., 2009; Figure 3b].
However, moraine material from older glaciation stages
(Figure 3b) with potentially low nuclide concentrations
[Wittmann et al., 2007] may be preferentially remobilized
and admixed to material eroded from the hillslopes under
normal, steady state erosion processes. This admixing would
result in a “dilution” effect of basin-wide nuclide concentra-
tions. However, given that the moraine material is being irra-
diated by cosmic rays while exposed on valleys for a minimum
exposure time of >11 kyr, we consider the moraine material
(having a much lower density than bedrock) to be in cosmo-
genic nuclide steady state within the post-glacial time period.

ROLLER ET AL.: EROSION IN A TROPICAL MOUNTAIN RANGE

F03003

[45] The re-establishment of steady state '°Be-concentrations
in bedrock surfaces since melting of >100 kyr old glaciers
is ascertained by modeling (see Figure 5). However, it is
questionable whether enough time has passed since retreat
of the LGM and 11.6 kyr BP glaciation stages to restore
steady state conditions in the slowly eroding Rwenzori
Mountains. In settings with rapid erosion rates, a fast
approach to steady state after de-glaciation can be safely
assumed [Wittmann et al., 2007]. To this end, we explore
the approach of steady state after surface zeroing by adopting
the numerical model of von Blanckenburg [2005] (see
Section 3.3), modified to the special setting of the Rwenzoris.
Figure 5 shows that the modeled or “real” denudation rate
does not reach the prescribed input steady state denudation of
~50 mm/kyr (blue line, case 1 in Figure 5), but overestimates
denudation by ~50% at time zero (today), by yielding a rate
of ~80 mm/kyr (stippled line, case 2 in Figure 5). For this
scenario, however, we assumed complete zeroing of surface
nuclide concentrations; thus, this scenario is seen as a “worst
case,” in which the maximum overestimation in denudation
is approached. In reality, some basins (e.g., 316 and 359)
were affected only to a small extent by LGM glaciation
(Table 2, Section 2.3), and these basins erode today at rates
that are below the prescribed steady state denudation of
50 mm/kyr. However, for the three high-relief basins 373,
388, and 491, the glaciated portions of the basin area
during the LGM and during the Omirubaho stage were far
higher (Table 2, Section 2.3). If we assume that the mea-
sured denudation rates from these basins (e.g., 74, 108, and
131 mm/kyr, respectively, see Table 1) are biased by a
maximum overestimation of 50%, these basins would erode
at minimum rates between ~50 and 100 mm/kyr. These
denudation rates would again be in the same range as the
average for all northern basins. To summarize, we acknowl-
edge that the three high-relief basins 373, 388, and 491 may
be biased toward higher denudation rates, and a worst-case
scenario estimates this overestimation to be 50%.

5.2.2. Effects on Basin Morphology

[46] Evidence for glacial forcing of basin morphology in
high-altitude parts of the Rwenzori Mountains is provided
by several observations. First and most importantly, our
river profile analysis (Figure 7) shows that alternating steep
and flat reaches, along with a tendency for a convex shape,
occur in close relation to glacial ELAs, altogether implying a
glacial erosional overprint (compare Whipple et al. [1999]
and Brocklehurst and Whipple [2006]). In addition, the
most prominent knickpoints of river profiles 373, 491, and
388 are associated with ELA levels. Second, glacial striae
are locally still visible on bedrock surfaces exposed at the
valley sides. Third, field observations provide evidence that
debris of post-glacial slope failure activity at oversteepened
cliffs in high-altitude regions is only weakly coupled to the
modern drainage system. Overall, the above assessment
indicates that in high-altitude parts of the river basins, post-
glacial fluvial erosion has not yet significantly affected basin
morphology. On the other hand, in most basins’ lower reaches,
there is evidence for fluvial erosion having mainly shaped
basin morphology. For example, river profiles change to more
or less clear concave shapes in basins 399, 294, 295, 337, and
538 and hence mark abiding ice-free geomorphology.

