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"... We must remember that intelligence is not enough. Intelligence plus

character-that is the goal of true education. The complete education gives one not

only power of concentration, but worthy objectives upon which to concentrate. The

broad education will, therefore, transmit to one not only the accumulated knowledge

of the race but also the accumulated experience of social living."

Martin Luther King, Jr., 14th of March, 1947
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Abstract

Continental rifts are excellent regions where the interplay between extension, the build-up of
topography, erosion and sedimentation can be evaluated in the context of landscape evolu-
tion. Rift basins also constitute important archives that potentially record the evolution and
migration of species and the change of sedimentary conditions as a result of climatic change.
Finally, rifts have increasingly become targets of resource exploration, such as hydrocarbons
or geothermal systems. The study of extensional processes and the factors that further mod-
ify the mainly climate-driven surface process regime helps to identify changes in past and
present tectonic and geomorphic processes that are ultimately recorded in rift landscapes.
The Cenozoic East African Rift System (EARS) is an exemplary continental rift system and

ideal natural laboratory to observe such interactions. The eastern and western branches of
the EARS constitute first-order tectonic and topographic features in East Africa, which exert
a profound influence on the evolution of topography, the distribution and amount of rainfall,
and thus the efficiency of surface processes. The Kenya Rift is an integral part of the eastern
branch of the EARS and is characterized by high-relief rift escarpments bounded by normal
faults, gently tilted rift shoulders, and volcanic centers along the rift axis.
Considering the Cenozoic tectonic processes in the Kenya Rift, the tectonically controlled

cooling history of rift shoulders, the subsidence history of rift basins, and the sedimentation
along and across the rift, may help to elucidate the morphotectonic evolution of this exten-
sional province. While tectonic forcing of surface processes may play a minor role in the low-
strain rift on centennial to millennial timescales, it may be hypothesized that erosion and
sedimentation processes impacted by climate shifts associated with pronounced changes in
the availability in moisture may have left important imprints in the landscape.
In this thesis I combined thermochronological, geomorphic field observations, and mor-

phometry of digital elevation models to reconstruct exhumation processes and erosion rates,
as well as the effects of climate on the erosion processes in different sectors of the rift. I
present three sets of results: (1) new thermochronological data from the northern and central
parts of the rift to quantitatively constrain the Tertiary exhumation and thermal evolution of
the Kenya Rift. (2) 10Be-derived catchment-wide mean denudation rates from the northern,
central and southern rift that characterize erosional processes on millennial to present-day
timescales; and (3) paleo-denudation rates in the northern rift to constrain climatically con-
trolled shifts in paleoenvironmental conditions during the early Holocene (African Humid
Period).
Taken together, my studies show that time-temperature histories derived from apatite fis-

sion track (AFT) analysis, zircon (U-Th)/He dating, and thermal modeling bracket the onset
of rifting in the Kenya Rift between 65-50 Ma and about 15 Ma to the present. These two
episodes are marked by rapid exhumation and, uplift of the rift shoulders. Between 45 and 15
Ma the margins of the rift experienced very slow erosion/exhumation, with the accommoda-
tion of sediments in the rift basin.
In addition, I determined that present-day denudation rates in sparsely vegetated parts of

the Kenya Rift amount to 0.13 mm/yr, whereas denudation rates in humid and more densely
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vegetated sectors of the rift flanks reach amaximumof 0.08mm/yr, despite steeper hillslopes.
I inferred that hillslope gradient and vegetation cover control most of the variation in de-
nudation rates across the Kenya Rift today. Importantly, my results support the notion that
vegetation cover plays a fundamental role in determining the voracity of erosion of hillslopes
through its stabilizing effects on the land surface.
Finally, in a pilot study I highlighted how paleo-denudation rates in climatic threshold

areas changed significantly during times of transient hydrologic conditions and involved a
sixfold increase in erosion rates during increased humidity. This assessment is based on cos-
mogenic nuclide (10Be) dating of quartzitic deltaic sands that were deposited in the northern
KenyaRift during a highstand of Lake Suguta, whichwas associatedwith theHoloceneAfrican
Humid Period. Taken together, my new results document the role of climate variability in ero-
sion processes that impact climatic threshold environments, which may provide a template
for potential future impacts of climate-driven changes in surface processes in the course of
Global Change.
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Zusammenfassung

Kontinentale Riftsysteme wie das ostafrikanische Riftsystem (OARS) bieten ideale Vorausset-
zungen, um die verschiedenen Wechselwirkungen zwischen Extension, Änderungen in der
Topographie, Erosion und Sedimentation im Zusammenhang mit Prozessen der Landschaft-
sentwicklung auf unterschiedlichen Zeitskalen zu untersuchen. Darüber hinaus spielen diese
Regionen eine bedeutsame Rolle für die Entwicklung und Verbreitung der Arten und stellen
durch eine kontinuierliche Entwicklung von Sedimentationsräumen und die in ihnen gespei-
cherten Klimasignale wichtige Klimaarchive dar. Rifts sind auSSerdem wichtige Regionen, in
denen MaSSnahmen zur Exploration natürlicher Ressourcen zunehmend wichtiger werden.
Von Bedeutung ist hier, diese Prozesse und ihre Auslösemechanismen besser zu verstehen
und Veränderungen in den tektonischen und geomorphologischen Prozessen der Vergangen-
heit und der Gegenwart zu identifizieren, deren Raten zu bestimmen und in den Kontext der
Landschaftsentwicklung zu setzen.
Das OARS ist eine markante tektonische und topographische Erscheinung in Ostafrika, die

einen tiefgreifenden Einfluss auf die Verteilung undMenge vonNiederschlägen und damit auf
die Effizienz von Oberflächenprozessen hat. Das Kenia-Rift ist ein integraler Bestandteil des
östlichen Zweigs des OARS und ist durch ausgeprägte Riftflanken mit Abschiebungen, und
flacheren Riftschultern sowie vulkanischen Zentren entlang des Grabens gekennzeichnet.
In Anbetracht der tektonischen Prozesse im Kenia-Rift während der letzten 60 Millionen

Jahre, bilden die Bestimmung der Abkühlungsgeschichte der Riftschultern, sowie die Ablage-
rungsgeschichte im Riftbecken und auf den Riftschultern die Grundlage für die Rekonstrukti-
on der strukturellen Entwicklung des Rifts. Auf kurzen, hundertjährigen bis tausendjährigen
Zeitskalen, spielt tektonische Aktivität aufgrund langsamer Deformationsraten eine unter-
geordnete Rolle bei der Kontrolle von Erosion und Sedimentation. Dem gegenüber stehen
klimagesteuerte Prozesse, die die Verfügbarkeit von Feuchtigkeit, die Niederschlagstätigkeit,
die Vegetationsbedeckung sowie die Erosionsprozesse kontrollieren.
In dieser Dissertation habe ich thermochronologische Untersuchungen, geomorphologi-

sche Geländeergebnisse undmorphometrische Analysen an digitalen Geländemodellen kom-
biniert, um Exhumationsprozesse und Erosionsraten sowie die Wirkung des Klimas auf die
känozoische Entwicklung des Kenia-Rifts zu rekonstruieren. Ich präsentiere: (1) neue ther-
mochronologische Daten aus den nördlichen und zentralen Teilen des Kenia-Rifts, um quan-
titative Angaben zur Exhumationsgeschichte und der thermischen Entwicklung im Känozoi-
kum zu erhalten, die letztlich die Basis für regionale Riftmodelle bilden und die Dynamik der
Riftbildung im Inneren eines Kontinents beleuchten; (2) mittlere Denudationsraten (mithil-
fe des kosmogenen Nuklids 10Be) in Einzugsgebieten des nördlichen, zentralen und südli-
chen Rifts um Abhängigkeiten der Erosionsprozesse von klimatischen, lithologischen und
tektonischen Parametern auf einer Zeitskala vonmehreren 103 Jahren zu erfassen; (3) Paläo-
Denudationsraten im nördlichen Rift, um klimatisch kontrollierte Veränderungen der Um-
weltbedingungen im Früh-Holozän zu bestimmen.
Meine Studien zeigen, dass Zeit-Temperatur-Pfade vonApatit Spaltspurenanalysen, Zirkon-

(U-Th)/He-Datierungen und thermischen Modellierung den Zeitraum der Grabenbildung im
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Kenia Rift zwischen 65-50 Ma und von 15 Ma bis zur Gegenwart definieren. Diese beiden
Phasen werden durch schnelle Exhumierung der Riftflanken und Anhebung der Riftschultern
begleitet. Zwischen 45 und 15 Ma wurden die Riftschultern und -flanken nur sehr langsam
erodiert/exhumiert, und Sedimente aus diesen Gebieten im Rift abgelagert, die zum Teil auf
die damaligen Riftschultern sedimentiert wurden.
Darüber hinaus ermittelte ich, dass Denudationsraten in spärlich bewachsenen Gebieten

heute bis zu 0,13 mm/a erreichen können, während in feuchten und dicht bewachsenen Ge-
bieten einMaximumvonnur 0,08mm/a erreichtwird, trotz z.T. steilererHänge.DieKombina-
tion morphometrischer Untersuchungen und Analysen des kosmogenen Nuklids 10Be zeigt,
dass Vegetation und Hangneigung weitgehend die Variabilität von Erosionsraten im heutigen
Kenia Rift beeinflussen. Meine Ergebnisse unterstützenmit robusten quantitativen Daten die
Hypothese, dass die Vegetationsdecke eine wichtige Rolle bei der Stabilisierung von Hängen
spielt.
In einer weiterführenden Pilotstudie konnte ich zeigen, wie Paläo-Denudationsraten zum

Verständnis bekannter Perioden der Klimaschwankung und den damit verbundenen Ände-
rungen hydrologischer Bedingungen beitragen können. Diese Beobachtung basiert auf der
Analyse kosmogener Nuklide (10Be) an früh-holozänen Deltaablagerungen im nördlichen Ke-
nia Rift, die auf eine Vervierfachung der Erosionsraten in der Anfangsphase eines Wechsels
von ariden zu humiden Klimabedingungen hindeuten. Diese Untersuchungen dokumentie-
ren somit die Bedeutung von Klimavariabilität im Erosions- und Sedimentationsregime kli-
matischer Schwellenregionen und verdeutlichen ein Szenario der Veränderung von Oberflä-
chenprozessen, wie es bei zukünftigen Änderungen des Klimas im Zuge des globalenWandels
erwartet werden kann.
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Allgemeine Zusammenfassung

Kontinentale Riftsysteme wie das ostafrikanische Riftsystem (OARS) bieten ideale Vorausset-
zungen, um die verschiedenen Wechselwirkungen zwischen Extension, Änderungen in der
Topographie, Erosion und Sedimentation im Zusammenhang mit Prozessen der Landschaft-
sentwicklung auf unterschiedlichen Zeitskalen zu untersuchen. Darüber hinaus spielen diese
Regionen eine bedeutsame Rolle für die Entwicklung und Verbreitung der Arten und stellen
durch eine kontinuierliche Entwicklung von Sedimentationsräumen und die in ihnen gespei-
cherten Klimasignale wichtige Klimaarchive dar. Rifts sind außerdem wichtige Regionen, in
denen Maßnahmen zur Exploration natürlicher Ressourcen zunehmend wichtiger werden.
Von Bedeutung ist hier, diese Prozesse und ihre Auslösemechanismen besser zu verstehen
und Veränderungen in den tektonischen und geomorphologischen Prozessen der Vergangen-
heit und der Gegenwart zu identifizieren, deren Raten zu bestimmen und in den Kontext der
Landschaftsentwicklung zu setzen.
In dieser Dissertation habe ich thermochronologische Untersuchungen, geomorphologi-

sche Geländeergebnisse undmorphometrische Analysen an digitalen Geländemodellen kom-
biniert, um Exhumationsprozesse und Erosionsraten sowie die Wirkung des Klimas auf die
känozoische Entwicklung des Kenia-Rifts zu rekonstruieren. Ich präsentiere: (1) neue ther-
mochronologische Daten aus den nördlichen und zentralen Teilen des Kenia-Rifts, um quan-
titative Angaben zur Exhumationsgeschichte und der thermischen Entwicklung im Känozoi-
kum zu erhalten, die letztlich die Basis für regionale Riftmodelle bilden und die Dynamik der
Riftbildung im Inneren eines Kontinents beleuchten; (2) mittlere Denudationsraten (mithil-
fe des kosmogenen Nuklids 10Be) in Einzugsgebieten des nördlichen, zentralen und südli-
chen Rifts um Abhängigkeiten der Erosionsprozesse von klimatischen, lithologischen und
tektonischen Parametern auf einer Zeitskala vonmehreren 103 Jahren zu erfassen; (3) Paläo-
Denudationsraten im nördlichen Rift, um klimatisch kontrollierte Veränderungen der Um-
weltbedingungen im Früh-Holozän zu bestimmen.
Mit thermochronologischen Verfahren kann ich den Zeitraum der Grabenbildung im Kenia

Rift zwischen 65-50 Ma und von 15 Ma bis zur Gegenwart definieren. Diese beiden Phasen
werden durch schnelle Exhumierung der Riftflanken und Anhebung der Riftschultern beglei-
tet. Zwischen 45 und 15 Ma wurden die Riftschultern und -flanken nur sehr langsam ero-
diert/exhumiert, und Sedimente aus diesen Gebieten im Rift abgelagert, die zum Teil auf die
damaligen Riftschultern sedimentiert wurden.
Die Kombination morphometrischer Untersuchungen und Analysen des kosmogenen Nuk-

lids 10Be zeigt, dass Vegetation undHangneigung weitgehend die Variabilität von Erosionsra-
ten im heutigen Kenia Rift beeinflussen. Meine Ergebnisse unterstützen mit robusten quan-
titativen Daten die Hypothese, dass die Vegetationsdecke eine wichtige Rolle bei der Stabili-
sierung von Hängen spielt.
In einer weiterführenden Pilotstudie konnte ich zeigen, wie Paläo-Denudationsraten zum

Verständnis bekannter Perioden der Klimaschwankung und den damit verbundenen Ände-
rungen hydrologischer Bedingungen beitragen können. Diese Untersuchungen dokumentie-
ren die Bedeutung von Klimavariabilität im Erosions- und Sedimentationsregime klimati-
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scher Schwellenregionen und verdeutlichen ein Szenario der Veränderung von Oberflächen-
prozessen, wie es bei zukünftigen Änderungen des Klimas im Zuge des globalen Wandels er-
wartet werden kann.
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Chapter 1

Introduction

1.1 General background and objectives

Continental rifts are an integral part of the Wilson Cycle, reflecting the first steps of conti-

nental break-up that can lead to the formation of passive margins and ocean basins (Wilson,

1966; Burke and Whitemann, 1972; Sengör and Burke, 1978; Ebinger, 2005). At first order,

the early stages of rift evolution can be considered to fall between two end-member scenarios:

passive rifts that are associated with extensional processes driven by plate-boundary forces

and characterized by very limited magmatic activity, and magmatically active rifts that result

from tensional stresses above a mantle plume (Sengör and Burke, 1978; Ebinger et al., 2002).

