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Abstract The Rwenzori Mountains (Mtns) in west Uganda

are the highest rift mountains on Earth and rise to more

than 5,000 m. We apply low-temperature thermochronol-

ogy (apatite fission-track (AFT) and apatite (U–Th–Sm)/He

(AHe) analysis) for tracking the cooling history of the

Rwenzori Mtns. Samples from the central and northern

Rwenzoris reveal AFT ages between 195.0 (±8.4) Ma and

85.3 (±5.3) Ma, and AHe ages between 210.0 (±6.0) Ma

to 24.9 (±0.5) Ma. Modelled time–temperature paths

reflect a protracted cooling history with accelerated cooling

in Permo-Triassic and Jurassic times, followed by a long

period of constant and slow cooling, than succeeded by a

renewed accelerated cooling in the Neogene. During

the last 10 Ma, differentiated erosion and surface uplift

affected the Rwenzori Mtns, with more pronounced uplift

along the western flank. The final rock uplift of the

Rwenzori Mtns that partly led to the formation of the

recent topography must have been fast and in the near past

(Pliocene to Pleistocene). Erosion could not compensate

for the latest rock uplift, resulting in Oligocene to Miocene

AHe ages.
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Introduction

The main goal of this study is to unravel the cooling and

uplift history of the Rwenzori Mountains (Mtns) south-

west of Lake Albert in the western branch of the East

African Rift System (EARS). With elevations reaching

more than 5,000 m a.s.l. (metre above sea level), the

eastern and western branches of the EARS (Fig. 1) com-

prise a markedly differentiated topography. Here, the

highest mountains of Africa can be found. The Kilimanjaro

(5,893 m a.s.l.) and Mt. Kenya (5,199 m a.s.l.) developed

on the rift shoulders of the eastern branch and are both of

volcanic origin. In the Albertine Rift of the western branch,

however, the highest mountains occur within the rift proper

and are built up by a Precambrian metamorphic basement

block that has been uplifted to heights of 5,109 m a.s.l.–the

Rwenzori Mtns (Fig. 1).

Located within an extensional setting and lacking any

volcanic origin, the exceptionally high Rwenzori Mtns

raise the question about their evolution and their linkage

to the surrounding Albertine Rift. The interdisciplinary

research project RiftLink (funded by the German Research

Foundation, DFG) focuses on this issue by addressing rift

dynamics, uplift, and climate change in Equatorial Africa.

The prime subject of RiftLink is the Albertine Rift with the

Rwenzori Mtns. A major issue of this study is to constrain

the temporal evolution of the Rwenzori Mtns and to decipher

if their elevation can be entirely ascribed to rift-related uplift

in Neogene times, or if they formed a topographic high long

before?
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The evolution of a mountain range is generally marked

by phases of topographic growth, equilibrium, and decay

(Davis 1899; Ahnert 2003). Associated erosion rates vary

in response to temporal and spatial changes in climate,

topographic relief, topographic slope, and deformation

(Kooi and Beaumont 1996; Bishop 2007). As rocks are

exhumed through the Earths’ crust, they cool through the

thermal field from hot sub-surface temperatures to signifi-

cantly colder surface temperatures (Reiners and Shuster

2009). Well-suited tools to track this cooling history are

various low-temperature thermochronology methods, which

yield the time at which the rock has passed through a

certain isotherm (Batt and Brandon 2002; Reiners and

Ehlers 2005; Lisker et al. 2009). Relevant information is

stored in heavy minerals, such as apatite and zircon, and

can be revealed by different low-temperature thermochro-

nology techniques. To unravel the temporal component

in the evolution of the Rwenzori Mtns fission-track and

(U–Th–Sm)/He analyses on apatites was applied. When

exhumation is driven by active tectonic processes, ther-

mochronological studies in combination with thermokine-

matic modelling provide estimates on the rates at which

rocks are brought to the surface relative to the acting

tectonic forces. This in turn allows deriving information

on the behaviour of the coupled tectonic-erosion system

(e.g. Kooi and Beaumont 1994, 1996; Bishop 2007).

In this paper, we present low-temperature thermochro-

nological data, cooling histories, and provide exhumation

rates and hints on the timing of the surface uplift of the

Rwenzori Mtns in the western branch of the EARS, with
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Fig. 1 Top: Overview of the

central part of the EARS with

location of the Rwenzori Mtns

in the Albertine Rift (adapted

from Koehn et al. 2008). Old

cratons and involved plates are

outlined, as well as site of

specific volcanic provinces

(asterisk, triangle) and rift

basins; RZ Rwenzori Mtns,
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the west (modified after Laerdal

and Talbot 2002)
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the terms surface uplift, rock uplift and exhumation of

rocks used as defined by England and Molnar (1990).

Regional setting

The East African Rift System

In the long-established geological record of the African

continent that spans at least 3.8 billion years, the East

African Rift System (EARS) is a fairly young but very

prominent structure. It ruptures through the East African

swell and creates a horst and graben landscape with great

escarpments (Petters 1991). Rifting processes in the EARS

started in Palaeogene times and are still active. Two rift

arms developed: the Eastern Rift (Gregory Rift) and the

Western Rift, with the Albertine Rift forming the north-

ernmost part of the Western Rift (Schlueter 1997, and

references therein), (Fig. 1).

The Eastern Rift extends from the Afar region, north of

the Main Ethiopian Rift, through Ethiopia and Kenya into

Tanzania. It shows a southward propagation of the rift arm

that started in Oligocene times (Nyblade and Brazier 2002).

In general, the Eastern Rift is characterized by pronounced

volcanic activity, with volcanic cones reaching heights of

more than 5,000 m a.s.l. (Mt. Kenya and Kilimanjaro), and

a broad regional elevation of the rift floor up to 2,000 m

a.s.l. due to plume-related updoming (e.g. Ebinger and

Sleep 1998).

The Western Rift extends along the western border of

Uganda and Tanzania down to the Malawi Rift, and con-

verges with the re-emergent Eastern Rift at the triple

junction south of Tanzania (Schlueter 1997). A series of rift

basins from the Lake Malawi Rift Basin in the south to the

basins of Lake Edward, Lake George, Semliki and Lake

Albert in the north is associated with the Western Rift

(Ebinger 1989). In the following, the northern rift basins

(Lake Edward Basin, Lake George Basin, Semliki Basin

and Lake Albert Basin) will be collectively referred to as

Albertine Rift (Fig. 1). Rifting in the Western Rift was

initiated in Miocene times, with the rift developing to the

north and south, linking originally isolated basins (Ebinger

1989; Morley 1999). Initial volcanic activity in the Wes-

tern Rift started at *12 Ma in the north and at *7 Ma in

the south and is restricted to the areas of Rungwe, Virunga,

South Kivu and Toro-Ankole (Fig. 1) (Logatchev et al.

1972; Ebinger 1989; Kampunzu et al. 1998; Ebinger and

Furman 2002). Compared to the Eastern Rift, the Western

Rift shows minor volcanic activity, and minor regional

elevation, but is characterized by deep rift lakes and steep

fault scarps rising up thousands of metres adjacent to the

graben floor. The highest of these fault scarps appears in

the northern part of the rift, on the Rwenzori horst block,

where the Margherita Peak (5,109 m a.s.l.) rises to more

than 4,000 m above the plains of Semliki River (Upcott

et al. 1996; Schlueter 1997; Karner et al. 2000).

The Rwenzori Mtns

The Rwenzori Mtns represent a horst block within the

Albertine Rift and are surrounded by deep rift valleys

with Lake Albert to the north, Lake Edward to the south,

the Semliki Valley to the west, and Lake George to the

southeast (Fig. 1) (Bahat and Mohr 1987; Schlueter 1997;

Karner et al. 2000). Made up by a dissected Precambrian

metamorphic basement block the Rwenzori Mtns represent

the highest non-volcanic mountain range in Africa.

In general, the uplifted Precambrian basement along

the rift shoulders of the Albertine Rift is covered by

Cenozoic volcanic rocks and lateritic soils of unknown

age. The rift basins are filled with fluvial, lacustrine, and

minor volcanic material. Onland stratigraphic evidence

along with recent well data from Lake Albert indicates

that the oldest sediments in the Lake Albert Basin are

Late Miocene in age (Pickford et al. 1993; Ovington and

Burdon 2009).

The Rwenzori Mtns are predominantly characterized by

bare rock faces, especially within the central part, where

only the valleys are locally filled with Cenozoic detrital

sediments, representing fluvio-glacial deposits. The main

lithological units of the Rwenzori Mtns are gneisses,

schists and amphibolites, subordinate intrusive rocks of

various metamorphic overprint, and quartzite (e.g. Michot

1938; Tanner 1971; Nagudi et al., in preparation) (Fig. 2).

The Precambrian rocks crop out in a complex tectonic

setting, with all units intensively truncated by N–S, NW–SE,

and E–W trending normal faults, locally with a significant

strike-slip component (for more details cp. McConnell 1959;

Ring 2008; Koehn et al. 2010).

The landscape evolution of the Albertine Rift and the

Rwenzori Mtns are still poorly constrained and explana-

tions for the high topography remain controversial, as well

as assumptions concerning the timing of uplift (e.g. Pick-

ford 1990; van Damme and Pickford 2003). Karner et al.

(2000) and Ring (2008) showed that there is a relationship

between the high topography in the central Rwenzori Mtns

and the glaciations.