[47] To summarize, there are very few indications that
the glacial morphology of high-altitude regions has been
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Table 3. Basin Geology: Proportions of Basement Lithology of Each Basin
Rift
Platform Shoulder
Northern Mountainous Catchments Southern Mountainous Catchments Catchments Catchment
Basement Rock Type 294 295 300 311 316 321 337 359 373 375 388 398 399 491 9 24 28 538
Amphibolite 0 0 0 0 0 0 0 289 317 0 0 0 0 0 0 0.1 0 0
Gneiss 100 77.8 100 88.8 932 83.8 100 435 443 353 792 636 506 602 795 52.0 243 61.2
undifferentiated schists 0 222 0 11.1 0 103 0 258 192 575 208 364 434 398 13 453 689 0
with quartzite bands
(including Bugoye
Schist group)
Granite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.1 0 0
Sediments 0 0 0 0 68 59 0 1.8 48 172 0 0 6.0 0 0 054 0 38
(Miocene to recent)
Volcanics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 192 1 6.8 0.8

changed significantly by fluvial erosional processes and/or
mass wasting. Clearly, inter- and post-glacial fluvial erosional
processes were not yet able to equilibrate glacial morphology,
as glacial landforms are often preserved. However, in areas
located mainly below ELA levels, we suggest that knick-
points are, in most cases, probably related to repeated pulses
of rock uplift.

5.3. Climate and Vegetation

[48] In the Rwenzori Mountains, the percentage of
unvegetated bedrock area correlates with denudation rate
(see Tables 1 and 2). We infer here that this correlation is a
climatic-driven feedback, because bare bedrock areas are
only present in areas above 4500 m a.s.l., where tempera-
tures around zero degrees prevail, and frost shattering can
promote higher physical erosion. On the other hand, the
permanent cloud immersion of the mountains directly causes
a decrease of diurnal temperature fluctuations and hence
reduces frost-shattering processes. In lower-altitude regions,
the presence of vegetation then enhances this temperature-
regulated reduction of physical erosion. Thus, in these veg-
etated areas, we suggest that the rapid physical erosion that
normally occurs in such high relief settings is considerably
reduced by the prevailing tropical montane cloud forest con-
ditions. Vegetation cover reduces soil erosion by intercepting
raindrops, enhancing infiltration, transpiring soil water, and
increasing surface roughness [Castillo et al., 1997; Gyssels
etal., 2005; Lancaster and Baas, 1998; Rogers and Schumm,
1991]. The strong seasonal fluctuations in precipitation and
water budget are buffered in vegetated areas of the Rwenzori
Mountains and the occurrence of less extreme runoff events
in high-altitude zones is facilitated by high, but constant
runoff [Foster, 2001]. Overall, we suggest that the combi-
nation of horizontal (cloud-filtered) precipitation from per-
manent cloud immersion, mild climate with reduced diurnal
temperature fluctuations, and non-seasonal dense vegetation
cover dampening raindrop impacts limits non-vegetated
bedrock areas to peaks and ridges, which might lead to fewer
mass wasting events and overall lower denudation rates.

5.4. Bedrock Lithology and Erodibility

[49] If rock strength exerts a primary control on erosion,
correlation patterns between lithology, denudation rate,
local hillslope gradients, and channel steepness with denu-
dation rate should exist [Schmidt and Montgomery, 1995;

Montgomery, 2001]. However, we find no direct correlation
between lithology and denudation rate from the low-resolution
lithological map that is available for the region (Figure 3a),
nor do we observe a direct correlation between hillslope
gradients and lithology. The catchments with overall highest
slopes of >21° (see Table 2) occur in different areas of the
Rwenzori block independent of the presence of a certain
prevailing bedrock lithology (Table 3 and Figure 3a). Also,
similar hillslope gradients for all northern catchments (20.4°,
mean denudation rate ~52 mm/kyr) and all southern catch-
ments (19.7°, mean denudation rate ~72 mm/kyr) show that
erodibility contrasts due to differences in lithologic compo-
sition have no systematic effect on denudation rates. Only in
the case of the non quartz-bearing amphibolite can we tie its
resistant lithology, presumably having the lowest erodibility,
to higher mean slope gradients (see Figure 3a). Regarding
values of channel steepness kg, and lithology, we observe
local changes in all kg, at lithological boundaries, but we
cannot attribute typical kg, values to certain lithologies, as
all kg, values are present in all lithologies (see Figure 3a).