The largely amagmatic Baikal Rift and the magmatic Kenya Rift are typical examples of these

two scenarios (Sengör and Burke, 1978).

The anomalously high mantle temperatures, diapiric upwelling, and extensive magmatism

commonly associatedwithmagmatically active rifts can inducemarked changes in the density

and rheology of the continental lithosphere, particularly at its base (Ribe and Christensen,

1994). The impingement of a plume head on the base of the lithosphere has, for example,

been associated with the thermal conversion of lithospheric material to asthenospheric ma-

terial (Perry et al., 1987). This thinning of the lithosphere and the emplacement of material

with a lower density than the surroundingmaterials will ultimately cause isostatically driven,

long-wavelength crustal updoming and thus affect the evolution of the regional topography

(e.g., Crough, 1983; Lithgow-Bertelloni and Silver, 1998; Ebinger and Sleep, 1998; Moucha

and Forte, 2011). The combination of highly dynamic topography, mantle upwelling, mag-

matism, and a distinct, long-wavelength negative Bouguer gravity anomaly centered on East

Africa, underscore the importance of these relationships in active rift zones (Latin, 1993;

Marty et al., 1996; Ebinger et al, 1989; Simiyu and Keller, 1997; Nyblade and Brazier, 2002;

Moucha and Forte, 2011). Furthermore, the combination of isostatic uplift and dynamic up-

lift associated with mantle upwelling can in turn have a far-reaching effect on the patterns

of atmospheric circulation, the amount and distribution of rainfall, and the associated devel-
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1 Introduction

opment of drainage networks (e.g., Sepulchre et al., 2006; Levin, et al. 2009; Wichura et al.,

2010, 2015; Ebinger and Scholz, 2012).

Once rifting has been initiated in a magmatically driven system, tectonic subsidence ac-

companied bymagmatism results in the formation of a basin and associated short-wavelength

rift-shoulder uplift in the footwall of the evolving rift-bounding faults (Buck, 1988; Buck et

al., 1988). As the basin continues to subside it accommodates sediments eroded from the rift-

shoulder areas and from volcanic rocks generated either along a volcano-tectonic axis within

the rift, or from the rift-shoulder areas. During protracted extension, tectonic compartmen-

talization of the original rift basins may result in the formation of smaller basins, which can

disrupt drainage networks and induce localized perturbations in rainfall patterns and erosion

processes (Bergner et al., 2009; Ebinger and Scholz, 2012).

The combined effects that crustal uplift and the development of short-wavelength topo-

graphic relief have on climate and hydrology thus exert a fundamental influence on the sur-

face processes operating in evolving rift systems, over a range of spatial and temporal scales.

The formation of vegetation cover, the distribution and flux of nutrients, and the evolution

of biota are therefore intimately coupled to deep-seated processes that are initiated within

the Earth’s mantle.

The general principles of rifting are well known from detailed geological and geophysical

investigations, but little is known about the efficiency of the erosional processes that oper-

ate within rifts and along rift-shoulder areas. A question that arises is whether erosion rates

change significantly through time as the topographic relief evolves as a consequence of pro-

tracted extensional processes, and how any such changes might relate to different tectonic

processes and/or superimposed climate-driven processes. In view of the steep topographic

and climatic gradients in rift zones it is therefore possible that topographic characteristics

resulting from tectonic processes (such as the steepness of slopes or the overall size and

shape of drainage basins) may exert a greater influence on erosion-rate patterns in these

environments than the amount of rainfall. This possibility is supported by erosion studies in

high-mountain environments that have suggested a direct relationship between tectonically

controlled terrain steepness and the efficiency of erosion (Molnar and England, 1990; Wil-

let, 1999; Montgomery and Brandon, 2002; Ouimet et al., 2009). An alternative possibility

is, however, that the combined effects of rainfall amount and distribution patterns and co-

varying differences in vegetation cover determine the patterns of erosion and hence the land-

scape evolution of rift basins, especially if the steep topographic gradients between the basin

floors and the rift shoulders are taken into account. Finding answers to some of these ques-

tions is important, because rift zones are valuable archives of climate and evolution as they

form pathways for migration and speciation, as well as providing restricted environments in

which records of environmental change can be preserved (Cohen, 2003; Trauth et al, 2005;

Sepulchre et al., 2006; Behrensmeyer, 2006; Spiegel et al., 2007; Wichura et al., 2011). They
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1.1 General background and objectives

can also be important locations for natural resources including hydrocarbons (Tiercelin et al.,

2012), metalliferous deposits (Van Schmus and Hinze, 1985), freshwater (Odada, 2013).

The East African Rift system (EARS) is an excellent region (Figure 1.1) in which to study

the rich interactions between active rifting, rift shoulder uplift, tectonic exhumation, ero-

sion, and sedimentation. Numerous studies have been conducted in East Africa to elucidate

the timing of rifting, the mechanisms involved, the impact of tectonics on sedimentary pro-

cesses, and the evolution of biota, especially hominins (Potts, 1998; 2013; Trauth et al, 2005;

Behrensmeyer, 2006; Sepulchre et al., 2006; Cerling, 2014; Maslin et al., 2015). In addition,

since the EARS is located in a region that is influenced by the African-Indian Monsoon and

bymoisture-bearing winds originating in the Congo Basin, this region has been a focus of cli-

mate and paleoclimate studies investigating the influence exerted by climate and tectonics

on rainfall, over a range of time scales (Feakins et al., 2005; Sepulchre et al., 2006; Wichura

et al., 2010). Despite the breadth and depth of previous investigations into the EARS, there is

continuing debate concerning the relationship between the development of the East African

rift basins and volcanism associated with mantle-plume dynamics (Ebinger and Sleep, 1998;

Nyblade and Brazier, 2002; Koptev et al., 2015). The resulting rifting scenarios have either

invoked a north-to-south migration (and hence southward younging) of volcanism and rift-

basin formation (i.e., Ebinger and Sleep), or an unsystematic, aerially widespread formation

of diachronous (Morley et al., 1992) or coeval basins (Koptev et al., 2015). As such, the evo-

lution of the Kenya Rift provides a crucial link in rift-basin formation between the northern

Kenyan and Ethiopian rifts and the Tanzanian rift basins (Tiercelin and Lezzar, 2002; Ebinger

and Scholz, 2012). Unfortunately, the early vestiges of extensional processes that would be

needed to unambiguously link the differentmanifestations of rifting over different timescales

are often buried under younger basin deposits or have been obliterated on the rift shoulders

by erosional processes. Low-temperature thermochronology applied to basement lithologies

exposed along the principal rift-bounding faults and the rift shoulders may therefore be es-

pecially helpful in elucidating the early stages of extensional processes and, when combined

with geological and geophysical data, may furnish new insights into the full spectrum of ther-

mally controlled extensional processes and ensuing environmental changes.

In light of the previous studies and research hypotheses, the motivation of this disserta-

tion was focused on twomain objectives. The first objectivewas to better constrain the onset

of the tectonic evolution of the Kenya Rift on million-year timescales and to evaluate the

regional tectono-thermal history in light of previous studies and current models of how the

rift evolved. For this purpose I first refined the tectono-thermal evolution of the Kenya Rift

by combining low-temperature thermochronology and thermal modeling with geophysical

and stratigraphic data and results obtained fromprevious thermo-chronologic investigations.

The second objective of my study was to assess erosion processes along the rift escarpments

and on the rift-shoulder sectors. I therefore analyzed basin-wide erosion rates using the ter-
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restrial cosmogenic nuclide 10Be to determine erosion rates over the past several millennia.

Overall, I strived to answer the following questions that examine the interactions between

tectonics, topography, erosion, and climate on different spatiotemporal scales:

When did extensional processes begin in the eastern branch of the East African Rift? How

do pulses of thermo-tectonic events relate to extension, erosion and sedimentation that have

been inferred to have driven Cenozoic surface processes?

What are the principal factors modulating erosion in the rift landscape? Are the factors

controlling erosion sustained over time or is there a change in form and rate, especially during

wetter periods in the geological past?

Previous work on the tectonic setting, present-day and past climate conditions, and vege-

tation in the East African Rift are summarized below, together with a very brief discussion of

the dating techniques used in this research.

1.2 Tectonics, climate, and vegetation through time in the EARS

1.2.1 Tectonic and geodynamic setting

The EARS is one of the most spectacular topographic expressions of ongoing rifting on Earth

(Fig. 1.1). It stretches over a length of more than 4000 km from the Gulf of Aden to Mozam-

bique and follows reactivated Proterozoic shear zones in a generally north-south direction.

Starting from a position below sea-level in the Afar Depression, the rift traverses the Ethiopia

Dome and continues into the Turkana Depression of northern Kenya at an elevation of about

400 m. At approximately 3◦N the rift splits into the eastern branch (the Kenya Rift), and the

western branch containing the large freshwater lakes such as Lake Albert, Lake Tanganyika,

Lake Rukwa, and Lake Malawi (Fig. 1.1). The two branches of the rift, together with the Tan-

zania Craton and Lake Victoria located between them, form part of the approximately 1300

km-wide (in an E-W direction) and 1200-m-high East African Plateau. This elevated region is

underlain by a pronounced negative Bouguer gravity anomaly, reflecting the presence of the

underlying mantle plume responsible for generating the dynamic topography (e.g., Achauer

et al., 1994; Smith, 1994; Simiyu and Keller, 1997; Nyblade and Brazier, 2002; Moucha and

Forte, 2011). The mantle-driven uplift of this region is inferred from paleontological and

geologic-geomorphic evidence to have started between about 17 Ma and 13 Ma (Veldkamp et

al., 2007; Wichura et al., 2010; 2015); the mantle anomaly is further manifested by volumi-

nous volcanic flows and edifices, and by associated high heat flow (Wheildon et al., 1994). The

highest sectors of the greater rift region, however, are not directly associated with the long-

wavelength plateau uplift. They are either part of the volcanic edifices on the rift shoulders

(Mt. Kenya, Mt. Kilimanjaro) or they are part of the structurally controlled relief, including

the Rwenzori Mountains of the western rift branch, or rift-shoulder areas. At about 2◦30’S

the Kenya Rift transitions into a fan-like extensional province in northern Tanzania, includ-
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Figure 1.1 – Digital elevation map of the East African Rift System showing principal plate boundaries
(red-dashed lines), rift lakes, prominent volcanic edifices, and boundaries of the Intertropical Con-
vergence Zone (dashed black lines). Plate boundaries are marked in red-dashed lines, modified by S.
Riedl after Stamps et al. (2008).
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ing the Manyara and Pangani rifts, while the western branch continues southward into the

Malawi Rift and then on to Mozambique (Brazier et al., 2000; Chorowicz, 2005). The kine-

matics of rifting in East Africa is accommodated by the motion of several lithospheric plates

that have recorded extension rates measured by GPS of up to 3 mm/yr (Stamps et al., 2008).

The plates involved are the Victoria, Rovuma and Lwandle plates, between the larger Somalia

and Nubia plates. The western branch follows the developing plate margin between the Nu-

bia, Victoria, Rovuma and Lwandle plates, while the eastern branch straddles the boundary

between the Victoria, Rovuma and Somalia plates (Figure 1.1).

Numerous investigations carried out during recent decades have provided constraints on

the tectonic evolution of the region over the last 30 Ma (Williams, 1970; King, 1978; Jones

and Lippard; 1979, Baker, 1988; Foster and Gleadow, 1996; Spiegel et al., 2007). Although the

more recent tectonic history of the Kenya Rift is generally well known (Baker andWohlenberg,

1971; Williams, 1970; Crossley, 1979; Chapman et al., 1978; Baker et al., 1988; Morley et al.,

1992; Smith, 1994), the exact timing of the onset of early Cenozoic extension and the asso-

ciated exhumation processes remain controversial and only poorly constrained. The Kenya

Rift of the EARS comprises the asymmetric northern (Elgeyo), central (Mau) and southern

(Nguruman) rift segments, which are bounded by major escarpments on their western mar-

gins (Figure 1.1). These escarpments reflect fault movements during the Miocene stage of

extension and form the western boundaries of asymmetric rift basins that have experienced

major tectonic subsidence on their (deepest) western sides (Mugisha et al., 1997; Hautot et

al., 2005). The eastern margins of the rift consist of former monoclinal downwarps that were

subsequently segmented by antithetic faults and now constitute a full-graben morphology

(Crossley, 1979; Baker et al., 1988; Strecker et al., 1990; Mugisha et al., 1997; Bosworth and

Maurin, 1993).