Structural, sedimentological and palaeontological stud-

ies suggest the following evolutionary stages for the

Western Rift in general (Fig. 3): (1) Early faulting and

subsidence in the area of the Albertine Rift occurred at

*18–20 Ma (Abeinomugisha and Mugisha 2004; Delvaux

and Barth 2010); (2) initial volcanic activity affected the

Virunga Province at *12 Ma, prior or concurrent to initial

faulting and subsidence of rift basins (Ebinger 1989); (3)

tectonic movements at *10–8 Ma were reported for Lake
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Kivu and Lake Albert rift basins, accounting for the dia-

chronous evolution; (4) first major episodes of rifting

started at *8–8.5 Ma in the Albertine area with associated

rift-flank uplift (Ring et al. 1992; Ebinger et al. 1993; Ring

and Betzler 1995); (5) a second tectonic pulse and

accompanied uplift affected the area of the Albertine Rift

at *2–3 Ma (cp. Pickford et al. 1993; Ring 2008). It is

assumed that exhumation of the Ruwenzori Mtns started at

this time. Referring to Van Damme and Pickford (2003), an

aerially extensive palaeo-lake (Lake Obweruka) existed

from *7.5 to 2.5 Ma and covered the entire area of the

Albertine Rift for most of that period. Due to a major

tectonic pulse, this palaeo-lake was separated into present

Lake Albert and Lake Edward at *2.5 Ma. It is supposed

that this pulse was associated with a period of rifting and

footwall surface uplift that finally led to the surface uplift

of the rift shoulders and the Rwenzori Mtns, and associated

tilt of the rift basins (Ebinger 1989; Pickford et al. 1993;

Taylor and Howard 1998).

The Rwenzori Mtns are truncated by various fault sys-

tems dissecting the mountain range into several blocks. At

least three recurring fault sets that are overprinting each

other can be observed in the central Rwenzori Mtns (Ring

2008). The western boundary of the Rwenzori Mtns is

made up by the large-displacement Bwamba border fault,

whereas the eastern side of the Rwenzori Mtns is controlled

by the Rwimi-Wasa fault in the north and the Nyamwamba

fault in the south (Fig. 2). In addition, the seismically

active central part of the Rwenzori Mtns is dissected by

fault sets striking E–W, N–S and NW–SE (Ring 2008,

road
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Koehn et al. 2008). The numerous valleys that are dissecting

the Rwenzori Mtns into several blocks predominantly are

fault-related, following pre-existing tectonic structures

(Bauer et al., in review).

Geomorphology of the Rwenzori Mtns

The Rwenzori Mtns, with a lateral dimension of about

120 km NS and 50 km EW, show a recent topography

reaching from about 1,000 m a.s.l. to 5,109 m a.s.l.. From

N to S different areas can be distinguished giving the

Rwenzori Mtns their remarkable shape: the long and nar-

row northern range, the central to south-central high-peak

area, with the highest elevations and broadest widths that

gradually merges into the southern part with decreasing

widths and altitudes (cp. Fig. 2). Apart from a small con-

nection to the craton at their north-eastern flank, the entire

Rwenzori Mtns are enclosed by the rift valley.

As described, e.g., by Whittow (1966); Ollier and Pain

(2000); Osmaston and Harrison (2005), the present relief of

the Rwenzori Mtns bears witness of several glacial cycles.

Above *2,500 m a.s.l., the evolution of topography is

strongly influenced by large Pleistocene and Holocene ice

sheets, whereas inherited fault systems and prevailing rock

composition pave the way for erosion. The peaks are

shaped by erosion, with glaciers still covering the top

(Fig. 4). The initial landscapes were probably created by

fluvial erosion and remodelled by glaciation (Ollier and
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Pain 2000), as indicated by wide U-shaped valleys (Fig. 4).

Currently, two main rivers dewater the central Rwenzori

Mtns to the east into Lake George, with recent erosion rates

ranging between 35 and 140 mm/ky, with largest values of

115 and 140 mm/ky at their steeper south-eastern flank

(Roller et al. 2008).

The erosion rates constrained by Roller et al. (2008)

represent a more recent snapshot and because of the glacial

cycles long-term erosion rates may have been different.

Long-term erosion rates in mountain chains are commonly

estimated by integrating over a full glacial/interglacial

cycle (or better a few of them) to average out short-term

(100–1,000 year scale) variability in climate and sediment

accumulation rates (Burbank, pers. comm., 2009). Long-

term erosion rates are thus on the C100,000 year time

scale.

The landscape in the central Rwenzori Mtns has

threshold slopes (*30�), i.e. slopes that are at the limit of

Coulomb failure. In these landscapes, the erosion rates are

only dependent on rock uplift (Montgomery and Brandon

2002). When threshold slopes are present, the topographic

system has to be at steady state, i.e. rock uplift equals

erosion. The landscape in the Rwenzori Mtns is similar to

landscapes in the Southern Alps of New Zealand, the

Himalaya or other active, deeply incised mountain belts on

Earth that have long-term erosion rates [*0.5 mm/year.

Erosion in the Rwenzori Mtns occurs to a great degree

by landslides. The landslides are in turn masked by heavy

vegetation but at their head scarps there is fresh outcrop

along slopes of valleys which are otherwise characterized

by glacial debris. The fresh outcrop in the Rwenzori Mtns,

also at its high peaks, shows that uplift and exhumation

processes there must be fundamentally different than at

the other rift flanks in the East African Rift where rocks

are typically deeply weathered and form Miocene land

surfaces indicating that they were eroded and exhumed

very slowly. Big landslides also obscure the glacially

formed landscape in the Rwenzori Mtns, as they do in other

active, glacially formed landscapes.

As commonly observed in mountains of glaciated areas

that do not collect snow, broad parts of the Rwenzori Mtns

are attacked by frost, giving rugged mountains, and steep

rock upper slopes over scree-covered lower slopes. Feral

mountain landscapes often result from incised rivers and

are an indicator for active uplift (e.g. Ollier and Pain

2000). The central high peak area of the Rwenzori Mtns

is an example for such morphotectonic interactions.

Sections across the Rwenzori Mtns, derived from digi-

tal elevation models (DEM), illustrate the course of

topography along- and across-axis (Fig. 5). The delin-

eated compensating curve of section 1, Fig. 5 traces the

expected course of topography wavelength along axis and

cuts through the high peaks of the central Rwenzori Mtns.

This is pointing to a more pronounced surface uplift of the

central part, in respect to the flanking areas, with an

associated erosion surface, as derived from field obser-

vations (Bauer et al., in review). Further structural as well

as morphologic features of the Rwenzori Mtns can be

observed across-axis. Following WNW–ESE trending

cross-sections, the slopes are much steeper on the western

part of the Rwenzori Mtns than to the east. This asym-

metry is most striking in the central part, where the

western flank locally rises from about 1,000 m a.s.l. to

heights of more than 4,500 m a.s.l. within less than

15 km, whereas the eastern flank plunges along a distance

of more than 30 km to reach 1,000 m a.s.l. again (Fig. 5,

section 2). The western flank is sharp bounded against the

adjacent rift valley by the Bwamba fault, showing more

pronounced fault scarps (cp. Fig. 2). The eastern flank,

however, is lacking a clear and continuous bounding fault

Fig. 4 Landscape in the high mountain ranges of the central

Rwenzori Mtns. Top pictures: Glaciated peaks of the Rwenzoris,

Mt Margherita (left & middle), Mt Baker (left). Bottom: Glacial forms

at *3,000–4,500 m. Traces of pre-glacial landscapes are still visible

within narrow valleys and sharp cliffs with scree slopes (right). In

other parts glaciation has removed much more material, resulting in

wide valleys, with scree covered by organic material, giving way for

vast swamps or bogs (middle) within u-shaped valleys (left)
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as it is still connected to the African Plateau along a

distance of about 60 km.

Thermochronology in the EARS

Only a few thermochronological studies quantify the

cooling, uplift and denudation history of the rift flanks

within the EARS (Fig. 6). These studies are mainly related

to the Afar region, and Kenya and Tanzania rifts of the

eastern rift branch, as well as the Malawi and Rukwa

Rift flanks of the western branch (Figs. 1, 6). These stud-

ies used apatite fission-track, titanite, zircon and apatite

(U–Th–Sm)/He analysis and reported different stages of

denudation within the EARS. On the base of apatite fission-

track data, e.g. van der Beek et al. (1998) concluded that

the Malawi and Rukwa Rifts record a protracted cooling

and exhumation history with an old stage around 250–

200 Ma (2.0 ± 0.4 km denudation), a second at about

150 Ma (2.0 ± 0.4 km denudation) and a third stage dur-

ing Cenozoic time (B1.2 ± 0.2 km denudation). AFT data

recorded at the Livingstone Escarpment (Malawi Rift)

reveal a Cenozoic exhumation history with more than half

of the denudation taking place since 20 Ma (van der Beek

et al. 1998). Comparable timing is reported for the Kenya

and Tanzania Rift flanks (Foster and Gleadow 1992, 1996;

Wagner et al. 1992; Mbede 2001; Spiegel et al. 2004,

2007). Spiegel et al. (2007) also found three major cooling

episodes in the Kenya Rift: (1) during the Early Creta-

ceous, (2) the Late Cretaceous, and (3) the late Neogene,

with intermittent periods of slow to very slow cooling.
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Fig. 5 DEM of the Rwenzori Mtns with several cross-sections along

and across the Rwenzori Mtns, revealing a highly dissected

morphology. Section 1 SSW–NNE oriented section, showing succes-

sive increase in altitudes from NNE towards high peaks, highest

elevations in the central Rwenzoris followed by a slightly steeper
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an idealized trending of topography wavelength cutting through the

high peaks. Section 2 WNW–ESE section across the central high peak
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comparable to section 1 the compensating curve cuts the high peaks

of the central part. Additional cross-sections (A–E) further illustrate

the asymmetry and the more pronounced fault scarp along the western

flank. See text for further interpretation
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In contrast to the punctuated cooling history reported for

large parts of the EARS, Pik et al. (2008) reveal a con-

tinuous rift development since rift initiation in Miocene

times about 20 Ma ago for the Ethiopian part of the EARS.