5.5. Topography, Basin Average Slope, and Channel
Steepness

[s0] The positive linear correlation between denudation
rate and mean elevation (Figure 8c) with high relief catch-
ments eroding much faster than low relief basins is charac-
teristic for areas where there are gradients in uplift [e.g.,
Binnie et al., 2007; Montgomery, 2001]. Noteworthy is that
our data reveals somewhat lower basin average slopes com-
pared to other high relief settings (e.g., Alps, Himalayas [see
Wittmann et al., 2007; Ouimet et al., 2009]). As the evolution
of gentler slopes is attributed to regolith-covered hillslopes
and accordingly, the evolution of steeper cliffs to bare rock
areas [e.g., Pelletier and Rasmussen, 2009], this fact is not
surprising regarding the soil-covered nature of the setting.
With a maximum hillslope gradient of 24° approached by
some high-altitude basins, we conclude that, in the Rwenzori
Mountains, hillslopes are far from being threatened by mass
wasting processes, and hillslope gradients are not at threshold
conditions. These two observations are concurrent with our
overall low TCN-derived denudation rates. We find that 1)
hillslope failure occurs only rarely in the vegetated zones of
the mountainous Rwenzori basins, and relatively low aver-
age hillslope gradients correlate linearly with denudation
rates for the majority of basins (see Figure 8b). Exceptions
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are basins 373, 491, and 388, which fall above a linear
trend and show higher (potentially over-estimated, see
Section 5.2.1) denudation rates. 2) Similarly, channel steep-
ness index kg, and hillslope gradients correlate reasonably
well in the Rwenzoris (see Figure 8e), but this correlation
may be biased by glacial imprinting, and 3) most of our
basins do not show negative skewness of hillslope distribu-
tions, an indication for hillslope failure. On the contrary, we
find mostly positive skewness, indicating that depositional
processes are more important than erosional processes
[Wolinsky and Pratson, 2005]. 4) Rockfalls occur at a mod-
erate extent in the non-vegetated high-altitude crest regions.
The limited number of rockfalls is also indicated by uniform
grain size-specific cosmogenic nuclide concentrations. If
rockfall events were to contribute a large proportion of the
erosion relative to steady state bedrock to soil conversion,
lower nuclide concentrations would be found in the coarser
grain size fraction, as rockfall material is to a large extent
produced below the mean cosmogenic nuclide attenuation
depth.

[51] To summarize, upper, high-altitude parts of the
Rwenzori Mountains appear to be strongly affected by glacial
imprinting. Here, mass wasting processes might contribute to
basin-wide erosion at a larger extent. This might especially be
the case in basins 373, 491, and 388, where transient, or
unequilibrated convex river profiles reach the mid-sections.
In other basins below ELA levels, fluvial processes like river
incision have gained more influence, with stochastic erosion
processes like mass wasting probably only playing a minor
role. Here, we suggest that river incision, as indicated by
channel steepness indices, is trying to balance uplift to
smooth out knickpoints along the rivers.

6. The Current State of Uplift and Erosion
in the Rwenzori Mountains

[52] It is beyond the scope of this paper to derive an
evolutionary model for the Rwenzori Mountains, but on the
basis of already published assessments, and our millennial-
scale erosion data, we discuss in the following whether
erosion and uplift are balanced in this setting. To begin with,
a direct relation between the exhumation of the Rwenzori
Mountains and the activity of the rift system is inferred from
geodynamic modeling [Wallner and Schmeling, 2010]. Also,
from low-temperature thermochronology, apatite fission
track, and apatite U-Th-Sm/He analysis, average uplift rates
of >200 mm/kyr were derived for the last 20 Myr [Bauer
et al., 2010]. A syn-rift sediment record of a graben area
NE of the Rwenzori range provides long-term sedimentation
rates that increased from 20 to 40 mm/kyr to 100 mm/kyr
[Pickford et al., 1993; Roller et al., 2010], indicating that
graben subsidence and footwall uplift accelerated at around
2 Myr.