1.2.2 Climate

This section reviews the characteristics of past and present-day climates in the Kenya Rift

region. These are considered to be important because the amount and distribution of rain-

fall are closely related to tectonically driven surface uplift or subsidence and reflect the oro-

graphic precipitation along the rift and its shoulder areas, over long periods of time. However,

over shorter periods the effects of climatic changes and variability on erosion processes and

landscape evolution are probably more important as abrupt changes can occur on centen-

nial to millennial timescales (e.g., Wolff et al., 2011). In either case the climatic conditions

influence the evolution and erosional efficacy of fluvial networks, as well as soil-formation

processes and the development of vegetation cover, which in turn can also influence the sus-

ceptibility of a landscape to erosional processes.
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1.2 Tectonics, climate, and vegetation through time in the EARS

Present-day climate

The geographical tropics are the low-latitude regions between the equator and the Tropics

of Capricorn (23.5◦S) and Cancer (23.5◦N). The tropical climate zone, however, can extend

beyond the latitudinal limits of the geographical tropics. According to Köppen’s climate clas-

sification, the tropics are characterized by mean-annual temperatures greater than ~18◦C for

the coldest month of the year (Köppen, 1936; McGregror and Nieuwolt, 1998). This applies

mostly to lowland areas, where the differences between the coldest and hottest months can

be less than 4◦C. Alternating dry and wet seasons are themost important characteristic of the

climate in these low-latitude regions. Along the equator, precipitation is the most important

climatic factor, rather than temperature (McGregror and Nieuwolt, 1998). These patterns

are related to a number of features of atmospheric circulation that drive the seasonal vari-

ations of the Intertropical Convergence Zone (ITCZ), where the trade winds of the northern

and southern hemisphere converge. The ITCZ is controlled by seasonal changes in insolation

(Griffiths, 1972; Nicholson, 1988). Heating over the African continent funnels moist air from

the equatorial Atlantic into western and central Africa during the northern summer (Hasten-

rath, 1984; de Menocal, 1995). Regional atmospheric circulation reverses during the north-

ern winter, when dry, variable northeast trade winds blow over subtropical Africa, Arabia, and

Southeast Asia (McGregror and Nieuwolt, 1998). The seasonal development of the tropical

precipitation belt is driven by the position of, and fluctuations in, the ITCZ and the Congo Air

Boundary stream (Figure 1.1) (Nicholson, 2001; www. iridl.ldeo.columbia.edu). In addition

to these regional processes, the wind and precipitation patterns of tropical Africa are over-

printed by climate oscillations such as the El Niño Southern Oscillation (ENSO) (McGregror

and Nieuwolt, 1998; Wolff et al., 2011).

Sea-surface temperature fluctuations in the western Indian Ocean associated with the In-

dian Ocean Zonal Mode (Saji et al., 1999; Webster et al., 1999), the presence of orographic

barriers (such as rift escarpments, Mt. Kenya, Mt. Kilimanjaro, Mt. Elgon, etc.), and large wa-

ter bodies (e.g., lakes Turkana, Victoria, Tanganyika), also affect the atmospheric circulation

and precipitation in the East Africa (Nicholson, 1996).

The climate in equatorial EastAfrica ranges from the tropical humid coastal sectors, through

the dry heat of the hinterland and plains of East Africa, to cool and temperate conditions on

the plateaus and in mountainous areas. Average annual precipitation varies from ~4 mm/yr

in the most arid regions (the northern plains) to ~4000 mm/yr in the temperate highlands

(TRMM 2B31, http://trmm.gsfc.nasa.gov/). Most regions in equatorial East Africa have two

rainy seasons, one between March and May (the "long rains") and the other between October

and November (the "short rains") (Morgan, 1971; Griffiths, 1972, East African Meteorological

Department, 1975). The climate in the Kenya Rift zone is affected by the movement of air

masses from the Congo Basin, and also by the tropical monsoon and trade winds (Camberlin

and Philippon, 2002). As a result of its equatorial position and the presence of orographic
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barriers, the rift basin experiences high levels of evaporation and overall aridity, while oro-

graphic precipitation is typical of the rift flanks (Bergner et al., 2009 and references therein).

Past changes in climate

Cenozoic environmental changes in East Africa have been the focus of many investigations

that have led to a better understanding of the influence of climatic changes on the evolution

of hominids and other mammals (Cerling, 1980, 1985, 2010; Beherensmeyer, 2006; Maslin

et al., 2015). Some studies have found links between the continental and marine environ-

mental records, using sedimentary archives from East African lakes and offshore areas (Co-

hen et al. 2003; Behrensmeyer, 2006; Wolff et al., 2011). Lake-sediment records, together

with climate modeling and high-precision 40Ar/39Ar dating of intercalated volcanic ashes,

have furthermore helped to identify the sedimentary processes and associated hydrological

changes that are due to climatic changes, fault activity, and volcanism (Feakins et al., 2005;

Trauth et al. 2005; Behrensmeyer, 2006; Zachos, 2001; Tiercelin, 1987; Tierney et al., 2011;

Tiercelin et al., 2012). The pronounced effect of climate change on the hydrological bud-

get of lakes must have co-varied with the potential stream power of rivers draining into the

basins and the production of sediments. The impact that climatic changes have on landscape

evolution depends on the period of time over which the mechanisms behind these changes

operate. The principal driving forces of changes in the East African climate on million-year

timescales are clearly mainly related to spatially extensive plateau uplift and rift-shoulder

formation, which can affect not only the topography but also atmospheric circulation pat-

terns (Sepulchre et al., 2006; Levin et al., 2009). For example, associated with the initiation of

the Cenozoic East African Rift System during the Eocene-Oligocene, East Africa was affected

by major crustal uplift, resulting in the formation of the East African Plateau (Veldkamp et

al., 2007; Wichura et al., 2010; Wichura et al. 2011; Moucha and Forte, 2011; Wichura et

al., 2015). This involved uplift of the Earth’s surface from close to sea level to mean ele-

vations of about 1000 m. This dramatic change in the regional topography led to a major

reorganization of atmospheric circulation and precipitation patterns, resulting in aridifica-

tion and other important paleoenvironmental changes in equatorial East Africa (Sepulchre et

al., 2006 and references therein). In contrast, changes in the Earth’s orbital parameters (such

as eccentricity, obliquity, and precession) over periods of twenty-thousand years to several

hundred-thousand years have been the major drivers behind changes in the Earth’s climate

(Milankovitch, 1941; Berger, 1979) that have been repeatedly superimposed on the evolving

rift system and caused pronounced changes in its hydrological regime (e.g., Trauth et al.,

2005 and references therein). Such orbital parameters control variations in both the tempo-

ral and spatial distribution of energy received from the sun. Eccentricity cycles (with 100 kyr

cyclicity), together with obliquity cycles (41 kyr cyclicity) and precession cycles (23 kyr cyclic-

ity) have been linked to the growth and shrinkage of high latitude ice caps (i.e., to glacial-
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interglacial cycles) (Milankovitch, 1941; Hays et al., 1976; Imbrie and Imbrie, 1980; Huybers

and Wunsch, 2005). Low-latitude climates are, in contrast, primarily influenced by the pre-

cession cycles that drive the monsoonal seasons (Berger and Loutre, 1997). Alternating wet

and dry cycles described from various East African sedimentary archives dating back to 3 Ma

have, for example, been attributed to precession cyclicity (e.g., Deino et al., 2006; Ashley,

2007; Trauth et al., 2003, 2007). Finally, the principal forces affecting the climate on millen-

nial timescales, especially in the East African region, are the intensity of the ENSO, variations

in the North Atlantic dipole, and changes to stratospheric winds and atmospheric circulation

patterns (McGregror and Nieuwolt, 1998). The large variations in rainfall identified from sed-

imentary proxy records have been attributed to changes in ENSO-related precipitation (e.g.,

Russell and Johnson, 2005; Wolff et al., 2011). In view of the many factors that can influence

climate over different timescales, it is clear that climatic changes must have had a profound

impact in the EARS, especially with regard to lake-level changes and associated variations in

base level, erosion rates, and short-term changes in vegetation cover.

1.3 Vegetation

In view of the influence that climate exerts on soil formation, the development of vegeta-

tion and the susceptibility of a landscape to erosion (e.g., Langbein and Schumm, 1958), a

description is included below of the relevant characteristics of East African (mainly Kenyan)

vegetation. The spread and speciation of vegetation in the rift area are affected by variations

in climate and temperature that correspond directly with the elevation and morphology of

the moist, high-mountain areas and the dry lowlands between the rift shoulders and escarp-

ments. Vegetation and precipitation are therefore highly correlated with topography (Olago,

2001), which is reflected in vegetation belts that range frommountain forests to lowland plant

assemblages (Bonnefille, 2010).

Satellite-derived data (e.g., MODISproducts) have been combinedwith results frombotani-

cal investigations to help explain the relationship between biomass distribution and the den-

sity of different plant populations in East Africa over recent decades (ORNL DAAC, 2011).

This has improved our understanding of the anthropogenic impact on soil conditions and

erosion. Such information can ultimately help to identify how quickly erosion rates respond

to changes in vegetation density.

Present-day vegetation

Over the last two hundred years the East African region as a whole, and Kenya in particular,

has experienced significant economic developments that are associated with changes in the

land surface due to the expansion of both agriculture and human settlements (Verschuren

et a., 2000; Nicholson, 1988). Studies of recent pollen records from Kenya have attempted
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to assess short-term vegetational responses to these changes (e.g., Lamb, 2003). The results

of such studies, together with changes of water levels in the rift basins, are helping to elu-

cidate the response of vegetation to human activity and climate variability. However, an-

thropogenic effects need to be considered in conjunction with those due to climate-induced

changes (Lamb, 2003). Many studies have focused on precipitation, temperature, and the in-

tensity and timing of the dry season, considering these to be the principal influences on plant

distributionwithin theAfrican tropical zone (Nicholson, 2001; Olago, 2001; Street-Perrot and

Perrot, 1993). The East African topography varies from below sea level to over 6000 m asl and

equatorial East Africa consequently has a complex patchwork of climate regimes that are sen-

sitive to climatic fluctuations over a range of temporal and spatial scales (Mills et al., 2014).

The rift-valley floor and lowland areas form a dry north-south corridor in which the prevalent

vegetation is well adapted to relatively arid conditions. This area also forms a migration cor-

ridor for the plants and animals that take advantage of the water in rivers and lakes along the

rift valley during both wet and dry seasons (Bonnefille, 2010; Trauth et al., 2005). In contrast,

the high mountains and rift escarpments support more dense vegetation ranging from grass-

lands to dense forests. The vegetation therefore generally varies from savannah or scrubland

at low elevations (<1000 m asl), through woodlands at intermediate elevations (∼1000-2000

m asl), to forests at high elevations (>2000 m asl), and to sub-temperate afro-alpine grass-

lands above 3000 m elevation (White, 1983; Bonnefille, 2010). East Africa is known for its ex-

tensive savannahs along the rift zone, which comprise grasslands with sparse tree growth and

open canopies. Those parts of tropical Africa with precipitation in excess of 0.8 m/yr are con-

sidered to be unstable environments for savannah grasslands, apparently unable to support

the co-existence of trees and grasses (Sankaran et al., 2005). Stable savannahs occur where

precipitation is below ~0.5 m/yr, with a transition zone in between (0.5-0.8 m/yr) to unstable

savannahs where denser vegetation mosaics exist (Sankaran et al. 2005). This information

becomes important when attempting to extrapolate the predominant historical vegetation

cover in East Africa over millennial timescales. Finally, vegetation is also important in pro-

tecting steep hillslopes against erosion in densely vegetated areas with pronounced relief, as

shown (for example) in the classic study by Langbein and Schumm (1958). This is therefore

also an important issue if erosional processes are to be considered over periods ranging from

tens of years to thousands of years.

Past changes in vegetation

Multi-proxy records from East Africa show that the climate of this region changed consider-

ably during the Cenozoic in response to global climate changes. The oldest terrestrial records

of Cenozoic vegetation in Africa are from the Eocene (ca. 47 Ma) of Tanzania. These records

show evidence of periods that were characterized by prolonged dry seasons that encouraged

the development of woodland vegetation and restricted the spread of rainforests along the
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equator into East Africa (Bonnefille, 2010). The prolonged dry seasons have been attributed

to the global climate changing from warm, wet conditions to cooler dry conditions, which

occurred before the main tectonic activity started in this area (Sepulchre et al., 2006). How-

ever, our understanding of these relationships is still at an early stage. A valuable future re-

search project would therefore be to compare the macroflora and paleobotanical vegetation

records from the EARS with pollen and δ18O records from marine and lacustrine sediments,

(e.g., Hessler et al., 2010; Garcin et al., 2012; Feakins et al., 2013) in order to obtain a better

correlation between vegetation changes and climate variability. The expansion of savannah

environments in East Africa during wet periods started at about 10 Ma and their continuous

existence in this region has been recognized since at least 6 Ma (Bonnefille, 2010; Cerling

et al., 2011). The expansion of C4 plants during the late Miocene (11-5 Ma) and again during

the Plio-Pleistocene (4.3-1.4 Ma) interpreted from δ13C data (from pedogenic carbonate, e.g.,

Quinn et al., 2007) and pollen data (from cores of marine sediments), also indicates signifi-

cant changes in the vegetation mosaics of East Africa (Feakins et al., 2013) that were, at least

during the Plio-Pleistocene, associated with increasing aridity (Feakins et al., 2005; 2013).

Pollen records obtained from various lacustrine sediment cores in East Africa have revealed

abrupt changes in vegetation cover during cold intervals (Heinrich events, HS), which are

expressed by reductions in biomass (Hessler et al., 2010). The direct relationship between

climate and vegetation cover is important when assessing variations in the vegetation, in the

distribution patterns of vegetation, and in co-varying surface processes, during periods of

climatic variability.

1.4 Techniques to determine the onset of extensional exhumation and

erosion rates

Low-temperature thermochronology -in this case apatite fission-track (AFT), apatite (U-Th)/He

(AHe) and zircon (U-Th)/He (ZHe) dating, and time-temperature history modeling are pow-

erful tools for determining the cooling history of rocks exposed along major rift escarpments

(e.g., Fitzgerald et al., 1992; Reiners, 2003; Stockli, 2005). These three dating techniques

can be used to determine cooling from temperatures of more than 180◦C (ZHe), 120◦C (AFT)

and 75◦C (AHe) to surface temperatures, using Dodson’s simple closure-temperature con-

cept (Dodson, 1973). If the geothermal gradient and the age at which the mineral reached its

closure temperature are known, the time that the mineral took to reach the surface can also

be determined. Samples collected for thermochronological analysis along vertical elevation

profiles in a rift environment can therefore be used to document different episodes of cooling,

as well as possible re-heating and renewed cooling associated with extensional exhumation.