For the Rwenzori Mtns there is only one study known so

far, applying thermochronological techniques. Apart from

apatite-, zircon-, and titanite U–Pb ages, MacPhee (2006)

acquired zircon and apatite (U–Th–Sm)/He data (ZHe,

AHe). The spectrum of cooling ages (ZHe and AHe) shows

a wide spread, with AHe ages (7) ranging between 262.5

(±6.39) Ma and 18.9 (±0.5) Ma (elevations: 690 m to

4,620 m a.s.l.). Despite the differences in sampled altitude,

no age elevation relationship was observed by MacPhee

(2006).

Methods

Thermochronologic methods, such as (U–Th–Sm)/He and

fission-track (FT) dating, are based on the production of an

isotope or radiation damage, resulting from nuclear decay,

and the subsequent, thermally controlled retention of these

decay products. As described, e.g., by Reiners and Brandon

(2006), the radioisotopic production decreases exponen-

tially with time but is predictable and otherwise steady,

which gives the thermochronometer the ability to keep

time. Due to the thermal sensitivity of thermochronomers,

thereof revealed ages provide information about the cool-

ing history of the rock, rather than the crystallization ages

of its minerals (although in some cases they do record

crystallization ages as well).

To resolve the thermal evolution of the Rwenzori Mtns,

apatite fission-track (AFT) and apatite (U–Th–Sm)/He

analyses (AHe) were performed. Whenever possible both

thermochronometers were applied to the same sample,

allowing a more robust evaluation of the spatial and tem-

poral cooling of the samples. Thermal modelling was used

to determine the cooling histories of individual samples

and trace their exhumation through the upper crust.

For this study, 21 samples were processed for thermo-

chronological analyses, with 15 samples yielding enough

apatite grains for the analytical work. The majority of

samples was taken from the eastern flank of the central

Rwenzori Mtns along an E–W transect (17 samples), and

some spot samples were taken from the northern Rwenzori

Mtns (4 samples) (Fig. 2). The sampled lithologies are

mainly Precambrian granitic gneisses, amphibolites, silli-

manite-muscovite-biotite schist, quartz-biotite schist, gar-

net-muscovite schist, and quartzites (Fig. 2). The elevations

range from *800 m a.s.l. at the foothills to *4,800 m a.s.l.

at the high peaks of the Rwenzori Mtns.

To extract apatite crystals, the collected samples were

processed following the general heavy mineral separation

routine (cp. Donelick et al. 2005, and literature cited

therein). In some lithological units, apatite crystals are

scarce, usually very small and/or of poor quality. At least

one-third of the treated samples are loaded with sillimanite,

and some of them do not yield sufficient apatite grains for

AFT and/or AHe analysis. Thus, AFT and AHe analytic

were not applicable for all samples, and 6 samples could

not be analysed.

Apatite fission-track thermochronology

The basic concept of the AFT method is the spontaneous

fission of 238U, during which the heavy fragments of this

fission leave chemically etchable latent tracks in minerals

and natural glasses (Wagner 1972). Information on the

thermal history of apatite is stored in two archives: the etch

pit areal density at an artificially polished internal surface,

and the length distribution of horizontal confined tracks

(e.g. Wagner and Van den haute 1992; Lisker et al. 2009,

and literature cited therein). Fission of 238U generates

spontaneous fission-tracks that are metastable in relation to

temperature. The temperature-sensitive annealing of fis-

sion-tracks in apatite is constraint by two important effects

(1) the crystallographic orientation of the spontaneous

tracks, and (2) the chemical composition of the apatite.

Albertine
Rift

Malawi
Rift

Virunga
volcanics

Kivu
volcanics

Rwenzori
Mountains

Livingstone
Escarpment

Rungwe
volcanics

Mt. Kenya

Kilimanjaro

Western
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Eastern branch68-27 Ma

72-12 Ma

85-54 Ma
76-11 Ma
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250-200 Ma

< 40 Ma
~ 150 Ma

210-127 Ma
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148-20 Ma

ZHe ages
AFT ages
AHe ages ASTER GDEM, METI & NASA

Fig. 6 Locations of thermochronological studies in the EARS with

accordant apatite fission-track (AFT, yellow) and (U–Th–Sm)/He

ages from apatite (AHe, purple) and zircon (ZHe, red). See text for

more details and studies of: Abbate et al. (2002); Foster and Gleadow

(1992, 1996); MacPhee (2006); Mbede (2001); Noble et al. (1997);

Pik et al. (2003, 2008); Spiegel et al. (2004, 2007); van der Beek et al.

(1998); Wagner et al. (1992)
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Tracks orthogonal to the c-axis anneal more rapid than

tracks parallel to the c-axis (Green and Durrani 1977;

Green 1981, 1988; Laslett et al. 1984; Donelick et al.

1999). Total annealing temperature of FT in apatite is

governed by the fluorine- (90–110�C/10 Myr) and chlorine

content (110–150�C/10 Myr). The partial annealing zone

(PAZ) of FT’s in apatite range down to 60�C/10 Myr.

Annealing below 60�C is still considered to be minor for

100 Myr time ranges. The change of arithmetic mean fis-

sion-track etch pit size parallel to the crystallographic c-

axis (kinetic parameter Dpar) is depended on the chemical

composition and the etching conditions (5.5 N HNO3,

20 s, 21�C) (Sobel and Seward 2010, and literature

therein).

Apatite fission-track analysis

Following the standard techniques for heavy mineral sep-

aration, as e.g. described by Grist and Ravenhurst (1992a,

b), Donelick et al. (2005), apatite grains of 15 samples

were prepared for AFT analysis of this study. The AFT

grain mounts were etched in 5.5 N HNO3 for 20 (±1) s at

20 (±1)�C and afterwards covered by U-free detection

muscovite. The covered grain mounts, as well as two

Durango apatite age standards and three glass neutron

dosimeter (CN5, top, middle, and bottom of sample batch)

were irradiated at the research reactor FRM II, Munich.

After irradiation, the detection mica were etched in 48%

HF for 20 (±1) min at 20 (±1) �C.

AFT data acquisition was performed in the laboratory of

the Thermochronology and Archeometry research group at

the University of Heidelberg. The FT-1 system used,

consists of an Olympus� ‘BX50’ optical microscope,

equipped with an Autoscan� ‘AS3000i’ 3-axis microscope

stage, a high-resolution Peltier-cooled colour CCD camera

‘ColorView III’ (5 mega pixel) of Olympus�, connected to

a computer unit. To increase the precision of stage move-

ment, each axis is upgraded with an external laser scale

sensor (‘BL 55 RE’ of Sony�), which guarantee a deviation

of less than 500 nm along 4–5 cm of movement. The entire

setup is operated through the Autoscan� software Track-

scan�, which also calculates the track densities. Applying

the largest possible resolution, each pixel is equivalent to

less than 250 nm in size. Area densities were counted by

using a 50x dry objective, whereas Dpar (Dpar
� , etch pit size

parallel to the c-axes) and confined fission-track length

together with their individual angle relative to the c-axes

were determined by using the Olympus set up with a

100x dry objective and the Autoscan� computer code

‘EasyLength�’. AFT ages were calculated applying the

f-method (external detector method as described by

Hurford and Green (1982, 1983)). The f-value of 351.74

(±10.39) a/cm2 was obtained by counting Durango apatite

age standards. All ages, 1 r-errors, and radial plots were

determined by using the computer code ‘Trackkey’ (Dunkl

2002), with the resulting data presented according to the

recommendations of Hurford (1990).

Apatite (U–Th–Sm)/He thermochronology

The AHe thermochronology is based on the accumulation

of 4He during the a-disintegration of 238U, 235U, 232Th,

their daughter products and 147Sm. The closure temperature

(Tc) of mineral grains is dependent on: activation energy

(E), a geometric factor for the crystal form (A), thermal

diffusivity (D0), the length of the average diffusion path-

way from the interior to the surface of the grain (a) and the

cooling rate at closure temperature (dT/dt) (Dodson 1973).

In general, the apatite Tc is in the range of 70 ± 7�C for a

simple monotonic cooling rate of 10�C/Myr, a subgrain

domain size [ 60 lm, an activation energy (Ea) of about

36 kcal/mol, and a log(D0) of 7.7 ± 0.6 cm2/s (Farley

2000). Alpha (a) particles are emitted with high kinetic

energy during decay of U and Th, and travel significant

distances before coming to rest, which in turn poses a

complication for the He dating method, as a-particles may

be ejected out of the crystal being dated or injected into the

crystal from decay occurring in surrounding grains.