[53] Ongoing relative plate motion [Stamps et al., 2008;
Calais et al., 2006], and the occurrence of a flexural uplift
pulse of the rift shoulder at 14-12 kyr BP (see Section 2.1)
support the hypothesis that the Rwenzori block is in a long-
term state of active tectonics. Our analysis of landscape
parameters and '°Be nuclide concentrations in river sand
tentatively supports this hypothesis, by showing that: (i) Some
of the river long profiles show geometries inherited from
glaciations (stepped, concave up), especially in upper parts of
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the basins, and thus are far from having reached equilibrium.
(i1) The channel steepness values indicate that river incision
locally acts at high rates trying to balance uplift and to
smooth knickpoints along the rivers. Again, we find that
this effect is concentrated in lower-altitude areas where the
morphology has been shaped by post-glacial sculpting.
(iii) Our TCN-derived denudation rates are in the range of
long-term, syn-rift record-derived sedimentation rates (from
direct vicinity of the Rwenzori Mountains [see Roller et al.,
2010]), suggesting that our rates represent a longer-term
signal. (iv) In addition, denudation rates of the Rwenzori
Mountains are much lower than those rates of most other
tectonically active settings, and erode more in the range of
tropical, tectonically non-active settings.

7. Conclusions

[54] The highest non-volcanic topographic elevation of the
African continent, the Rwenzori Mountain fault block situated
within the East African Rift, erodes at cosmogenic nuclide-
derived denudation rates between 7.8 and 131 mm/kyr during
the last 6-100 kyr. In situ '°Be-derived denundation rates
of the high relief mountainous basins amount to 59.9 £
31.2 mm/kyr (1o SD), and those of the flat topography rift
shoulder and surrounding lowland catchments erode at
lower rates of 11.6 £+ 5.4 mm/kyr (1o SD). We provide the
following explanations for these unexpected low denudation
rates in a humid and high-relief tropical setting:

[s5s] (1) Climatic effects. Due to the high topography, a
tropical montane cloud forest climate exists, with vegetation
covering >90% of catchment area. Faster physical erosion
that would normally occur in such high relief settings is
reduced by these specific climatic conditions, as strong sea-
sonal fluctuations in precipitation and the soils’ water budget
are effectively buffered. The lack of dry seasons promotes
vegetation growth up to the highest mountain peaks, result-
ing in low frost shattering activity and limited bare rock
areas, and the lack of pronounced melting seasons prevents
immediate sediment mobilization and export.

[s6] (2) Paraglacial and glacial effects. The high abrasion
energy associated with glaciations and the ability to produce
high local relief quickly diminished since LGM termination
at ~11.6 kyr. Since then, post-glacial fluvial erosion has
commenced to sculpt the landscape. However, we find evi-
dence for a nonsteady state, or transient landscape, as post-
glacial fluvial erosional processes have apparently not yet
been able to equilibrate glacial morphologies.

[57] (3) Geological effects. Apart from its predominantly
high-grade gneissic lithology with low erodibility, the seis-
micity pattern of the region indicates that deformation and
earthquake-induced fault movement is limited to major shear
zones around the fault block. Thus, the potential of seismicity
to trigger hillslope failure and degrees of fracturing are low
for the internal regions of the fault block.

[s8] (4) Changes in erosion and uplift over time. Long-term
Neogene sedimentation rates in the immediate vicinity of the
Rwenzori Mountains are consistent with our millennial-scale
TCN-based denudation rates. From our river profile analysis,
we suggest that uplift in the Rwenzoris is ongoing, although
we cannot quantify uplift velocity.

[s9] To conclude, we suggest that highly erosion-resistant
rocks and low degrees of internal fracturing interact with the
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specific climatic conditions of the Rwenzori Mountains,
thereby causing denudation rates in this extensional setting
in the humid tropics of East Africa to be overall relatively
low for this tectonically active area. This outcome highlights
the need for substantial research in tropical, tectonically
active areas, where the key for unraveling climatic versus
tectonic effects on erosion might be found.
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