Basin-wide erosion rates on millennial timescales can be determined by detrital 10Be anal-

ysis on the quartz fraction of river sands. The 10Be is a cosmogenic nuclide that accumulates
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over time in quartz that is exposed to cosmic radiation (e.g., von Blanckenburg, 2005 and

references therein). The production rates of cosmogenic nuclides for the study area, which

depend (among other factors) on elevation and latitude, need to be known in order to be able

to determine erosion rates. The underlying assumptions are that sediments in river channels

rapidly becomemixed and that long-term storage in floodplains is minimal.The 10Be concen-

trations in detrital quartz can then be translated into average erosion rates for the upstream

drainage basin. For this study, detrital quartz samples were collected for 10Be analysis, pri-

marily along the Nguruman Escarpment (western rift margin of the southern Kenya Rift), the

Loita Plains of the eastern rift shoulder, and various catchment areas along the Elgeyo Es-

carpment (western rift margin of the northern Kenya Rift) (Fig. 1.1).

12



Chapter 2

Cenozoic extension in the Kenya Rift

from low-temperature

thermochronology: Links to

diachronous spatiotemporal

evolution of rifting in East Africa

Abstract

The cooling history of rift shoulders and the subsidence history of rift basins are cor-

nerstones for reconstructing themorphotectonic evolution of extensional geodynamic

provinces, assessing their role in paleoenvironmental changes and evaluating the re-

source potential of their basin fills. Our apatite fission track and zircon (U-Th)/He

data from the Samburu Hills and the Elgeyo Escarpment in the northern and central

sectors of the Kenya Rift indicate a broadly consistent thermal evolution of both re-

gions. Results of thermal modeling support a three-phased thermal history since the

early Paleocene. The first phase (~65–50 Ma) was characterized by rapid cooling of

the rift shoulders and may be coeval with faulting and sedimentation in the Anza Rift

basin, now located in the subsurface of the Turkana depression and areas to the east

in northern Kenya. In the second phase, very slow cooling or slight reheating occurred

between ~45 and 15 Ma as a result of either stable surface conditions, very slow ex-

humation, or subsidence. The third phase comprised renewed rapid cooling starting

at ~15Ma. This final cooling represents themost recent stage of rifting, which followed

widespread flood-phonolite emplacement and has shaped the present-day landscape

through rift shoulder uplift, faulting, basin filling, protracted volcanism, and erosion.

When compared with thermochronologic and geologic data from other sectors of the
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East African Rift System, extension appears to be diachronous, spatially disparate, and

partly overlapping, likely driven by interactions between mantle-driven processes and

crustal heterogeneities, rather than the previously suggested north-south migrating

influence of a mantle plume.

2.1 Introduction

Continental rift systems are first-order tectonic features that record the early stages of con-

tinental breakup. In magmatically controlled rifts, long-wavelength crustal updoming and

the development of dynamic topography prior to the onset of volcanism and normal fault-

ing underscore the role of mantle-driven, thermally controlled processes in the evolution of

these regions (e.g., Crough, 1983; Ebinger and Sleep, 1998; Moucha and Forte, 2011). In the

East African Rift System (EARS), such changes in topography and relief have had far-reaching

consequences, including impacts on atmospheric circulation patterns that in turn affect rain-

fall patterns, drainage systems, and surface processes (e.g., Levin et al., 2009; Sepulchre et

al., 2006; Ebinger and Scholz, 2012; Wichura et al., 2010, 2015). In addition, the interplay

between extensional tectonics and superposed changes in climate has given rise to gateways

and migration corridors for hominids and other mammals, thus fostering speciation (Bobe

and Behrensmeyer, 2004; Bailey and King, 2011; Bailey et al., 2011).

Uplift, volcanism, and normal faulting in the EARS are hallmarks of one of the largest

magmatic extensional zones on Earth (Burke, 1996). Composed of the largely amagmatic

western and the magmatic eastern branch, the ~5000km long EARS has generated a series

of transiently linked and isolated rift basins (Tiercelin and Lezzar, 2002; Ebinger and Scholz,

2012). The areally extensivemantle anomaly that underlies the EARS (e.g., Simiyu and Keller,

1997; Ebinger and Sleep, 1998; Achauer and Masson, 2002) helps support average elevations

of ~1000m (Moucha and Forte, 2011). As such, understanding the mechanisms of rifting

and its spatiotemporal evolution is critical for exploring how geodynamic and surface pro-

cesses are potentially linked with topographic development, magmatic evolution, and long-

termenvironmental and biotic impacts in rift systems. Changes in each of these aspects over

time throughout the EARS have been difficult to quantify, but valuable information has been

obtained from the sedimentary and volcanic rift-basin strata (e.g., Frostick and Reid, 1990;

Morley et al., 1992; Pickford and Senut, 1994; Renaut et al., 1999; Odada and Olago, 2002;

Saneyoshi et al., 2006; Ebinger and Scholz, 2012; Tiercelin et al., 2012; Roberts et al., 2012).

Unfortunately, many of the rift basins do not allow for a direct inspection of such deposits,

because old strata either lie below thick volcano-sedimentary sequences or areally extensive

lakes (e.g., Flannery and Rosendahl, 1990; Cohen et al., 1993; Scholz and Finney, 1994; Hau-

tot et al., 2000) or because differential faulting, uplift, and erosion along the rift flanks have

been insufficient to expose such deposits. For these reasons, many studies of the spatiotem-
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poral trends in rift-basin formation have relied on the combined analysis of geophysical data,

field observations, and isolated drill-core data.

Low-temperature thermochronometry, such as apatite fission track and apatite and zircon

(U-Th)/He dating, combined with thermal history modeling, constitute powerful alternative

tools to investigate cooling as a proxy for tectono-thermal and climate-driven erosion pro-

cesses in rift settings (Fitzgerald, 1992; Foster and Gleadow, 1992, 1996; van der Beek et

al., 1998). Thermochronology studies have been carried out throughout the EARS aimed at

unraveling the history of basin formation, rift-shoulder exhumation, and different tectono-

thermal episodes associated with mantle-plume activity. These studies have addressed the

tectonic evolution of the western branch of the EARS in the RwenzoriMountains (Bauer et al.,

2010, 2012) and the Malawi and Rukwa rifts (van der Beek et al., 1998; Roberts et al., 2012),

and the evolution of the eastern branch in Ethiopia (Pik et al., 2008), northern Tanzania (No-

ble et al., 1997; Mbede, 2001), and Kenya (Wagner et al., 1992; Foster and Gleadow, 1992,

1996; Spiegel et al., 2007). In the greater Turkana region and the western rift-shoulder ar-

eas of northern Kenya (Figure 2.1), these investigations have provided helpful constraints on

the regional onset of Mesozoic and early Cenozoic rifting (Foster and Gleadow, 1996; Spiegel

et al., 2007). However, the spatial extent of the related tectono-thermal events, the forma-

tion of older rift basins underlying the late Cenozoic rifts, and the role of their structures in

influencing Miocene to Recent rifting are unclear.

The onset of rifting in East Africa has been associated with a southward-directedmigration

of volcanism, which in turn has been inferred to be linked with the northward motion of the

African plate over a mantle plume (Ebinger and Sleep, 1998; Nyblade and Brazier, 2002). Ac-

cordingly, the onset of tectonic activity in the eastern branch of the rift is also thought to have

followed this temporal trend fromEthiopia to northern Tanzania (Nyblade and Brazier, 2002).

In contrast, Zeyen et al. (1997) proposed that the onset of extension was less systematic, and

largely dictated by the spatially variable mechanical properties of the lithosphere and crust.

The notion that rifting and volcanism did not follow a systematic, southward migration has

been recently emphasized again by numericalmodeling (Koptev et al., 2015) and by a synopsis

of the age of volcanism in the different sectors of the EARS, from which a synchronous onset

of volcanic activity in East Africa has been proposed (Michon, 2015). Furthermore, studies

of noble gases in East African lavas and xenoliths suggest the existence of separate plume

heads in Ethiopia and Kenya (Halldórsson et al., 2014). As the Kenya Rift is located between

the Tanzania and Turkana-southern Ethiopia extensional provinces, it constitutes an impor-

tant link between different extensional sectors in the volcanically active eastern branch of

the EARS and is thus in a crucial location to further test these ideas.

Here we report 15 apatite (U-Th)/He (AHe), 13 apatite fission track (AFT), and 5 zircon (U-

Th)/He (ZHe) ages from basement rocks that were collected along three elevation transects at

the Elgeyo escarpment and the Samburu Hills (Nyiru Range) on the eastern and western rift
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Figure 2.1 – (a) Location of the East African Rift System. Black box denotes study region in the north-
ern and the northern sector of the central Kenya Rift. White stars denote location of sampling tra-
verses. Grey lines denote political boundaries. (b) Digital elevation model including an overview of
southern Ethiopia, the northern Kenya Rift, and northernmost sectors of the central Kenya Rift.

shoulders and steep rift flanks of basins in northern Kenya (Figures 2.1 and 2.2). Following

thermal modeling of our data using the HeFTy (Ketcham, 2005; Ketcham et al., 2009) and

QTQt software programs (Gallagher et al., 2009; Gallagher, 2012), we use the cooling histories

to help elucidate the Cenozoic tectono-thermal evolution of the Kenya Rift shoulders and its

implications for the overall structural evolution of the EARS.

2.2 Geological setting and tectonic history

In Kenya, the EARS is characterized by asymmetric rift basins, central volcanoes, and high

rift shoulders (up to ~2000m above sea level (asl) in western Kenya) bounded by escarpments

where late Proterozoic crystalline basement rocks are exposed (Maboko et al., 1985; Smith,

1994; Smith and Mosley, 1993; Shackleton, 1993). Our study area comprises the eastern

shoulders of the northern Kenya Rift and the transition between the northern and central

Kenya rifts along the western rift margin (Figure 2.1).

Geophysical data, stratigraphic information, and dated volcanic lava flows have furnished

information on the early rifting history in northern Kenya, which began during the lateMeso-
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zoic (Foster and Gleadow, 1992, 1996; Morley et al., 1992; Wagner et al., 1992; Ebinger et al.,

2000; Tiercelin et al., 2004, 2012). These early episodes of extension affected areas between

the Indian Ocean and the Lake Turkana region, leading to the accumulation of thick lacus-

trine, fluvial, and eolian strata in the NW-SE oriented Cretaceous Anza Rift (Figure 2.1). In

its central part, the buried Anza Rift was active during the late Cretaceous, whereas it contin-

ued to be active into the late Tertiary in the northern Lamu Embayment (Figure 2.1), in the

vicinity of the present-day coast of the Indian Ocean (Bosworth and Morley, 1994). Farther

west, the Anza Rift is inferred to transition into the eastern sectors of the Cretaceous Central

African Rift Zone (Schull, 1988).

Subsequent Cenozoic extension in northern Kenya is recorded in the Turkana-Lokichar rift

zone (Figure 2.1b) but was preceded by volcanism at about 35 Ma, followed by Oligocene nor-

mal faulting and the formation of several halfgraben basins (Morley et al., 1992). These basins

span the region between the Ugandan border and Lake Turkana (Figure 2.1), and they host

sedimentary fills 5 to 8 km thick that include intercalated volcanic rocks (Morley et al., 1992;

Tiercelin et al., 2012). However, apatite (U-Th)/He and fission track data from the western rift

flank (Cherangani Hills of northern Kenya) and from the present-day eastern rift flank south-

east of Lake Turkana (Figures 2.1 and 2.2) only reveal clear episodes of cooling during the late

Cretaceous to Paleocene and during the late Neogene (Foster and Gleadow, 1996; Spiegel et

al., 2007).

Today, the northernKenyaRift encompasses thewide, early Cenozoic Turkana-Lokichar rift

zone, but the Miocene to Recent manifestations of rifting are primarily located in the east-

ern sector of this extensional province, between approximately 1◦N and 4.5◦N latitude. This

region is characterized by the active, down-to-theeast halfgraben basin of the NNE-oriented

Suguta Valley (Bosworth and Maurin, 1993; Saneyoshi et al., 2006; Melnick et al., 2012) and

the northern sector of the NNE-oriented Elgeyo Escarpment farther west (Figure 2.1b). The

rift floor in the Suguta Valley is at ~300masl, whereas the antithetically faulted monocline on

the eastern rift margin has an average elevation of ~1400m asl (Bosworth and Maurin, 1993).

There, the rift shoulder exposes gneissic Precambrian basement in the Samburu Hills, our

first study site, which locally reach up to 1900m asl (Figures 2.1 and 2.2). To the north of the

Suguta Valley is the active Kino Sogo rift zone; this extensional sector transitions northward

into the Chew Bahir Rift of southern Ethiopia, which is an integral part of the Main Ethiopian

Rift (Figure 2.1).

The Elgeyo Escarpment, our second study site, is located along the western margin of the

northern Kenya Rift and the northernmost sector of the NNW oriented central Kenya Rift,

where the escarpment transitions southward into the Mau Escarpment (Figure 2.1b). The El-

geyo Escarpment is one of themost prominent fault-line escarpments of the Kenya Rift. In its

southern sector, the escarpment is ~900m higher than the adjacent Kerio sedimentary basin

(Figure 2.2). The Elgeyo Escarpment is related to a down-to-the-east normal fault, which ex-
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Figure 2.2 – Figure 2. Digital elevation model of the study area and location and elevation of ther-
mochronology sampling transects. Circles denote each thermochronologic sample analyzedwith sam-
ple names as labels. (a) Study area, including Samburu Hills (SH), Northern Elgeyo Escarpment (NEE)
and Southern Elgeyo Escarpment SEE). (b)Samburu Hills region. (c) Elgeyo Escarpment. Profiles on
right show schematic elevation transects and simplified geology along the SH, NEE, and SEE sampling
transects.

poses steeply eastward dipping Proterozoic gneisses of the pan-African orogeny (Chapman

et al., 1978; Maboko et al., 1985; Hetzel and Strecker, 1994). The Cenozoic faults along the

Elgeyo Escarpment follow the gneissic foliation and change in strike, where the foliation is

cut by NW striking Proterozoic dextral shear zones (Strecker et al., 1990; Shackleton, 1993).