Therefore, a correction has to be applied for the loss/gain

of radiogenic He generated within an outer rim of the

mineral grain by the a-stopping distances (apatite: 25 lm)

(Wolf et al. 1996; Farley et al. 1996; Farley 2000). While

the a-ejection correction is applied more routinely, the

recently introduced correction for radiation damage is still

in progress (Shuster et al. 2006; Shuster and Farley 2009;

Flowers et al. 2006; Flowers et al. 2009). Shuster et al.

(2006) noted that 4He diffusion in apatite is impeded by

radiation-induced damage to the crystal structure. Their
4He production-diffusion model predicts that the effective
4He closure temperature of apatite will vary with cooling

rate and effective uranium concentration (eU) and may

differ from the commonly assumed Tc of *75�C/1 Myr by

up to ±15�C (Shuster et al. 2006; Shuster and Farley 2009).

To account for the accumulation of crystal defects due to the

radioactive decay the eU factor (eU = [U] ? 0.235 [Th],

concentrations in weight %) was introduced (Shuster et al.

2006). This factor characterizes the dependency of 4He dif-

fusion on the amount of accumulated crystal defects created

by the movements of the fission products and the alpha-recoil

nucleus’ in the crystal lattice.

Apatite (U–Th–Sm)/He analysis

The heavy mineral separation follows the same procedure

as applied for AFT analysis. The final evaluation of

appropriate grains for the AHe technique, however, is more
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restrictive, since the analytical work requires well-defined

apatite crystals without any cracks, mineral or fluid inclu-

sions. For this study, the heavy-mineral concentrates

obtained from separation process were screened for suit-

able apatite grains. Thereof 13 samples were considered as

applicable and accordant apatite crystals were picked. At

least two grains per sample were selected, but whenever

the quality of the sample allowed it three or more apatite

grains were picked. Subsequently the crystal sizes were

measured prior to the analysis.

The analytical work was performed at Kline Laboratory,

Yale University (later at the Arizona Radiogenic Helium

Dating Laboratory). He degassing of single apatite crystals

was performed by a Nd:YAG laser. The quantification of

the amount of He was done with a Balzers quadrupole mass

spectrometer (QMS). Thereafter, U–Th–Sm content of the

degassed crystal was measured on a high-resolution Ele-

ment2 ICP-MS, with the obtained AHe data afterwards

corrected for a-ejection (for further details on the (U–Th–

Sm)/He analytical technique see Mitchell and Reiners

2003; Reiners and Nicolescu 2006).

Thermal modelling: t–T paths

A tool for testing various geological models of time–tem-

perature (t–T) evolution of a specific area (crustal segment)

under investigation is provided by the computer code

HeFTy (Ketcham 2005; Ketcham et al. 2007a, b, 2009).

The HeFTy algorithm considers known FT annealing

kinetics and He-diffusion behaviour of apatite and zircon,

and tests cooling and reheating scenarios against deter-

mined thermochronological data. Time–temperature con-

straints (t–T coordinates) revealed from the known

geological evolution of the area have to be taken into

account. Both forward and inverse modelling can be per-

formed, constructing possible t–T paths that are in agree-

ment with the observed thermochronological data set.

For this study AFT data were used. The determined AFT

data set comprises single grain cooling ages, confined FT

length distribution and etch pit length (i.e. Dpar) as proxy

for the chlorine and fluorine content of the individual

apatite crystal.

In a first step, the FT data were modelled in a forward

approach, considering information from geological evolu-

tion of the study area and determined AHe ages. The

resulting t–T path provides one solution for a possible

cooling history of the area. Based on the best forward

model, the inverse modelling was initiated. Along the t–T

path several constraint-boxes can be set, acting as starting

fields for the inverse model. The software algorithm con-

nects the fields to t–T paths and searches within the field

for possible solutions. In a Monte Carlo approach, the

computer code attempts to find out of 20,000 single t–T

paths, those ones that best approximate the measured data.

The primary goal of the program is to define envelopes of

good and acceptable results in t–T space that contain all

paths passing baseline statistical criteria and that are con-

form to user-entered geological constraints. A good fit

(displayed purple in graph) corresponds to a merit value of

0.50 or higher (goodness of fit, GOF C 50%). This is the

expected value if the time–temperature path and kinetic

model are in fact the correct ones. An acceptable fit (dis-

played green in graph) corresponds to a merit value of 0.05

or higher (GOF C 5%), indicating that the model has not

failed the null hypothesis test that forms the basis of the

applied statistics (Ketcham 2009; Ketcham et al. 2009).

To approach the most likely cooling history (best fit t–T

path), the constraint boxes are opened up more widely in

the first model runs and adapted successively to increase

the amount of good fits and get the best solution.

In the case of the Rwenzori Mtns data, two general

geological evolution models were tested. One that assumed

a steady cooling history and a second one that allowed

reheating and cooling. Reheating would simulate either

subsidence or increased heat flow for a certain time inter-

val. In all cases, no solution for the reheating and cooling

model could be achieved. Therefore, solely the steady

cooling models will be presented and discussed.

Results

Apatite fission-track age distribution

The 15 AFT central ages show a large range in ages,

between 85.3 (±5.3) Ma (RZ03-29) and 195.0 (±8.4) Ma

(RZ03-33) (Fig. 7; Table 1). All AFT ages are younger

than the corresponding intrusion and metamorphic age of

the rocks. The youngest AFT age was revealed from a

granitic gneiss located at the western flank (1,230 m a.s.l.)

of the northern Rwenzori Mtns, while the oldest age was

obtained from a granite sample (RZ03-33) taken at the

eastern flank of the northern Rwenzori Mtns (1,070 m

a.s.l.). A comparable old age of 185.3 (±8.3) Ma (RZ03-

15) was found in the central Rwenzori Mtns at an elevation

of 4,050 m a.s.l. Except for one sample (RZ03-02) all

single grain age distributions pass the v2-test (P (v 2) [ 5%)

(Table 1). With respect to the 1r-error of single grain ages,

this indicates a homogenous single grain age distribution

(Galbraith 1981).

In the central part of the Rwenzori Mtns, samples were

taken along a *35 km long SE–NW transect that covers

elevations from 1,650 m a.s.l. to 4,800 m a.s.l. The central

AFT ages range between 89.2 (±4.9) Ma (RZ03-27) and

185.3 (±8.3) Ma (RZ03-15). Most of the apparent ages

scatter around 130 Ma and do not vary significantly with
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elevation. Within error, sample RZ03-26 from the lowest

elevation (1,690 m a.s.l., 122.8 (±7.0) Ma) has the same

apparent age as the sample from the highest elevation

(4,800 m a.s.l., 125.5 (±5.8) Ma) (Fig. 7).

In the northern part of the Rwenzori Mtns, only two

samples revealed enough grains for AFT analysis. The

sample (RZ03-29, 1,230 m a.s.l) from the western flank

yielded an AFT age of 85.3 (±5.3) Ma, while the sample

from the eastern flank (RZ03-33, 1,070 m a.s.l) revealed an

AFT age of 195.0 (±8.4) Ma.

Etch pit size

3,145 Dpar values (etch pit size) were determined for all

apatite grains processed in this study (Table 2). The Dpar

values show a narrow range between 1.4 (±0.2) lm and 2.0

(±0.5) lm. Referring to the lithologies and corresponding

mean Dpar values, a decrease from pegmatite (2.0 ± 0.5) to

granites (1.5 ± 0.3) can be observed with gneiss litholo-

gies (1.7 ± 0.3) and the amphibolite (1.8 ± 0.5) taking an

intermediate position.

With the exception of samples RZ03-10 (-0.12) and

RZ03-11 (-0.27), all samples exhibit a positive skewness

between 0.06 and 1.58. The large skewness values indicate

a larger variation in etch pit size. The largest etch pit size

of 3.6 lm was measured in apatites from a granite-gneiss

(RZ03-26). This sample also shows the largest spread in

Dpar values between 1.1 lm and 3.6 lm (±0.3 lm).

Within errors, no correlation has been detected between the

single grain ages, the confined length and the Dpar values.

Track length distribution

Eleven of the analysed FT samples yield more than 60

confined fission-tracks (CT) (Table 2). The obtained mean

lengths of confined spontaneous fission-tracks range

between 10.7 (±1.5) lm and 12.1 (±1.3) lm. 1,236 track

lengths were measured. Apart from three exceptions

(RZ03-03: 0.08; RZ03-08: 0.47; RZ03-26: 0.10), all other

samples show a negative skewness between -0.01 and

-0.77 indicating a trail of short tracks, which points to a

complex cooling history. No correlation exists between

track length distribution and elevation or variation of

determined AFT ages. The 11 samples with more than 60

confined tracks were used for thermal modelling.

The measured confined spontaneous FT lengths were

corrected for their crystallographic orientation using the

computer code HeFTy (c-axis corrected fission-track

length, Lc). The mean confined spontaneous fission-track

length changed to a distribution between 12.6 (±1.7) lm

and 13.7 (±1.1) lm. Except for sample RZ03-08 (Lc skew:

0.07), all samples show a negative skewness ranging from

-0.05 to -1.53. Even with this correction no correlation

exists between track length distribution and elevation or

variation of FT ages.