These reactivated shear zones influence the geometry and areal distribution of strata of the

Kerio sedimentary basin (Mugisha et al., 1997). The basement shear zones are overlain by

arkosic sandstones, conglomerates, and lacustrine shales of unknown age, and up to 150m

thick, 14 Myr old phonolites (Lippard, 1973; Ego, 1994; Supplementary Figure A1) that also

cap the western rift shoulder. Faulting along the Elgeyo Escarpment in this sector postdates

the emplacement of the middle Miocene phonolite flows and generated the westward tilted

Kamasia fault block to the east (Figure 2.2), which in turn is delimited by a major down-to-

the-east normal fault to the east (e.g., Chapman et al., 1978). The Kamasia Range thus forms

the barrier between the Kerio Basin and the Baringo Basin farther east, which now hosts the

active volcano-tectonic axis of this part of the Kenya Rift.
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2.3 Methodology

We constrain the Cenozoic cooling of the Precambrian Mozambique Belt gneisses exposed

on the western and eastern rift shoulders of the northern Kenya Rift and the northernmost

sector of the central Kenya Rift using apatite fission track thermochronology (AFT; apatite

partial annealing zone, PAZ, ~60 to ~120◦), apatite (U-Th-Sm)/He thermochronology (AHe,

partial retention zone, APRZ ~40◦C-85◦C), and zircon (U-Th)/He thermochronology (ZHe;

ZPRZ ~120 to ~200◦C) (assuming that zircons remained in this temperature range for about

90 Myr (e.g., Reiners and Brandon, 2006; Wolf et al., 1998; Ketcham et al., 1999; Reiners,

2005)). We collected seven samples (KN83 through KN89) along a W-E oriented profile be-

tween 1300 and 1900m asl in the Samburu Hills (SH), on the eastern rift flank (Figure 2.3,

Tables 2.1 and 2.2, and Table A1 in the supporting information). On the western flank, we

collected one steep profile across the northern Elgeyo Escarpment (NEE) and one across the

southern Elgeyo Escarpment (SEE) (Figure 2.2). The NEE profile comprises six samples (KN97

through KN102) collected between 1280 and 1850 m asl, and the SEE profile comprises five

samples (KN53, KN55, KN91, KN92, and KN94) collected between 1350 and 1780 m asl. The

Elgeyo escarpment profiles are separated by ~50 km and were collected perpendicular to the

main fault-line escarpment (Figure 2.2). In addition, sample KN50 was collected between the

two profiles and analyzed for AFT, although it was not used to help constrain the thermal

modeling.

Mineral separation and sample preparation for AFT, AHe, and ZHe analyses followed stan-

dard procedures (e.g., Dobson, 2006) and are briefly described below. Eighteen samples yielded

enough apatite forAFTandAHeanalysis, and six sampleswere analyzedwith theZHemethod.

2.3.1 Apatite Fission Track Analysis

AFT samples were analyzed with a Leica DMRM microscope at the University of Potsdam.

Approximately 20 good-quality grains per sample were randomly selected and dated using

the external detector method and the zeta calibration technique (Hurford and Green, 1983)

(see Table 2.1). The pooled age is reported (±1σ) when samples pass the chi-square test (P(χ2)

≥5%) (Galbraith, 1981); for KN50, the central age is reported because the sample failed this

test. We also report confined track-length distributions of seven AFT samples (see details in

Table 2.1). 252Cf irradiations were performed (see supporting information) to obtain a larger

number of horizontally confined tracks for track-length measurements (e.g., Donelick et al.,

2005). The angle between the confined tracks and the crystallographic c axes was routinely

measured. The size of the etch-pit diameter parallel to the c axis (Dpar) was also determined,

as it is a kinetic parameter used in thermal history modeling (Donelick et al., 1999; Ketcham

et al., 1999) At least four Dpar values were measured per crystal; the data were corrected

following Sobel and Seward (2010).
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2.3.2 Apatite (U-Th-Sm)/He Analysis

The AHe method is based on the accumulation of alpha particles produced by U, Th, and Sm

series decay (Ehlers and Farley, 2003). Ages are corrected for alpha ejection near the mar-

gins of the crystal assuming a homogenous distribution of U, Th, and Sm (Farley et al., 1996;

Ehlers and Farley, 2003). Samples were analyzed at the Scottish Universities Environmental

Research Center (SUERC) following the procedure described by Foeken et al. (2006). We an-

alyzed between 1 and 3 apatite crystals of similar radius per sample (Table S1). Corrections

for He recoil loss were made following the procedures of Farley and Stockli (2002). The cor-

rection factor (Ft) was calculated based on the retention and stopping distance of the alpha

particle in the crystal and the size of each grain analyzed. The reproducibility of the 3He spike

was determined from three daily measurements against an accurately known 4He standard.

Standard 4He abundance measurements have within-run precision of better than 0.1% (1σ)

and between-run precision of 0.2% (1σ) (Persano et al., 2002).

U, Th, and Sm analyses were performed on a VG plasma Quad PQ2 + inductively coupled

plasma-mass spectrometry. After 4He analysis, each crystal was dissolved and spiked with

~0.45 ng 230Th and 0.20 ng 235U with approximately 2mL of HNO3. Total analytical uncer-

tainty on all ages was approximately 1-3% (1σ), which is dominated by the uncertainty in the

U and Th spike concentrations (e.g., Dobson, 2006; Foeken et al., 2006), He determinations,

blank corrections, and uncertainties on grain-size measurements for α-correction.

2.3.3 Zircon (U-Th)/He Analysis

The (U-Th)/He analysis of zircons is also based on the accumulation and diffusion of alpha

particles produced by the decay of U and Th. After mineral-separation at the University of

Potsdam, we used the facilities at SUERC following analytical procedures described by Foeken

et al. (2006) and Dobson (2006). Seven samples with one to three single-crystal aliquots each

were analyzed. With respect to the Ft correction, we followed procedures described in Farley

and Stockli (2002), and we again assumed a uniform distribution of U and Th. Total analytical

uncertainty is dominated by the uncertainty in the U and Th spike concentrations (Dobson,

2006; Foeken et al., 2006), He determinations, and blank corrections.

2.3.4 Age-Elevation Relationships and Thermal History Modeling

The relationship between thermochronologic ages and elevations of different samples along

an elevation profile are commonly used to determine rates and amounts of exhumation (e.g.,

Dobson et al., 2009; Foeken et al., 2006). However, the thermal structure of the uppermost

crust could be influenced by topography, erosion, faulting, and advection (e.g., Ehlers and

Farley, 2003; Gallagher et al., 2005), which complicate direct interpretations of the slope of

age-elevation plots (e.g., Valla et al., 2010; van der Beek et al., 2010).
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2.4 Results

To determine the Cenozoic cooling history recorded by samples within our age-elevation

profiles, we used two different thermal modeling approaches. We performed forward and in-

verse Monte Carlo modeling of time-temperature paths combining AFT and ZHe data using

the HeFTy 1.8.2 software (Ketcham, 2005) for individual samples, and we used the QTQt soft-

ware (Gallagher et al., 2009; Gallagher, 2012) to derive integrated cooling constraints from

multiple samples within an age-elevation transect. AHe data were not used for modeling due

to the high dispersion of single-grain ages, as discussed in the results’ section.

The HeFTy program is effective for assessing the thermal history of a single sample. The

output reflects the goodness of fit of the models, which allows for testing different cooling

histories. However, the program has not yet been adapted for modeling multiple samples

within an elevation profile. In contrast, the QTQt program is well suited for the latter task.

Therefore, we use theHeFTy results to determine approximate constraints that can be applied

during QTQt modeling of the complete profile.

To resolve the Cenozoic thermal history of the rocks along each profile, we tested two con-

trasting thermal history scenarios: monotonic cooling versusNeogene reheating and cooling.

We used the HeFTy and QTQt programs to predict time-temperature paths for these two sce-

narios that are consistent with our AFT age and track-length distribution data and our ZHe

ages. Additionally, we used geological constraints, such as the initiation of volcanism north

of the study area (Morley et al., 1992; Ebinger and Sleep, 1998), to provide some brackets on

possible cooling paths.

2.4 Results

2.4.1 Apatite Fission Track Dating Results

The apatite fission track cooling ages are shown in Table 1. Over the 400m elevation range of

the Samburu profile (SH), samples KN89, KN85, and KN83 yielded ages ranging from 39.4 ±

3.0 Ma to 50.3± 8.0 Ma. Although the elevation difference is small, this section provides the

best relief and outcrop conditions in the area. Mean track lengths from samples KN83 and

KN85 are 12.2 and 11.9 µm, respectively; sample KN89 did not yield a meaningful number of

track lengths (n = 2; Table 1). Samples from the northern Elgeyo transect (NEE, four samples)

yielded ages ranging from 26.2± 3.0 Ma to 38.8± 3.0 Ma, with mean track lengths of 11.2 to

11.8 µm that were measured from three out of the four samples (KN99, KN100, and KN102).

The southern Elgeyo transect comprises six samples with an age range between 4.6 ± 1.0 Ma

and 9.2 ± 2.0 Ma. No confined track lengths were found in those samples. In comparison to

the AFT ages of the NEE and SH profiles, the young AFT ages of this transect together with

the lack of a clear increase in age with elevation may be related to reheating as a result of

nearby fluorite mineralization associated with the emplacement of Miocene lava flows. The

fluorite mineralization shows ENE to east trending growth fibers in the plane of the steeply
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2 Extension in the Kenya Rift from low-temperature thermochronology

Figure 2.3 – Age-elevation plots of the thermochronologic data. White circles denote AHe ages (not
interpreted in the thermal modeling). Red circles represent AFT ages and blue diamonds denote ZHe
ages; (a) Samburu Hills (SH), (b) Northern Elgeyo Escarpment (NEE), (c) Southern Elgeyo Escarpment
(SEE).

east dipping foliation (Aljabri, 1992; Hetzel and Strecker, 1994; Ogola et al., 1994). As fluorite

mineralization involves temperatures between 120 and 260◦C (e.g., Richardson and Holland,

1979), AFT ages were likely at least partially reset, and therefore, we do not use those data to

model the tectono-thermal history in this part of the study area.

2.4.2 Apatite (U-Th-Sm)/He Results

We report 54 single-grain AHe ages from 15 samples (Table A1). In most samples, several

single-grain AHe ages are older than the AFT age from the same sample, and only a few

aliquots yield younger AHe ages (Table S1 and Figure 2.3). With respect to calibration and

operation of the analytical machines, Ft corrections on potential nonideal geometries, and

grain-size measurement uncertainties, none can explain independently the dispersion of the

data. Below we consider other possibilities.

Because prominent zonation in U and Th can also affect AHe ages, we examined the distri-

bution of induced tracks in the micas of AFT samples that were also analyzed with the AHe

method to assess the variability of the U distribution within single grains. Many of the sam-

ples contained numerous grains with pronounced U zoning, often with U-rich rims, although

U-rich cores relative to the rims are required to explain ages that appear too old. Two samples

(KN53 and KN55) were also characterized by very high crystal-dislocation densities. During

AFT analysis, such crystals were not analyzed. However, these characteristics can help ex-

plain the high age dispersion within the AHe data.

Particularly, in the case of slowly cooled apatites, differing amounts of radiation damage

reflected by variable effective uranium ("eU") have been invoked to explain widely dispersed

AHe ages (e.g., Flowers, 2009) or AHe ages that are older than AFT ages (e.g., Green et al.,
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2 Extension in the Kenya Rift from low-temperature thermochronology

2006; Hansen and Reiners, 2006; Gautheron et al., 2009). Higher eU in apatite leads to more

radiation damage, higherHe retentivity, and hence a higher effective closure temperature and

a greater accumulation of He for a given cooling history (Flowers et al., 2007). Alternatively,

variations in the effective diffusion domain size could influence the closure temperature of

the crystal (Gautheron et al., 2009). To explore these possibilities, we plotted AHe age ver-

sus eU and versus grain size. However, the ages do not show a clear correlation with either

parameter (Figure A2 in the supporting information).

Radiation damage and variable eU problems are commonly discussed in cases with AHe

ages that are much older (>100 Ma) (e.g., Flowers, 2009) than those in this study. However,

prolonged residence time at a low temperature (i.e., ~80-100◦C) prior to late burial heating

has been shown to exert a strong influence on 4He retentivity and hence on the effective clo-

sure temperature (Fox and Shuster, 2014). In our study, the basement rocks are ~500 Myr old

and are related to the Panafrican orogeny (Maboko et al., 1985; Smith, 1994). Between these

early tectonic processes and the initiation of Cenozoic rifting (e.g. Foster and Gleadow, 1996;

Spiegel et al., 2007), the samples remained at a relatively constant position below the sur-

face (~3 km). This thermal history is quite analogous to the Grand Canyon (Fox and Shuster,

2014), suggesting that AHe results from there are applicable to our study. The extremely long

residence time of samples at depths of a few kilometer led to a variable and large amount of

accumulated radiation damage, which caused higher 4He retentivity and hence anomalously

old AHe ages. Such a scenario provides a better explanation for the old ages in our study than

variations in grain size, eU, zonation, or analytical problems.

2.4.3 Zircon (U-Th)/He Results

We analyzed a subset of samples from each of our three elevation profiles for ZHe. From

the Samburu Hills profile, we analyzed samples KN85 and KN83. Two aliquots from sample

KN85 provide a ZHe mean age of 50.6 ± 5.2 Ma. From sample KN83, the anomalously young

age (1.5 Ma) is paired with very low He and high U and Th concentrations. Induced tracks in

the external detector from occasional zircons included in the AFT grain mount of the same

sample show that many of these zircons are strongly zoned and have U-rich rims. Therefore,

data from this sample was not plotted in the age-elevation plot and not used for thermal

modeling (Figure 2.3a). From the Northern Elgeyo Escarpment profile, samples KN97 and

KN102 yielded ZHe ages of 59.7 ± 6.1 Ma (single aliquot) and mean age of 55.9 ± 5.6 Ma

(three aliquots), respectively. A fourth aliquot of sample KN102 was discarded due to the low

reproducibility of the age (Table 2.2). From the Southern Elgeyo Escarpment profile, samples

KN91, KN92, and KN94 (Figure 2.3c) have mean ages of 53.9 ± 5.5 Ma (two aliquots), 42.2 ±

4.3 Ma (two aliquots), and 56.7 ± 5.8 Ma (three aliquots), respectively.
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2 Extension in the Kenya Rift from low-temperature thermochronology

2.4.4 Thermal History Modeling of Elevation Transects

We performed thermal modeling on the NEE and SH transects. Thermal models that incor-

porated the AHe data were incompatible with the AFT data. Because of the large AHe age

dispersion, low reproducibility of ages, and strongly likelihood of variable 4He retentivity (as

discussed previously), we decided to base the thermal modeling and our interpretations on

only the AFT and ZHe data. (see Table A1 and Figure A2).

Our general approach was to first model an individual sample from an elevation profile

(sample KN85 from profile SH, elevation 1600 m, and sample KN102 from profile NEE, ele-

vation 1852 m; Figure 2.3) using the HeFTy program. The HeFTy modeling results were used

as the basis for defining a common thermal history of the samples (e.g., Prenzel et al., 2013)

along the vertical profile. Next, we used QTQt to model the three samples from the SH profile

simultaneously and the four samples from the NEE profile simultaneously. Monotonic cool-

ing and reheating paths were tested with both programs. Constraint boxes were first defined

to observe preferential cooling paths of the analyzed samples. In subsequent runs, the con-

straint boxes were shifted to examine the reliability of inflection points representing changes

in modeled cooling rates and to allow for reheating.

Input parameters for modeling included AFT data (age, c axis nonprojected track lengths,

and Dpar values), the ZHe data, and present-day surface temperatures. Acceptable-fit paths

(goodness of fit >0.05) from the HeFTy models of individual samples were considered for in-

terpretation.

2.4.5 Thermal Modeling of Data From the Samburu Hills

For our thermal modeling of the Samburu Hills (SH) data, we first ranmodels withmonotonic

cooling paths using both the HeFTy and QTQt programs (Figures 2.4a and 2.4b). We defined

a first constraint box with a temperature range from 135 to 15◦C for HeFTy (Figure 2.4a) and

for QTQt (Figure 2.4b) over a time range from 15 Ma to the present. Second constraint boxes

were defined between ~130 and 30◦C at ~30 to 20 Ma. Third constraint boxes were defined

between 230 and 160◦C at ~75 to 45 Ma to be compatible with the AFT and ZHe cooling ages.

HeFTy models always end with a temperature constraint at the present day ranging from 25

to 15◦C. The QTQt models end at present-day temperatures from 0◦ to 50◦C.

A second set of models was run to test if the thermochronologic ages are compatible with

either a reheating event during the Paleogene, the onset of volcanism in the late Eocene-early

Oligocene, or early exhumation. The track-length distribution of sample KN85 (Figure 2.4a)

suggests that reheating could be possible. Geologically, reheating could be associated with

volcanismprior to or during the early stages of rifting. To allow for this possibility, we reduced

the temperature limits of the second boxes to 100◦C and 10◦C, thus permitting paths to reach

lower temperatures at an earlier phase in the cooling history and extending the duration of
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2.4 Results

this interval to between 40 and 20Ma (Figure 2.4c). Other constraints were similar to the first

run.

Well-fitting HeFTy models for monotonic cooling of sample KN85 (Figure 2.4a) suggest

that a first episode of relatively rapid cooling (12◦C/Myr) occurred from ~60 to 50Ma. Subse-

quently, very slow cooling (~1.5◦C/Myr) took place from~45Ma to ~15Ma, followed by cooling

to the present. As themodel results are not well constrained over this final timeframe, we

refrain from interpreting this cooling trend further. Because the model results rely on the

calculating paths through the lowest temperature part of the PAZ and below the PAZ, where

notmuch control on the thermal history exists, it is not known if coolingmay have accelerated

or not.

Using QTQt, we obtained results for the entire profile (Figure 2.4b) that are broadly similar

to the HeFTy results obtained for sample KN85 (Figure 2.4a). Rapid cooling from about 65 to

50Ma (~10 ◦C/Myr) is followed by slow reheating (<1◦C/Myr) from ~40 to ~20Ma. The model

reveals a slight acceleration of cooling (~3◦C/Myr) at ~15Ma as part of a final continuous cool-

ing episode, which has lasted to the present. Acceptable fits also permit an isothermal path

without reheating from as early as ~50Ma to as late as ~20Ma. Despite some potential reheat-

ing of the uppermost samples within the transect between 40 and 20Ma, the thermal histories

for the different samples in the SH appear to have experienced similar t-T paths and are con-

sistent with previous studies in the region (e.g., Foster and Gleadow, 1992, 1996). Acceptable

fits for the reheating model using HeFTy (Figure 2.4c) follow a broader swath than for the

monotonic cooling model (Figure 2.4a). The best fitting path shows that reheating is plausi-

ble. This scenario (Figure 2.4c) shows rapid cooling (~10◦C/Ma) from 55 to 40Ma. Cooling was

followed by an ~20Ma interval at a near-constant temperature. A short-lived earlyMiocene

pulse of reheating to temperatures as high as 100◦C could have occurred, although a broad

range of other paths that do not include reheating liewithin the acceptable-fit envelope. Final

cooling occurred from ~15Ma to the present.

The QTQt reheating model results for the entire profile in the reheating scenario (Figure

2.4d) show similar changes in the cooling rates. A first rapid cooling from ~65 to 50 Ma,

reheating from ~50 to 35 Ma of ~2 ◦C/Myr (particularly for the uppermost samples in the

profile), then slow cooling from 35 to ~15 Ma, and final cooling from ~15Ma until the present

(Figure 2.4d). These results are quite similar to the previous QTQt modeling scenario (Figure

2.4b).

From these two sets of models (monotonic cooling and reheating) and the general geologic

context of the region, we conclude that reheating is permissible, but not required by the ther-

mochronologic data. The differences between the twomodels suggest that themagnitude and

timing of such a reheating event can only be loosely constrained (Figures 2.4c and 2.4d).
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Figure 2.4 – TThermal modeling results for the Samburu Hills (SH) samples. (a and c) Time tempera-
ture model for sample KN85 from the Samburu Hills (SH) using HeFTy software (Ketcham, 2005) with
acceptable (yellow) and good (purple) time-temperature pathway envelopes and best fit shown with
black line. The modeling scheme in Figure 4a only permits monotonic cooling while Figure 4c permits
reheating between 40 and 20 Ma. (b and d) Time- temperature histories derived from QTQt modeling,
with time-temperature constraints in B similar to those in A and with constraints in D similar to those
in Figure 4c. (e) Time-temperature history paths derived from QTQt with no constraint boxes; red
box defines the limits of the modeling, 0◦C-220◦C and 0-80 Ma. Blue and red lines correspond to the
uppermost and lowermost sample; cyan andmagenta lines correspond to 95% confidence intervals for
uppermost and lowermost samples, respectively.
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2.4.6 Thermal Modeling of Data From the Northern Elgeyo Escarpment

Thermal models were run for the Northern Elgeyo Escarpment (NEE) profile in a similar man-

ner as described above for the Samburu Hills profile. For the HeFTy (Figure 2.5a) and QTQt

(Figure 2.5b) monotonic cooling models of sample KN102, the first constraint boxes were set

to 160 to 10◦C at 15 Ma to the present day. Second constraint boxes were set to ~150 to 30◦C

at 40 to 20 Ma for HeFTy and for QTQ, based on the AFT ages, sedimentary evidence in the

hanging wall, and volcanic flows on top of the footwall. Third constraint boxes were set to

220 to 160◦C at 75 to 40 Ma, based on an early to middle Tertiary regional extension with

minor strain, which is also associated with the latest stages of extension of the Anza Rift in

the north (Foster and Gleadow, 1996). Again, HeFTy models always end with a constraint at

the present-day surface temperature, ranging from 25 to 15◦C, and QTQt models terminate

at present-day temperatures ranging from 0◦ to 50◦C.

The second reheating model used similar constraints as the monotonic model, but with

slight changes in the time-temperature limits of the boxes. The second constraint box shows

the most pronounced change, extending the range of temperatures from 120 to 10◦C over a

time range from 49 to 20 Ma in the HeFTy and QTQt models (Figures 2.5b and 2.5d). This

additional constraint permits reheating (by allowing for cooling to lower temperatures at an

earlier period), which could be due to basaltic volcanism in the region starting in the north-

west sector of Lake Turkana at ~37Ma (i.e., Zanettin et al., 1983; McDougall and Brown, 2009)

and farther south during the early Miocene (Samburu Basalts, ~20-11 Ma) (Hackman et al.,

1990) (Figure S1).

HeFTy results for themonotonic coolingmodel for sample KN102 (Figure 2.5a) display sim-

ilar cooling paths as modeled for sample KN85 in the Samburu Hills (Figure 2.4a). Rapid cool-

ing (>20◦C/Ma) from ~55 to 50 Ma is followed by very slow cooling (1.5◦C/Myr) from 45 to 10

Ma, and finally moderate cooling of >2.0◦C/Myr until the present (Figure 2.5a). QTQt results

from the entire profile at the Elgeyo Escarpment are broadly consistent with the HeFTy re-

sults, also showing rapid (>20◦C/Myr) cooling from ~60 to 55 Ma. But rather than very slow

cooling from~50 to 15Ma, the results show reheating (Figure 2.5b). This reheating is followed

by final cooling (~3◦C/Ma) from 15 Ma to the present.

The HeFTy thermal model involving reheating (Figure 2.5c) shows many similarities to the

HeFTy model of monotonic cooling (Figure 2.5a). The best fit of the reheating model exhibits

relatively fast cooling rates (~15◦C/Ma) from ~60 to 50 Ma and moderately fast cooling from

~50 to 30 Ma. Slight reheating follows from ~30 to 10 Ma; this reheating is followed by rapid

cooling to the surface until the present. As observed for sample KN85 from the Samburu

Hills (Figures 2.4a and 2.4c), the broad envelope of the acceptable cooling paths shows that

this model is not as tightly constrained as the monotonic cooling scenario (Figure 2.5a). The

second QTQt model has constraint boxes that were set between 160 to 10◦C at 15 to 0 Ma,

120 to 10◦C at 40 to 20 Ma, and 220 to 160◦C at 75 to 45 Ma. The results show reheating
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defines the limits of the modeling, 0◦C-220◦C and 0-80 Ma.

30



2.5 Discussion

constrained to a shorter time window between ~35 and 10 Ma, even if the result looks forced

by the constraint (Figure 2.5d). For the remaining time windows, the QTQt modeling results

agree with those from HeFTy.

2.4.7 Unconstrained Thermal Modeling of Elevation Profiles

In addition, we ran QTQt models for both regions without using any constraint boxes (Fig-

ures 2.4e and 2.5e) to explore best fitting thermal histories when the program is set to freely

search for acceptable solutions. The results do not differ substantially from the results of the

constrained model runs described above. These results overall show that between periods of

rapid cooling, the Samburu Hills profile may have experienced limited reheating, while the

Northern Elgeyo Escarpment is likely to have experienced reheating. Ultimately, the model-

ing results are consistent, independent of the choice of the constraint boxes. Therefore, the

input data, i.e., the ages and track lengths, guide the basic shape of the paths, rather than the

user-defined constraint boxes. Other modeling results, including scenarios with short pulses

of reheating, are provided in the supplementary material (Figure A3). Overall, results of the

modeling with single (HeFTy) and multiple (QTQt) samples suggest a similar thermal history

for the eastern and the western flanks of the northern and central Kenya Rift sectors, with

clear periods of rapid cooling between ~65 and 50 Ma and from ~15 Ma to today, with either

stable temperatures or reheating in between (Figures 2.4 and 2.5).

2.5 Discussion

Our new thermochronological data and thermal modeling results from the Samburu Hills and

the Elgeyo Escarpment of Kenya define three Cenozoic stages of thermal evolution: (1) rapid

cooling between ~65 and ~50 Ma, (2) subsequent slow cooling or slight reheating during the

Oligo-Miocene, and (3) renewed rapid cooling after 15 Ma. Below, we address these differ-

ent cooling stages with respect to rift evolution in Kenya and within the broader context of

regional extensional processes in East Africa.

2.5.1 Paleocene to Eocene (65-50 Ma) Rapid Cooling

Our HeFTy and QTQt thermal modeling of samples from the Samburu Hills elevation profile

on the eastern side of the rift valley and from the Elgeyo Escarpment on the western side

yielded similar results, documenting rapid, early Cenozoic regional cooling (>50◦C) between

~65 and 50 Ma (Figures 2.4 and 2.5). These results are in good agreement with previous mod-

eling of apatite fission track and length parameters from samples collected in the Cherangani

Hills and the basement rocks SE of Lake Turkana, which revealed 60 to 70◦C of cooling be-

tween approximately 60 and 50 Ma (Foster and Gleadow, 1996; Spiegel et al., 2007). This

31



2 Extension in the Kenya Rift from low-temperature thermochronology

cooling appears to have been coeval with renewed extension and tectonic subsidence in the

Anza Rift (i.e., Morley et al., 1999; Bosworth and Morley, 1994; Morley, 2002), which is in-

ferred to have been associated with flexural upwarping of rift flanks in that region (Foster and

Gleadow, 1996).

2.5.2 Eocene Through Middle Miocene Monotonic Slow Cooling or Reheating

Our results show that very slow cooling or reheating occurred between ~45 and 15 Ma in the

Samburu Hills and at the Northern Elgeyo Escarpment, with temperatures ranging between

~60◦ and 90◦C from the Eocene through the middle Miocene. Similar results were reported

by Foster and Gleadow (1996) and Spiegel et al. (2007), with very slow cooling along both the

western (Cherangani Hills) and eastern (Ndoto Mountains) rift shoulders from the Eocene

through the middle Miocene.