Apatite (U–Th–Sm)/He age distribution

For the apatite (U–Th–Sm)/He analysis (AHe), 13 samples

with 2–6 grains each were measured. Accordant results are

summarized in Table 3 and illustrated in Fig. 7. The age

Fig. 7 Sample localities of the central and northern Rwenzori Mtns

(view from S to N) with schematic transect to the right and age-

elevations plot to the left to illustrate the independence of ages with

altitude. Samples and AFT ages displayed black, AHe ages (marked

with ^) are displayed white
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variation of the a-ejection corrected single grain ages range

between 210.0 (±6.0) Ma and 24.9 (±0.5) Ma. Within one

sample (RZ03-27) of 6 grains, the corrected single grain

ages vary between 108.9 (±2.1) Ma and 52.9 (±1.1) Ma. A

correlation between apatite grain sizes and age distribution

could not be revealed. The accumulation of radiation

damage, however, which can be detected by the effective U

concentration (eU) seems to have an effect on the AHe data

Table 1 Summary of apatite fission-track data and sample location with description

Sample Elev.

(m a.s.l.)

Lat. Long. Lith. U (std)

(lg/g)

n Sp. tracks

qs

Ns

Ind. tracks

qi

Ni

P (v2)

(%)

Central

age ± 1r
(Ma)

Northern Rwenzori Mtns

RZ03-29* 1230 0.70215 30.08990 gr-gn 9.0 (4.8) 19 3.627

460

10.771

1366

86.2 85.3 ± 5.3

RZ03-32 800 0.83961 30.17127 peg – – – – – –

RZ03-33**** 1070 0.83433 30.23498 gr 22.0 (16.2) 20 20.569

2053

24.026

2398

99.7 195.0 ± 8.4

RZ03-34 1570 0.72379 30.19018 gr-gn – – – – – –

Central Rwenzori Mtns

RZ03-02** 1900 0.36008 30.01423 peg 67.6 (11.5) 11 43.18

2472

81.566

4669

0.03 134.9 ± 7.2

RZ03-03* 2580 0.36031 29.98516 gr-gn 6.2 (2.6) 28 4.684

917

7.437

1456

99.7 159.4 ± 8.3

RZ03-04** 2450 0.36673 29.98379 gr-gn 12.5 (6.3) 20 7.760

1023

15.482

2041

100.0 126.7 ± 6.2

RZ03-05**** 2940 0.36794 29.95636 amp 2.5 (2.4) 10 1.803

153

3.24

275

100 130.0 ± 13.7

RZ03-07**** 3190 0.38054 29.94305 gr 17.4 (6.4) 22 11.405

1291

20.204

2287

99.8 132.2 ± 6.2

RZ03-08* 3340 0.38898 29.93441 gr 23.3 (16.5) 15 16.708

199

31.233

372

37.8 137.8 ± 13.5

RZ03-09*** 3480 0.38325 29.92950 gr-gn 7.6 (3.5) 20 4.285

607

9.932

1407

98.5 114.3 ± 6.6

RZ03-10** 4150 0.39178 29.88243 gr-gn 12.6 (4.6) 18 9.475

1032

16.93

1844

100.0 141.3 ± 7.0

RZ03-11**** 4180 0.37997 29.87586 gr-gn 19.6 (4.8) 18 13.655

1778

23.301

3034

99.9 134.8 ± 5.8

RZ03-12*** 4800 0.40800 29.89221 gr-gn 15.9 (6.7) 22 10.687

1252

22.544

2641

99.8 125.5 ± 5.8

RZ03-15* 4050 0.37858 29.88791 bt-gn 37.2 (20.6) 22 34.812

2339

47.403

3185

17.4 185.3 ± 8.3

RZ03-16 4150 0.37557 29.88462 bt-gn – – – – – –

RZ03-26*** 1690 0.34613 30.03796 gr-gn 5.8 (3.4) 21 3.544

632

7.655

1365

100.0 122.8 ± 7.0

RZ03-27*** 1650 0.34086 30.04473 gr-gn 20.2 (14.1) 20 8.936

883

26.716

2640

36.9 89.2 ± 4.9

Sample-Location: Elevation in metre above sea-level, Latitude and Longitude (UTM coordinates, WGS 84); Lith.: lithology; peg: pegmatite,

gr-gn: granitic gneiss, bt-gn: biotite gneiss, gr: granite, amp: amphibolites; U (std): Uranium concentration and standard deviation in lg/g;

n: number of counted apatite grains; qs: density of spontaneous tracks (105 tr/cm2), Ns: number of spontaneous tracks; qi: density of induced

tracks (105 tr/cm2), Ni: number of induced tracks; P(v2): probability that single grain ages are consistent and belong to the same population. Test

is passed if P(v2) [ 5% (Galbraith 1981). Ages are calculated using a f-value of 351.74 ± 10.39 a/cm2; tracks counted on CN5 dosimeter glass

(Nd) are marked by *: Samples with *: Nd = 18367 tracks, with **: Nd = 14796 tracks, ***: Nd = 15471 tracks, with ****: Nd = 10118

tracks
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(Table 3). A positive correlation between single grain AHe

ages and the eU factor is illustrated in Fig. 8. Because of its

lower eU content, sample RZ03-26 was plotted separately

(Fig. 8, bottom), but also displays a positive correlation.

Modelling the thermal history: t–T modelling

The confined track length and Dpar distribution together

with the AFT cooling ages of 11 samples (Table 2) were

used to model their individual thermal history (Fig. 9a–e).

To improve the modelling results, AHe data as well as

information on the general geological evolution from the

area were considered and implemented as t–T constraints.

In general, the steady cooling-only solution is concordant

with the FT data of the samples. Apart from two models

(RZ03-29; RZ03-07), the derived modelling solutions

indicate a goodness of fit (GOF) greater than 90%, both for

the best fit of the generated cooling paths and the confined

FT length distribution. For sample RZ03-29, the length

distribution could not be reproduced better than 60% in the

inverse HeFTy model, the accordant t–T path, however, fits

the data set very well (GOF: 1.0). In the case of sample

RZ03-07, the modelled length distribution matches the

measured one with 89% confidence (GOF: 0.89), while the

best fit for the t–T path reaches a value of 80%, which is

still acceptable, but needs to be considered for interpreta-

tion. All models have more than 40 good t–T paths and at

least 200 accepted t–T paths; the majority, however,

reveals more than 200 good and 1000 accepted t–T paths.

In general, the shape of the cooling path of all samples is

characterized by initially fast cooling to about 70�C in the

Mesozoic, followed by very slow cooling in Mesozoic and

Palaeogene times to 50–40�C, and rapid cooling in the

Neogene to surface temperature. The resulting exhumation

rates over time vary between 1.333 mm/a, and 0.003 mm/a

(Table 4). For calculating exhumation rates from the

thermochronological data set, several assumptions need to

be made. The average recent surface temperature (Ts) was

set 20�C at lower elevations and 15�C at higher elevations.

Regarding the geothermal gradients two distinct values

were used, depending on the cooling gradient. For times of

slow cooling, a general geothermal gradient of 25�C/km

was assumed. In time segments with fast cooling, however,

a geothermal gradient of 30�C/km was applied. In view of

the geological background, it can be presumed that

amplified cooling of rocks in the Rwenzori Mtns was

triggered by enhanced vertical rock movements and ero-

sion, rather than by erosion solely. Therefore, an increased

geothermal gradient of 30�C/km was assumed for times of

fast cooling, and 25�C/km for times of slow cooling. At

present, the geothermal gradient in the Lake Albert Basin

sediments increases from S (*50�C/km southern Lake

Albert) to N (*70�C/km northern Lake Albert, P. Logan,

personal communication). In general, increased geotherms

Table 2 Detailed apatite fission-track length data

Sample n CT CT mean

(lm)

CT std

(lm)

CT

skew

Lc mean

(lm)

Lc std

(lm)

Lc

skew

n

Dpar

Dpar mean

(lm)

Dpar std

(lm)

Dpar

skew

Northern Rwenzori Mtns

RZ03-29 92 12.1 1.3 -0.08 13.6 1.2 -0.33 462 1.4 0.2 0.34

RZ03-33 110 10.7 1.5 -0.06 12.7 1.1 -0.57 152 1.5 0.3 1.53

Central Rwenzori Mtns

RZ03-02 145 11.8 1.6 -0.06 13.5 1.2 -0.27 77 2.0 0.5 0.22

RZ03–03 84 11.7 1.4 0.08 13.1 1.2 -1.53 320 1.6 0.2 0.83

RZ03-04 69 12.0 1.4 -0.48 13.5 1.1 -0.70 184 1.9 0.3 1.23

RZ03-05 2 12.1 1.0 – – – – 62 1.8 0.5 0.62

RZ03-07 104 11.4 1.5 -0.11 13.2 1.1 -0.60 192 1.5 0.2 0.42

RZ03-08 7 11.7 1.2 0.47 12.6 1.7 0.07 85 1.5 0.3 0.80

RZ03-09 34 11.6 1.5 -0.01 13.3 1.0 -0.39 169 1.6 0.3 0.40

RZ03-10 22 12.1 1.3 -0.77 13.7 1.1 -1.12 140 1.6 0.4 -0.12

RZ03-11 101 11.7 1.6 -0.08 13.4 1.1 -0.05 223 1.5 0.2 -0.27

RZ03-12 84 11.9 1.8 -0.57 13.5 1.2 -0.47 228 1.6 0.4 0.28

RZ03-15 199 11.7 1.7 -0.28 13.4 1.2 -0.35 331 1.9 0.2 0.06

RZ03-26 77 11.9 1.5 0.10 13.3 1.3 -0.66 338 1.8 0.4 1.58

RZ03-27 106 12.1 1.3 -0.29 13.6 1.0 -0.81 182 1.7 0.3 0.65

n CT: number of confined tracks measured; CT mean: mean confined track length, std: standard deviation, skew.: skewness of distribution

relative to the mean value (measure of asymmetry of the distribution), Lc mean: mean track length after c-axis correction, n Dpar: number of etch

pit diameters measured, Dpar mean: mean eatch pit diameter
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in the rift valleys of the EARS are thought to be due to

current geothermal activity (e.g. D’Oreye et al. 2007). The

applied geothermal gradients are average gradients for a

long time span of millions of years. The onset of recent

high heat flow is not known. As shown by Nyblade (1997)

and Nyblade et al. (1990), such heat flow values cannot be

directly transferred to neighbouring cratonic areas. Geo-

thermal gradients between 25 and 30�C/km, therefore,

seem reasonable estimates for rift flanks and cratonic areas

in the EARS and are in accordance with other studies in

Table 3 Summary of apatite (U–Th–Sm)/He data

Sample M

(lg)