The models show that minor reheating is likely to have occurred from Eocene to middle

Miocene time (~45 to 15 Ma) for the Northern Elgeyo Escarpment samples, and is permitted,

but not required for the Samburu Hills samples over a similar time interval. The Miocene

phonolites are too young to explain this reheating. However, for the Northern Elgeyo Escarp-

ment, reheating is compatible with geological interpretations of the early Cenozoic rifting

phase in the Kerio Basin (Figure 2.1a) based on seismic reflection data (Mugisha et al., 1997;

Hautot et al., 2000). The seismic reflection data document an early (as of yet undated) stage

of tectonically controlled basin subsidence beneath the Neogene Kerio Basin followed by re-

gional thermal basin subsidence and sedimentation within a sag basin (Morley et al., 1992;

Mugisha et al., 1997; Morley and Ngenoh, 1999; Hautot et al., 2000). Thermo-chronological

and geophysical evidence for protracted subsidence in this sag basin is corroborated by re-

gional pinch-outs of fluvial and organic-rich lacustrine sediments exposed along the Elgeyo

Escarpment (Morley et al., 1992; Mugisha et al., 1997; Ego, 1994; Renaut et al., 1999) and the

regional extent and thickness of the overlying <14.5Ma phonolites that cover the present-day

eastern and western rift shoulders (Lippard, 1973). Alternatively, reheating could have been

associated with the thermal impact of a mantle plume beneath the Tanzanian Craton since

the Eocene-Oligocene (Ebinger and Sleep, 1998; George et al., 1998; Pik et al., 2008).

In this context, it is interesting that our thermochronologic data obtained from the Sam-

buru Hills on the eastern rift shoulder exhibit a similar cooling history as samples from the

Cherangani Hills on the western rift shoulder (Foster and Gleadow, 1996; Spiegel et al., 2007)

(Figure 2.6), with reheating permitted, but not required. Due to their locations on the rift

shoulders, neither area was affected by reheating related to subsidence and sedimentation

within a sag basin. Thermal impacts of a mantle plume beneath the Tanzanian Craton since

the Eocene-Oligocene (Ebinger and Sleep, 1998; George et al., 1998; Pik et al., 2008) remain a

possibility, but clearly did not strongly influence the thermal evolution of the area as recorded

in our samples.

32
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2.5.3 Middle Miocene-Recent Renewed Cooling

Our thermalmodeling shows a renewed, rapid cooling event starting at ~15Ma in the Samburu

Hills and the northern Elgeyo Escarpment, with rocks cooling from temperatures of ~60◦C in

the Samburu Hills and from ~90◦C at the northern Elgeyo Escarpment. This accelerated cool-

ing is compatible with the tectono-magmatic and sedimentary evolution of the northern and

central Kenya rifts. Extensional faulting and the generation of transfer faults guided by fo-

liation and inherited brittle shear zones in the Proterozoic basement gneisses affected the

<14.5 Myr old phonolites as well as undated lacustrine shales, arkosic sandstones, and con-

glomerates (Hetzel and Strecker, 1994; Ogola et al., 1994; Ego, 1994), now exposed on the rift

shoulders at the Elgeyo escarpment (Figure 2.6). These processes were responsible for the for-

mation of a second rift basin superposed on the Paleogene basin (Figure 2.6). This younger

basin has the geometry of a down-to-the-east halfgraben, which hosts the present-day Kerio

Basin. The Neogene phase of extension generated an additional 2 km of sedimentary and

volcanic fill in addition to the 4 km of basin deposits that had been deposited during Pale-

ogene rifting, with the corresponding bounding fault being located farther west (Mugisha et

al., 1997; Morley and Ngenoh, 1999; Hautot et al., 2000), (Figure 2.6).

2.5.4 Regional Implications for Rifting in East Africa

Our thermochronological results from the Elgeyo and Samburu sites in the northern and cen-

tral Kenya Rift sectors agree with the well-documented, regionally widespread Paleogene

episode of extension in the Turkana region (Morley et al., 1992; Foster and Gleadow, 1996;

Morley et al., 1999; Morley, 2002; Tiercelin et al., 2012). East of the present-day Elgeyo Es-

carpment, Paleogene normal faulting and coeval sedimentation along the proto-Kerio Basin

had been previously inferred based on a pronounced negative Bouguer gravity anomaly, re-

flecting a thick sedimentary fill, thought to be incompatible with the amount of Neogene

extension and tectonic basin subsidence (Morley et al., 1992; Mugisha et al., 1997). As nei-

ther currently available geophysical, geological, nor thermo-chronological data suggest sim-

ilar coeval Paleogene extension processes in the central and southern sectors of the Kenya

Rift, it appears that early Cenozoic rifting in Kenya was focused in the greater Turkana region

(i.e., Morley et al., 1992; Foster and Gleadow, 1992; Foster and Gleadow, 1996; Morley and

Ngenoh, 1999; Spiegel et al., 2007), the Anza Rift, where Mesozoic extensional faults were

reactivated (i.e., Morley et al., 1992; Bosworth and Morley, 1994), and regions as far south as

the transition between the central and northern Kenya rifts (this study).

Thermo-chronologic data from other sectors of the EARS reveal spatially disparate and

diachronous cooling histories (Figure 2.7). Approximately 300 km to the southeast of the El-

geyo region, the Pangani Rift of northern Tanzania is the closest manifestation of Paleocene-

Eocene extensional processes in the southern continuation of the eastern branch of the EARS.
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Apatite fission track data indicate that a phase of rapid cooling began during the late Creta-

ceous and continued throughout the Paleogene (Noble et al., 1997; Mbede, 2001), although

no thermal modeling was performed to better constrain the timing. In the western branch of

the EARS, the RwenzoriMountains and theAlbertine Rift of Uganda have a distinctly different

late Cretaceous to Cenozoic thermal history, with very slow cooling of<0.5 ◦C/Myr from the

late Cretaceous through the middle Eocene (70 to 40Ma), and faster cooling (~1 to 4 ◦C/Myr)

from themiddle Eocene at least through the Oligocene (Bauer et al., 2013). The Malawi Rift

in Tanzania (western branch of the EARS) records a broadly similar history as the Rwenzoris

Mountains over that time interval, with slow cooling from the Cretaceous through the Pa-

leocene, and more rapid cooling (~0.5 to 1◦C/Myr) starting after ~40Ma (van der Beek et al.,

1998).

Sedimentologic, geomorphic, and geochronologic studies fromdifferent sectors of the EARS

also suggest diachronous, yet partly overlapping rift-related exhumation in East Africa (Fig-

ure 2.7). For example, the Lake Rukwa region of the western branch and the rift basins west

of Lake Turkana record an Oligocene onset of rifting (Morley et al., 1992, 1999; Roberts et

al., 2012). Our new data from the Elgeyo Escarpment combined with field observations by

Chapman et al. (1978) and geophysical data from the Kerio Basin (Mugisha et al., 1997) also

suggest an earlier onset of extensional processes in this región, while the present-day mor-

phologic characteristics of northern and central Kenya rifts are the result of renewed normal

faulting after 12 Ma, coeval with extension recorded in the Central Tanganyika Basin (Chap-

man et al., 1978; Baker et al., 1988; Strecker et al., 1990), and the Albertine and southern

Kenya rifts record the formation of extensional basin fills after approximately 9 and 7 Ma,

respectively (Crossley, 1979; Pickford and Senut, 1994; Lezzar et al., 1996). At first sight, the

regional data regarding extension the EARS summarized in Figure 2.7 suggest an earlier on-

set of extension based on thermochronological data compared to stratigraphic information.

This is probably an artifact, because sediments and volcanic rocks associated with Paleogene

rifting have subsided, and coeval removal of rift-related deposits from exposed fault blocks

and rift-shoulder areas precludes inspection of the early sedimentological vestiges of rifting.

This problem is well emphasized by the Paleogene onset of rifting in the Kenyan Kerio Val-

ley, where eroded sedimentary deposits from rift-shoulder areas have only been imaged by

geophysical techniques (Mugisha et al., 1997).

In any case, the available thermochronologic and geologic data reveal a spatially disparate

and diachronous evolution of Cenozoic rifting in East Africa, with clear differences in the

onset of rifting in the western and eastern branches of the EARS. This spatiotemporal pat-

tern of extension is inconsistent with tectonic models of rifting in East Africa that are based

on a southward directed migration of volcanism and cogenetic extension (McConnell, 1972;

Ebinger and Sleep, 1998; Ebinger et al., 2000; Nyblade and Brazier, 2002; Morley, 2010). In

light of the pronounced geophysical anomalies, evidence formantle advection, and the evolu-
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2 Extension in the Kenya Rift from low-temperature thermochronology

Figure 2.7 – (a) Locations of thermochronological and geological studies throughout the EARS. Ther-
mochronological study sites are color coded: Pik et al. (2008) (red), Bauer et al. (2013) (yellow), Foster
and Gleadow (1996) and Spiegel et al. (2007) (cyan), Wagner et al. (1992) (magenta), van der Beek et
al. (1998) (blue), and MBede (2001) (orange). White outlines denote political boundaries. (b) Chrono-
gramdepicting the onset of rapid cooling from thermochronology studies (red) and known extensional
periods from structural constraints and basin stratigraphy (blue) in East Africa, compiled from differ-
ent sources: (1) Morley et al. (1992), (2) this study, (3) Spiegel et al. (2007), (4) Bauer et al. (2013), (5)
Mugisha et al. (1997), (6) Crossley (1979), (7) Foster et al. (1997), (8) MBede (2001), (9) Roberts et al.
(2012), (10) van der Beek et al. (1998), (11) Pickford and Senut (1994), (12) Lezzar et al. (1996), (13)
Pik et al. (2008), (14) Foster and Gleadow (1996), and (15) Noble et al. (1997). Arrows indicate onset
of extension, although the length of the arrows does not always reflect the full length of extensional
processes at the particular location. Thermochronology study sites indicate onset of cooling inferred
to represent tectonically controlled exhumation by normal faulting..
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tion of dynamic topography associated with regional domal uplift (i.e., White and McKenzie,

1989; Simiyu and Keller, 1997; Prodehl et al., 1997; Achauer and Masson, 2002; Mechie et

al., 1997; Sepulchre et al., 2006; Moucha and Forte, 2011; Wichura et al., 2015), the timing

of extension throughout East Africa likely reflects a large-scale, mantle-driven process that

generated differential stresses (e.g., Crough, 1983; Zeyen et al., 1997) and the formation of

rift basins in areas characterized by pronounced lithospheric and crustal-scale anisotropies

and weaknesses (i.e., Ashwal and Burke, 1989; Ebinger and Sleep, 1998; Smith and Mosley,

1993; Smith, 1994). As such, our new data from the Kenya Rift, combined with the synopsis

of geological and thermo-chronological studies in East Africa, is compatible with recent nu-

merical modeling results (Koptev et al., 2015) that predict a regionally overlapping initiation

of amagmatic and magmatic rifting sectors in East Africa following the asymmetric impinge-

ment of a single mantle plume (i.e., Halldórsson et al., 2014) at the base of the lithosphere of

the eastern sector of the Tanzania Craton.

2.6 Conclusions

Our new AFT and ZHe data from both escarpment and rift shoulders from the northern and

central sectors of the Kenya Rift help to define two distinct stages of rapid cooling from ~65

to 45 Ma and from ~15 Ma to the present day, separated by a long phase of near-isothermal

conditions or minor reheating. The initial stage of rapid cooling likely reflects the initia-

tion of Cenozoic rifting, followed by a period of relative quiescence, and then renewed rift

activity since the middle Miocene. While our thermal modeling results are consistent with

those reported from the northern Kenya Rift and the Pangani Rift (e.g., the eastern branch

of the EARS), they contrast markedly with those reported from the western branch (Rwenzori

Mountains, and the Rukwa and Malawi rifts). As such, we suggest that the spatiotemporal

evolution of rifting in the EARS is compatible with the impact of mantle upwelling, ensuing

crustal uplift, and extensional fracture propagation guided by crustal heterogeneities, rather

than being related to the southward progression of mantle-plume activity.

Acknowledgments V.T.Awas supported by theDFGGraduate SchoolGRK1364 ShapingEarth’s

Surface in a Variable Environment, funded by the Deutsche Forschungsgemeinschaft (DFG)

through a grant to M.R.S. (grant STR 373-20/1). We thank the Government of Kenya and the

University of Nairobi for research permits and logistical support. T.F.S. was supported by the

DFG’s Emmy-Noether-Programme (grant number SCHI 1241/1-1). We thank Matthias Ber-

net, Lydia Olaka, Henry Wichura, and Rod Brown for discussions. The data for this paper are

available by contacting the corresponding author.

37





Chapter 3

Effect of vegetation cover on

millennial-scale landscape

denudation rates in East Africa

Abstract

Themechanisms bywhich climate and vegetation affect erosion rates over various time

scales lie at the heart of understanding landscape response to climate change. Plot-

scale field experiments show that increased vegetation cover slows erosion, implying

that faster erosion should occur under low to moderate vegetation cover. However,

demonstrating this concept over long time scales and across landscapes has proven to

be difficult, especially in settings complicated by tectonic forcing and variable slopes.