Av. r

(lm)

U

(lg/g)

Th

(lg/g)

Sm

(lg/g)

4He

(nmol/g)

eU

(lg/g)

Ft Raw age

(Ma)

1r
(Ma)

Corr. age

(Ma)

1r
(Ma)

Northern Rwenzori Mtns

RZ03-32a1 3.6 49 47 \1 244 12.77 47 0.74 49.47 1.12 66.76 1.51

RZ03-32a2 1.2 34 21 1 133 4.97 21 0.64 43.25 1.21 68.10 1.90

RZ03-32a3 12.5 72 34 1 263 13.20 34 0.81 71.43 1.54 88.14 1.91

RZ03-34a1 1.0 38 20 3 114 15.19 21 0.64 134.36 3.84 209.99 6.01

RZ03-34a2 0.9 34 22 5 275 13.12 23 0.62 103.99 2.98 168.70 4.83

RZ03-34a3 2.2 54 41 4 204 25.51 42 0.73 112.28 2.44 154.39 3.36

Central Rwenzori Mtns

RZ03-02a1 1.4 39 97 27 162 23.20 103 0.67 41.30 0.85 61.88 1.27

RZ03-02a3 2.0 48 114 16 120 26.05 118 0.71 41.05 0.81 57.75 1.14

RZ03-02a4 3.8 55 49 4 183 5.49 50 0.76 20.32 0.41 26.86 0.54

RZ03-03a1 2.4 41 7 6 167 3.61 8 0.69 74.27 1.42 107.06 2.05

RZ03-03a2 4.5 60 13 14 145 8.80 16 0.77 97.32 1.86 127.21 2.43

RZ03-04a1 4.7 65 10 4 42 3.40 11 0.78 58.74 1.20 75.45 1.54

RZ03-04a2 1.5 37 15 8 58 5.84 17 0.66 65.29 1.43 99.53 2.19

RZ03-07a1 1.3 33 20 43 95 12.06 30 0.62 74.43 1.31 120.40 2.11

RZ03-07a2 2.6 48 15 28 50 8.70 22 0.71 75.18 1.33 105.28 1.86

RZ03-08a1 1.1 31 11 20 88 6.71 16 0.60 79.38 1.53 132.86 2.56

RZ03-08a2 0.9 31 16 24 70 5.39 22 0.59 45.90 0.86 77.23 1.45

RZ03-09a1 1.1 33 7 24 76 4.83 13 0.61 67.44 1.22 110.93 2.01

RZ03-09a2 1.0 37 9 25 41 4.78 15 0.63 60.93 1.10 97.11 1.75

RZ03-10a1 1.7 33 15 26 121 5.78 21 0.63 50.99 0.93 80.87 1.48

RZ03-10a2 2.5 46 5 28 108 1.08 12 0.70 17.37 0.33 24.91 0.47

RZ03-12a1 2.8 49 11 28 60 6.14 18 0.72 63.71 1.10 88.88 1.54

RZ03-12a2 5.9 65 14 38 57 7.37 23 0.78 59.10 1.01 75.89 1.30

RZ03-16a1 1.2 27 21 1 45 5.29 21 0.58 46.58 1.01 80.24 1.74

RZ03-16a2 3.1 42 12 1 41 3.00 12 0.71 47.17 1.03 66.49 1.45

RZ03-26a1 2.0 38 6 8 441 1.20 8 0.67 25.71 0.49 38.46 0.73

RZ03-26a2 2.0 39 7 16 347 3.78 12 0.67 59.73 1.08 89.20 1.61

RZ03-26a3 3.8 50 6 15 321 4.07 10 0.73 74.32 1.34 101.44 1.83

RZ03-26a4 4.4 52 6 10 325 1.56 8 0.75 33.96 0.66 45.55 0.89

RZ03-26a5 26.7 94 7 11 411 3.03 10 0.85 57.42 0.94 67.19 1.10

RZ03-26a6 9.0 70 7 11 410 1.48 10 0.80 27.75 0.47 34.60 0.58

RZ03-27a1 26.0 93 22 6 45 8.62 23 0.86 67.70 1.39 78.92 1.62

RZ03-27a2 1.2 33 31 14 88 10.02 34 0.63 53.93 1.09 85.96 1.73

RZ03-27a3 1.0 33 9 15 37 2.82 13 0.61 40.10 1.31 66.16 2.16

RZ03-27a4 1.4 35 55 31 161 23.63 62 0.64 70.07 1.34 108.93 2.08

RZ03-27a5 3.0 43 91 31 148 35.74 98 0.71 66.66 1.28 93.89 1.80

RZ03-27a6 3.1 53 11 7 38 2.74 13 0.74 39.16 0.80 52.94 1.09

a1–a6 analysed apatite grain; M mass; Av. r average radius, derived from two width measurements; contributing U-, Th-, and Sm-, and 4He

concentration; eU = [U] ? 0.235[Th] (concentrations in weight %); Ft: a-ejection correction factor calculated according to Farley model

(Reiners and Farley 2001); raw AHe ages and 1r-error are corrected (corr.) for alpha ejection with accordant 1r-error. Elevation, latitude,

longitude, and lithological description see Table 1
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this tectonic setting (e.g. van der Beek et al. 1997; Abbate

et al. 2002; Spiegel et al. 2007).

Interpretation of AFT and AHe ages

The AFT and AHe ages and track length distributions

indicate a very complex cooling history that affected the

Rwenzori Mtns since at least the Mesozoic. The data set

matches structural observations from the Rwenzori Mtns

pointing to different generations of fault sets, overprinting

each other (cp. Ring 2008). They, furthermore, fit into the

common age pattern shown by other thermochronological

studies of the EARS (e.g. van der Beek et al. 1998; Spiegel

et al. 2007), and are in general accordance with the data by

MacPhee (2006). The data set of MacPhee is characterized

by a wide spread in AHe ages [262.5 (±6.39) Ma to

18.9 (±0.5) Ma; elevations: 690 m to 4,620 m a.s.l.],

whereas no age elevation relationship was observed. This

matches the results gained by the authors of this contri-

bution, with AHe ages of 210.0 (±6.0) Ma to 24.9 (±0.5)

Ma also lacking any age elevation relationship.

As described earlier, several factors influence the dif-

fusion behaviour and accumulation of He and may account

for large spreads in single grain AHe ages. In this study, no

relationship between AHe ages and variable grain size as

described by Reiners and Farley (2001) could be observed.

Another possible cause for variations of AHe ages is the

injection of a-particles. Some of the analysed samples

contain a considerable amount of U- and Th bearing min-

erals such as zircon, which is also displayed by a raised

U- and Th concentration ([20 ppm; e.g. RZ03-02, RZ03-4;

RZ03-16; RZ03-23) (Nagudi et al., in preparation).

Therefore, the possible influence of a-particle injection

should be considered. High U-, and Th concentrations, in

combination with a prolonged cooling history, furthermore,

might increase the accumulation of radiation damage in the

crystal lattice (Fitzgerald et al. 2006; Flowers et al. 2006,

2009). Within errors, four of the analysed samples indicate

a positive correlation with the eU factor (Table 3; Fig. 8),

pointing to such an increase of crystal defects due to

radioactive decay (Shuster et al. 2006; Shuster and Farley

2009). To better evaluate corresponding effects on the AHe

ages in the Rwenzori Mtns, more apatite grains need to be

analysed. Despite these irritating factors, the AHe ages

reveal valuable information on the timing of movement

through the *70�C isotherm. Both radiation damage and

a-injection will lead to AHe ages that will be older than the age

of an unaffected apatite crystal. Only very young AHe ages

that are not reproduced by other samples should be excluded,

as they might reflect enhanced He loss due to fire (cp. Mitchell

and Reiners 2003). As this was not the case for the presented

data set, the youngest AHe ages are considered to provide the

most reliable estimate of the cooling below*70�C. A similar

approach for slowly cooled terrains was suggested by Fitz-

gerald et al. (2006), considering a cooling age between the

minimum age and the weighted mean age as the most repre-

sentative. However, having for some samples just two single

grain ages, we refer to the youngest AHe ages as the most

representative. Following this approach, young cooling ages

(AHe) occurring on different elevations such as 24.9 (±0.5)

Ma at 4,150 m a.s.l., 26.9 (±0.5) Ma at 1,900 m a.s.l., and

34.6 (±0.6) Ma at 1,690 m a.s.l. point to a very young and

fast exhumation of the Rwenzori Mtns, with cooling below

*70�C in Oligocene time.

Discussion

Ages versus faults

The AFT age distribution ranges from 85.3 (±5.3) Ma to

195.0 (±8.4) Ma, with the majority of samples from the

central part scattering around 130 Ma. No age elevation

relationship can be derived. Major variations in cooling

Fig. 8 Dependency of AHe ages on the eU-factor (see Text for

further detail)
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ages revealed by AFT analysis are related to movements

along normal faults as discussed in the following (Figs. 2, 7).

The AFT ages from the northern part of the Rwenzori

Mtns [195.0 (±8.4) Ma at eastern flank and 85.3 (±5.3) Ma

at western flank] indicate movements at the eastern flank as

early as 195 Ma ago, and at the western flank *85 Ma

ago. This might point to pre-existing faulting along the

Rwimi-Wasa and Bwamba faults, presently delimiting the

mountain range (Fig. 2). The modelled t–T paths of sam-

ples RZ03-33 and RZ03-29 from the northern Rwenzori

Mtns suggest that these samples had distinctly different

thermal evolutions at temperatures [60�C (Fig. 9a). At

about 30 Ma and 50�C, both samples evolve in a similar

way. Sample RZ03-33 (1,070 m a.s.l.) with the oldest AFT

Fig. 9 a–e Results from thermal modelling (HeFTy, Ketcham et al.

2009), with revealed t–T paths illustrating the cooling history of

individual samples from the northern part (a), and across the central

Rwenzori Mtns (b–d). Displayed are the t–T paths (left), and the c-

axes corrected confined fission-track length (CT) frequency distribu-

tion (right) overlain by a calculated probability density function (best
fit). The modelling tests possible t–T curves that fit independent

geological constraints (squares) against the AFT data set. The results

in the t–T curve show three different reliability levels; green paths:

acceptable fit = all t–T paths with a merit function value of at least

0.05, pink paths: good fit = all t–T paths with a merit function value

of at least 0.5, black line: best fit (Ketcham et al. 1999, 2009). P:

number of tested inverse models, A acceptable fit models, G good fit

models, D determined FT age (1-r error) and CT, M modelled FT age,

and CT, G.O.F. goodness of fit, N number of single grains and

measured CT. AHe ages are not modelled because of their probable

eU dependence, but used as geological constraints and plotted along

t–T paths, where available. Please see text for explanation of the

modelled samples. a t–T paths of samples RZ03-29 (top), and RZ03-

33 (middle), northern Rwenzori Mtns; bottom t–T paths of both

samples, illustrating their different thermal evolution. Sample RZ03-

33 passed the PAZ much earlier (*280 Ma) than sample RZ03-29

(*115–50 Ma), after *50 Ma both samples had a similar cooling

history. b t–T paths of samples RZ03-03, RZ03-04, and RZ03-02,

central Rwenzori Mtns, with similar cooling paths. c t–T paths of

samples RZ03-11, and RZ03-07, central Rwenzori Mtns, with similar

cooling paths. d t–T paths of samples RZ03-27 (top), and RZ03-26,

central Rwenzori Mtns, taken from both sides of fault A (Fig. 2);

bottom: t–T paths of both samples, illustrating their different

exhumation history before *90 Ma (see text for further explana-

tions). e t–T paths of samples RZ03-12 (top), and RZ03-15 (middle),

central Rwenzori Mtns, taken from both sides of a valley; t–T paths of

both samples (bottom), illustrating a similar t–T evolution after

195 Ma (see text for further explanations)
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age (195.0 (±8.4) Ma) cooled rapidly below 110�C at

about 280 Ma and reached 70�C shortly after. This rapid

cooling was followed by prolonged very slow cooling

between 280 Ma and 30 Ma to about 50�C. The younger

sample (RZ03-29, 1,230 m a.s.l.; 85.3 (±5.3) Ma) cooled

from 110�C to 50�C between 115 Ma and 50 Ma. There-

after, the samples had a similar cooling history with a

cooling rate of 5�C/Ma (Table 4) showing no difference in

cooling in the footwalls of the Bwamba and Rwimi-Wasa

faults.

In the central Rwenzori Mtns, the majority of AFT ages

is similar (*130 Ma), despite differences in elevation of

more than 3,000 m (1,690 m a.s.l. to 4,800 m a.s.l.). Cor-

respondingly, their cooling paths are also similar (Fig. 9b,

c). Fast cooling from 110�C to 80�C occurred between 175

and 165 Ma, where a topography of about 1,500 m could

have been created if surface uplift exceeded the erosion

rate. This phase is followed by slow cooling to about 40�C

at *5 Ma. Final cooling to surface temperature is rapid

again. Initial exhumation rates were *0.1 mm/a and slo-

wed down to about 0.005 mm/a (Table 4). Since the

Neogene, exhumation rates were of the order of 0.133–

0.200 mm/a (Table 4).

Two exceptions regarding the AFT ages have been

encountered along the central transect. One is related to

movements along a *NNW–SSE trending fault (indicated

A in Fig. 2). Samples taken from both sides of the fault

revealed a significant age difference of 30 Ma. Sample

RZ03-27 with 89.2 (±4.9) Ma was taken E of fault A at an

elevation of 1,650 m a.s.l., and sample RZ03-26 with 122.8

(±7.0) Ma was taken W of the fault at an elevation of

1,690 m a.s.l. Thus, at about 90 Ma, sample RZ03-27

moved into the partial annealing zone, indicating activity

along the fault that might have led to a displacement of

about 1.6 km for a thermal gradient of 25�C/km (1.4 km

for 30�C/km). After 90 Ma, both sides have exhumed in a

similar way as indicated by the cooling paths (Fig. 9d). For

interpretation of corresponding AHe ages, the individuality

Fig. 9 continued
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of each apatite grain needs to be considered. As indicated

by Fig. 8, the AHe ages correlate with the eU factor. This

indicates that the increase of dislocations caused by

a-particles during radioactive decay changed the diffusion

kinetics within every grain individually and might account

for the spread in AHe ages. It further suggests that both

blocks remained within the partial retention zone for long

time, enhancing the various kinetics effects.

The second exception was encountered along a deep

NW–SE trending valley near the high peaks of the

Rwenzori Mtns. Samples RZ03-12 (125.5 (±5.8) Ma) and

RZ03-15, (185.3 (±8.3) Ma) from both sides of the valley

show differences in elevation of *750 m and differences

in AFT ages of *60 Ma (Fig. 7). Whereas the lower

sample (RZ03-15) at 4,050 m a.s.l. revealed the oldest

AFT age along the transect so far. As indicated by their

cooling paths (Fig. 9e) both samples experienced similar t–

T conditions after 170 Ma. As described earlier, different

fault sets that are overprinting each other can be observed

in the Rwenzori Mtns and often can be traced by

correspondingly trending valleys (Ring 2008, Bauer et al.,

in review). Most likely the detected age variation is related

to an old fault (indicated B in Fig. 2) that follows the

direction of the valley and was active at *170 Ma.

Periods of accelerated cooling and comparison

with other parts of the EARS

A first phase of accelerated cooling below 110�C affected

the north-eastern area of the Rwenzoris at about 280 Ma,

whereas *70�C were reached locally shortly after. A

second phase of accelerated cooling below 110–80�C was

recorded between 175 and 165 Ma for most samples of the

central Rwenzori Mtns. These episodes of cooling roughly

coincide with previous studies, e.g., by van der Beek et al.

(1998), Foster and Gleadow (1992, 1993), reporting

early denudation events at around 250–200 Ma and 150–

120 Ma. As proposed by Foster and Gleadow (1993), such

regional phases of denudation can be correlated to pro-

cesses of tectonic reorganization and intracontinental

deformation. The first accelerated cooling phase at about

280 Ma might be related to movements that affected

the area during the consolidation of Pangaea. A slightly

younger cooling event (*250 Ma) shown by van der Beek

et al. (1998) is interpreted as major erosional event at the

end of the Karoo sedimentary regime. Very few occur-

rences of Karoo in Uganda and the Western Rift as well as

reports about Karoo sediments of the Ecca Group under-

lying Miocene rift sediment (Schlueter 1994) suggest that

this erosional event might have also affected the Albertine

Rift. As discussed by Torsvik et al. (2008), absolute plate

motions of the Gondwana realm changed in time, from

northeast (250 Ma) through southwest (180 Ma) to south-

ward motion (170 Ma) until the end of the Jurassic. We

propose that effects of these reconfigurations are detectable

in the thermochronological data set from the Rwenzori

Mtns. The tectonic movements at *190 and 170 Ma and

cooling at about 175 Ma roughly coincide with cooling

episodes described from Madagascar (Emmel et al. 2008),

pointing to plate motions that finally lead to the breakup of

Gondwana and the onset of rifting between East Africa and

Madagascar.

A third accelerated cooling episode from 110�C to 50�C

occurred between 115 and 50 Ma, which is contempora-

neous with the rift and drift phase of the South Atlantic

(e.g. Bumby and Guiraud 2005), was observed only locally.

Upper Cretaceous to Palaeocene (70–40 Ma) cooling

events were also reported e.g. by van der Beek et al.

(1998), Foster and Gleadow (1992, 1993) and Spiegel et al.

(2007) and are correlated with major plate reorganisation in

the Indian Ocean. Throughout the Late Palaeozoic, Meso-

zoic and Cenozoic era, the East African realm seems to be

affected by distinct phases of surface uplift and erosion,

Fig. 9 continued
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Table 4 Main t–T segments and exhumation rates of the northern and central Rwenzori Mtns

Sample Elevation

(m a.s.l.)

Cooling t-t segment

(Ma)

T-T segment

(�C)

Cooling gradient

(�C/Ma)

Geothermal gradient

(�C/km)

Exhumation

rate (mm/a)

Northern Rwenzori Mtns

RZ03-29 1230 Fast 115–50 110–50 0.92 30 0.031

RZ03-29 1230 Very slow 50–5 50–45 0.11 25 0.004

RZ03-29 1230 Very fast 5–recent 45–20 5.00 30 0.167

RZ03-33 1070 Very fast 280–275 110–70 8.00 30 0.267

RZ03-33 1070 Very slow 275–30 70–50 0.08 25 0.003

RZ03-33 1070 Very slow 30–5 50–45 0.20 25 0.008

RZ03-33 1070 Very fast 5–recent 45–20 5.00 30 0.167

Central Rwenzori Mtns

RZ03-03 2580 Very fast 205–195 110–70 4.00 30 0.133

RZ03-03 2580 Slow 195–30 70–50 0.12 25 0.005

RZ03-03 2580 Fast 30–recent 50–15 1.17 30 0.039

RZ03-15 4050 Very fast 231–230 110–70 40.00 30 1.333

RZ03-15 4050 Slow 230–90 70–60 0.07 25 0.003

RZ03-15 4050 Slow 90–recent 60–15 0.50 25 0.020

RZ03-26 1690 Very fast 160–150 110–80 3.00 30 0.100

RZ03-26 1690 Fast 150–105 80–65 0.33 30 0.011

RZ03-26 1690 Slow 105–50 65–60 0.09 25 0.004

RZ03-26 1690 Fast 50–5 60–40 0.44 30 0.015

RZ03-26 1690 Very fast 5–recent 40–20 4.00 30 0.133

RZ03-27 1650 Very fast 110–90 110–65 2.25 30 0.075

RZ03-27 1650 Slow 90–50 65–60 0.13 25 0.005

RZ03-27 1650 Fast 50–5 60–40 0.44 30 0.015

RZ03-27 1650 Very fast 5–recent 40–20 4.00 30 0.133

RZ03-12 4800 Very fast 175–165 110–80 3.00 30 0.100

RZ03-12 4800 Slow 165–20 80–45 0.24 25 0.010

RZ03-12 4800 Slow 20–3 45–35 0.59 25 0.024

RZ03-12 4800 Very fast 3–recent 35–15 6.67 30 0.222

RZ03-11 4180 Fast 180–160 110–70 2.00 30 0.067

RZ03-11 4180 Slow 160–20 70–35 0.25 25 0.010

RZ03-11 4180 Slow 20–5 35–30 0.33 25 0.013

RZ03-11 4180 Very fast 5–recent 30–15 3.00 30 0.100

RZ03-07 3190 Very fast 180–165 110–70 2.67 30 0.089

RZ03-07 3190 Slow 165–3 70–40 0.19 25 0.007

RZ03-07 3190 Very fast 3–recent 40–15 8.33 30 0.278

RZ03-04 2450 Very fast 180–175 110–100 2.00 30 0.067

RZ03-04 2450 Fast 175–80 100–60 0.42 30 0.014

RZ03-04 2450 Slow 80–5 60–50 0.13 25 0.005

RZ03-04 2450 Very fast 5–recent 50–20 6.00 30 0.200

RZ03-02 1900 Very fast 175–170 110–90 4.00 30 0.133

RZ03-02 1900 Slow 170–130 90–70 0.50 25 0.020

RZ03-02 1900 Slow 130–10 70–40 0.25 25 0.010

RZ03-02 1900 Very fast 10–recent 40–20 2.00 30 0.067

Exhumation rates were calculated considering cooling rate, surface temperature and thermal gradient. Depending on the cooling pattern of the

modelled t–T paths a geothermal gradient of either 25�C/km (slow cooling) or 30�C/km (fast cooling) was applied (see text for further

explanations)
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with no major heating event affecting the area in respect of

affecting the low-temperature thermochronometric clock.

Plume activities, as discussed, e.g., for South Africa

(*182 Ma Karoo volcanics; *135 Ma Parana-Etendeka

volcanic rocks) and the Afar region (*31 Ma) (cp. Torsvik

et al. 2008; Bumby and Guiraud 2005, Ebinger and Sleep

1998) are regarded as driving forces, allowing for surface

uplift by doming and subsequent erosion of the area. An

increased heat flow, affecting the upper crust and accordant

isotherms of the AFT and AHe system of the entire Wes-

tern Rift can be excluded (cp. heat flow studies by Nyblade

1997).

The last major cooling episode at about 30 Ma is similar

for most samples of the Rwenzori Mtns and is detected by

other thermochronological studies as well (Fig. 6). Ther-

mal modelling of the samples from the Rwenzori Mtns

reveals accelerated cooling with an onset at *30 Ma with

a differential cooling history (Fig. 9). The Neogene cooling

episode, also observed e.g. by van der Beek et al. (1998)

for the Rukwa-Malawi sector of the western branch, is

related to movements within the EARS and reflects surface

uplift due to doming with subsequent rift initiation and

erosion (Fig. 3) (Ebinger 1989; Ebinger and Sleep 1998).

The differential cooling history displays distinct phases of

exhumation (rock uplift and erosion) that affected the

Rwenzori Mtns. During the initial stage of Neogene surface

uplift lithological units (possible Karoo series and meta-

morphic rocks) overlying the recent surface were eroded,

resulting in AHe ages of *25 Ma. As confirmed by these

cooling ages, the final uplift that partly led to the formation

of the recent topography must have been fast and probably

started a few ka to Ma ago. Possible mechanisms allowing

for this uplift are discussed by Koehn et al. (2010) and

Wallner and Schmeling (2010) in this issue. We assume

that the erosion rate did not compensate the rock uplift rate

leading to the recent high topography. This is consistent

with observations obtained from clay minerals of brittle

faults (fault gouge samples) that were not yet sufficiently

exhumed (Haines 2008) to reveal clay minerals formed at

higher temperatures. Long-term or strong erosion of the

metamorphic basement would have caused either a

positive or a negative slope of the regression line in an

age-elevation diagram (Braun 2002). The very rapid final

cooling to surface temperatures in Pliocene to Pleistocene

times can also be derived from the individual t–T paths of

the thermal models. This corroborates the hypothesis,

stated e.g. by Pickford et al. (1993) that major surface

uplift of the Rwenzori Mtns occurred after *2.5 Ma,

splitting Lake Obweruka into Lake Edward and Lake

Albert.

The different phases of Neogene exhumation are also

reflected by the morphology and landscape of the Rwenzori

Mtns and surrounding areas (Figs. 4, 5). The rugged high

mountain ranges and associated levels of erosion reveal a

differentiated topography with marked phases of surface

and rock uplift, while the steep western flank point to more

pronounced movements along the Bwamba border faults at

the western flank. AFT and AHe ages indicate that since

the formation of the high topography the erosion rate was

too low to expose rocks with younger cooling ages.

Conclusion

From thermal modelling, which considers AFT ages, CT

length distribution, Dpar as well as further geological con-

straints, a protracted cooling history can be derived for the

Rwenzori Mtns, with integrated episodes of major cooling.

Determined cooling ages as well as cooling patterns are in

accordance with the thermochronological studies known

from the EARS and may coincide with phases of plate

reconfiguration, related to the consolidation of Pangaea and

following breakup of Gondwana.

The Permo-Triassic cooling phase observed in the

Rwenzori Mtns might reveal movements that affected the

area during the consolidation of Pangaea and a subsequent

major erosional event at the end of the Karoo sedimentary

regime.

In Middle to Upper Jurassic, the area was affected by

fast exhumation. This might have lead to an area with

minor topography if the erosion compensated for the fast

rock uplift. However, if the rock uplift exceeded the ero-

sion rate, this might lead to a surface uplift causing an

elevation of up to 1,500 m a.s.l.

This phase was followed by slow constant cooling

during most of Cretaceous and Palaeogene times, where

very minor rock uplift might have been compensated by the

erosion rate. Movements along faults differentiated the

topography in the late Cretaceous. If the erosion rate was

low differential topography might have been initiated by a

higher surface uplift rate.

Accelerated cooling affected the Rwenzori Mtns again

in Neogene times. During the initial stage of the Neogene

rock uplift erosion rates of more than 0.2 mm/a exhumed

the sampled rocks near to the surface and might have

accounted for a low relief.

The final surface uplift of the central Rwenzori Mtns

that partly led to the formation of the recent topography

must have been fast and in the near past (Pliocene to

Pleistocene). Erosion could not compensate for the rock

uplift, resulting in the recent high topography and Oligo-

cene to Miocene AHe ages.
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