We investigate this problem by measuring cosmogenic 10Be-derived catchment-mean

denudation rates across a range of climate zones and hillslope gradients in the Kenya

Rift, and by comparing our results with those published from the Rwenzori Moun-

tains of Uganda. We find that denudation rates from sparsely vegetated parts of the

Kenya Rift are up to 0.13 mm/yr, while those from humid and more densely vegetated

parts of the Kenya Rift flanks and the Rwenzori Mountains reach a maximum of 0.08

mm/yr, despite higher median hillslope gradients. While differences in lithology and

recent land-use changes likely affect the denudation rates and vegetation cover val-

ues in some of our studied catchments, hillslope gradient and vegetation cover appear

to explain most of the variation in denudation rates across the study area. Our re-

sults support the idea that changing vegetation cover can contribute to complex ero-

sional responses to climate or land-use change and that vegetation cover can play an

important role in determining the steady-state slopes of mountain belts through its

stabilizing effects on the land surface.
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3 Effect of vegetation cover on millennial-scale landscape denudation rates in East Africa

3.1 Introduction

Over the past decade, new approaches for quantifying landscape denudation rates overmulti-

ple time scales have helped to reveal the relative importance of tectonic and climatic factors in

controlling landscape denudation (Montgomery and Brandon, 2002; Molnar, 2004;Wittmann

et al., 2007; Champagnac et al., 2012; Kirby andWhipple, 2012; Carretier et al., 2013; Scherler

et al., 2014). Steeper slopes andhigher runoff are generally expected to increase hillslope sed-

iment flux and denudation rates (Gilbert, 1877; Wischmeier and Smith, 1965; Kirkby, 1969;

Summerfield and Hulton, 1994; Roering et al., 1999), while steeper river channels and higher

discharge increase the erosional potential and sediment-transport capacity of rivers (Howard,

1994; Whipple and Tucker, 2002). In areas with relatively uniform and stable climatic condi-

tions, denudation rates are thus positively correlated with hillslope angles, river steepness,

or other measures of landscape relief (e.g., Ahnert, 1970; Granger et al., 1996; Montgomery

and Brandon, 2002; Binnie et al., 2007; Harkins et al., 2007; Wittmann et al., 2007; Ouimet et

al., 2009; DiBiase et al., 2010; Cyr et al., 2010; Roller et al., 2012; Miller et al., 2013; Scherler

et al., 2014). Tectonic activity can induce faster denudation when higher uplift rates lead to

river incision and consequent hillslope steepening (Willett, 1999). A functional relationship

between denudation rates and precipitation or effective precipitation, however, is not always

apparent. Whereas some studies have shown positive correlations between millennial-scale

denudation rates and precipitation (Moon et al., 2011; Bookhagen and Strecker, 2012; Kober

et al., 2007; Heimsath et al., 2010), most have revealed no clear correlation (Riebe et al., 2001;

von Blanckenburg, 2005; Safran et al., 2005; Binnie et al., 2010; Insel et al., 2010; Portenga

and Bierman, 2011; Scherler et al., 2014). This disagreement may arise because the effect of

precipitation on denudation is modulated by other factors, including the density of the veg-

etation cover (Langbein and Schumm, 1958; Kirkby, 1969; Dunne et al., 1978; Dunne, 1979;

Collins et al., 2004; Istanbulluoglu and Bras, 2005; Vanacker et al., 2007; Molina et al., 2008).

Over shorter time scales of up to decades or centuries, plot-scale studies provide impor-

tant insights into the mechanisms through which vegetation cover affects erosion processes

and denudation rates. These studies have shown that both the type and density of vege-

tation cover increase the resistance of soil to erosion through the binding effects of roots,

the formation of soil aggregates, the resistance to flow exerted by leaf litter and stems, and

the protection of the surface from rainsplash (e.g., Dunne et al., 1978, 2010; Wainwright et

al., 2000; Gyssels and Poesen, 2003; Durán Zuazo et al., 2008). Higher infiltration rates in

densely vegetated areas with thick soils also decrease the likelihood of overland flow, which

can rapidly denude slopes (Horton, 1933, 1945; Abrahams et al., 1995; Prosser and Diet-

rich, 1995). Although plot-scale experiments and modeling studies demonstrate continued

increases in denudation with decreasing vegetation cover under imposed rainfall (e.g., Near-

ing et al., 2005), in natural systems sparse vegetation often correlates with low precipitation,

limited bioturbation (Gyssels and Poesen, 2003; Gabet et al., 2003; Pelletier et al., 2011),
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and potentially lower soil-production rates (Jenny, 1941; Dixon et al., 2009a, 2009b; Roer-

ing et al., 2010), which together can minimize sediment transport. This general pattern in

natural systems has been used to argue for an expected peak in denudation at intermediate

values of precipitation and vegetation (e.g., Langbein and Schumm, 1958), although numer-

ous other forms of this relationship, sometimes with multiple peaks, have been proposed for

different climate regimes (summarized in Wilson, 1973). Nonetheless, variations in tectonic

forcing, rock strength, storminess, temperature-dependent erosion processes, and anthro-

pogenic land-use changes make direct tests of the effects of vegetation cover on denudation

rates at catchment scales challenging.

Catchment-mean denudation rates derived from cosmogenic nuclides may provide an al-

ternative to better understand how climate, tectonics, lithology, and any complicating influ-

ence of vegetation affect denudation rates (Bierman and Steig, 1996; Granger et al., 1996).

The relatively long averaging time scale of the technique (typically ranging from several thou-

sand to several hundreds of thousands of years) decreases sensitivity of the measurements to

recent (e.g., human) disturbances (Bierman and Steig, 1996; Brown et al., 1998; von Blanck-

enburg, 2005; Vanacker et al., 2007), which is a primary concern when attempting to use con-

temporary measurements to infer long-term erosion rates (e.g., Milliman and Meade, 1983).

Indeed, Bierman and Steig (1996) calculated a change in cosmogenic basin-average denuda-

tion rates of <30% for recent soil loss of 0.5 m. The potential for these measurements to

average over broad spatial scales also provides greater possibilities for deriving spatially rep-

resentative denudation rates, which are critical for investigating interactions among erosion,

climate, and tectonics (Granger et al., 1996). Nonetheless, a recent multivariate linear re-

gression analysis of a global compilation of cosmogenic catchment-mean denudation rates

found vegetation cover to be unimportant in explaining denudation-rate variations (Portenga

and Bierman, 2011). The absence of any discerned effect may result from (1) the difficulty

of finding metrics that quantify aspects of vegetation cover that may affect denudation, (2)

vegetation cover having indeed minimal effects on denudation rates, or (3) the relationship

between vegetation cover and denudation rate being highly nonlinear.

Here, we present new cosmogenic catchment-mean denudation rates from a range of cli-

matic zones in the eastern branch of the East African Rift system (Kenya Rift; Fig. 3.1). To-

gether with published denudation rates from the Rwenzori Mountains in the western branch

of the rift system in Uganda (Fig. 3.2; Roller et al., 2012), we explore how hillslope gradient,

precipitation, lithology, and vegetation cover influence denudation rates. In particular, we

investigate whether or not a clear signal of hillslope stabilization by vegetation cover can be

discerned across a landscape with widely varying slopes and climate regimes.
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3 Effect of vegetation cover on millennial-scale landscape denudation rates in East Africa

Figure 3.1 – The Kenya Rift area and sample sites. (a) Digital elevationmodel (SRTM 90-m resolution)
showing the location of samples and catchments. (b) Vegetation cover represented by the enhanced
vegetation index (EVI). (c) Mean annual precipitation derived from calibrated TRMM 2B31 rainfall
averaged from 1998 to 2007. Black lines outline river catchments and white circles correspond to
sample sites. Zoomed in views illustrate topography, sampled drainage basins (with sample numbers),
and faults (white lines) in the (d) Central Rift sector, (e) Northern Rift sector, and (f) Southern Rift
sector.
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3.2 East African Rift

3.2 East African Rift

The present-day topography of the Kenya Rift is characterized by steep rift escarpments and

low-relief rift shoulders (Fig. 3.1). This topography results from regional domal uplift, which

had been accomplished by the middle Miocene, followed by extension and formation of the

rift after ca. 13.5 Ma (Smith, 1994; Hetzel and Strecker, 1994; Wichura et al., 2010). Although

extensive areas of the rift are covered by Neogene and Quaternary volcanic rocks, Protero-

zoic basement rocks (predominantly quartzitic gneisses, but also quartzites, migmatites, and

schists) are exposed at the steep Elgeyo (northern rift) and Nguruman (southern rift) escarp-

ments and on rift shoulder areas, whileMiocene to recent sediments are found in themain rift

and major river valleys draining the rift-shoulder areas (BEICIP, 1987; Ackerman and Hein-

richs, 2001). Our study area includes three principal morphotectonic units in the Kenya Rift,

which we refer to as the northern, central, and southern rifts (Fig. 3.1A).

The Rwenzori Mountains of Uganda have also evolved since Miocene time and now reach

elevations over 5 km (Ebinger, 1989; Chorowicz, 2005; Bauer et al., 2010, 2012). The Rwenzori

Mountains consist of anArcheanbasement complex composedof gneisses, schists, quartzites,

and amphibolites (Bauer et al., 2010). Unlike the catchments we studied in the Kenya Rift,

high-elevation regionswithin theRwenzoriMountains have experienced repeated glaciations

(Osmaston and Harrison, 2005; Hastenrath, 2009). Despite the steep slopes that characterize

much of the Rwenzori Mountains, Roller et al. (2012) interpreted the positively skewed hill-

slope distributions together with consistent cosmogenic nuclide concentrations across dif-

ferent grain sizes to argue for limited rockfalls or other mass movements in the region over

millennial time scales.

Overall, the East African Rift lies in an equatorial zone characterized by seasonal shifts

in the Intertropical Convergence Zone (ITCZ) and the Congo Air boundary (Nicholson, 1996).

Precipitationpatterns and amounts are influenced by the elevation of theEastAfricanPlateau,

the volcanic edifices, the uplifted shoulder regions of the individual rift basins, and by high

evapotranspiration (Nicholson, 1996; Sepulchre et al., 2006; Bergner et al., 2009). Consid-

ering that the main characteristics of the present-day topography in the rift-shoulder areas

(Figs. 1 and 2A) were formed by Neogene volcano-tectonic processes (e.g., Wichura et al.,

2010), tectonically induced changes to the regional topography and hence, precipitation pat-

terns, have probably been minor since that time. Annual precipitation ranges from 0.003

m/yr in the arid northern Kenya Rift to 4 m/yr in the Rwenzori Mountains and in the hu-

mid western highlands of the Kenya Rift (Figs. 1C and 2C). Recurring humid periods from

the Miocene to the Quaternary (deMenocal et al., 2000; Trauth et al., 2005; Tierney et al.,

2011; Garcin et al., 2012) were accompanied by shifts in vegetation between open wooded

grasslands and grasslands (Bonnefille, 2010; Cerling et al., 2011). More recently, land-use

changes in the Kenya Rift have led to reductions in vegetation cover due to grazing and crop

cultivation (Ovuka, 2000; Fleitmann et al., 2007). These land-use changes strongly influence
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3 Effect of vegetation cover on millennial-scale landscape denudation rates in East Africa

Figure 3.2 – Rwenzori Mountains area and sample sites. (a) Digital elevation model (SRTM 90-m
resolution) showing the location of samples and catchments. (b) Vegetation cover represented by the
enhanced vegetation index (EVI). (c) Mean annual precipitation derived from calibrated TRMM 2B31
rainfall averaged from 1998 to 2007. Black lines outline river catchments and white circles correspond
to sample sites.

modern sediment yields, with the most disturbed areas yielding erosion rates several orders

of magnitude higher than those in lightly or undisturbed sites (Dunne, 1979).

3.3 Methods

3.3.1 Sampling Methods and Assessing Catchment Characteristics

We determined catchment-mean denudation rates from in situ-produced cosmogenic 10Be

concentrations in detrital quartz sand collected from 20 streams in the Kenya Rift (Fig. 3.1;

see Appendix B). River catchments were selected to avoid the influence of faults (Fig. 3.1).

We sampled catchments with a minimum drainage area of 5 km2 to help ensure sufficient

mixing of river sands (e.g., Bierman and Steig, 1996; Portenga and Bierman, 2011), and we

distributed our sampling within the different sectors of the rift to ensure that we obtained

samples across awide range of climate zones, vegetation zones, andmean hillslope gradients.

When calculating topographic, climatic, and vegetation properties of the catchments, we only

considered the areas that are underlain by quartz-bearing rock types, as denudation from

those areas alone is recorded in the cosmogenic nuclide analysis. Within those regions, we

assumed a uniform distribution of quartz.

Hillslope gradients and the relief of the contributing areas for each catchment from Kenya

(see Appendix B) and the Rwenzori Mountains (see Appendix B) were extracted from 90-m-

resolution Shuttle Radar Topography Mission (SRTM) data. We chose a 2 kmmoving window

to calculate relief, because this is large enough to capture the valley-ridge top elevation dif-

ference for many of the catchments. For most catchments, gradient and relief values do not

have a normal distribution (see Appendix B). To ensure consistency in the interpretation of
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results, we therefore used median gradient and relief values when analyzing trends in the

data.

We used two data sets to characterize vegetation cover across our sampled catchments in

the Kenya Rift and those sampled by Roller et al. (2012) in the Rwenzori Mountains: the

enhanced vegetation index (EVI) and the vegetation continuous fields (VCF). The EVI was

developed to provide a satellite-based measure of vegetation cover that remains sensitive in

areas of high biomass and reduces atmospheric influences (Huete et al., 2002). The EVI is

sensitive to variations in the near-infrared band, and hence it reflects variations in canopy

structures (Huete et al., 2002). We calculated average enhanced vegetation index (EVI) val-

ues for each catchment based on the MODIS sensor subsetted land products, collection 5,

with 250 m resolution and 16 days temporal intervals (ORNL DAAC, 2012). We averaged the

EVI products available from April 2000 to April 2012 (276 images) for the Kenya Rift and the

Rwenzori Mountains. In addition, we used the vegetation continuous fields (VCF) collection

MOD44B V005, which provides a rough representation of surface vegetation cover (divided

into percent tree cover, percent non-tree cover [herbaceous], and bare), to characterize vege-

tation type within each catchment. Both of these vegetation-cover data sets are imperfect for

comparison with cosmogenic nuclide-derived denudation rates, because the satellite prod-

ucts characterize modern vegetation cover, while the cosmogenic nuclide data are averaged

over many millennia. Nonetheless, we used the remotely sensed vegetation data to explore

to a first order how vegetation cover may influence denudation rates.

Annual precipitation for each catchment was based on 5 x 5 km resolution, calibrated,

satellite-derived Tropical Rainfall Measuring Mission (TRMM) 2B31 precipitation data av-

eraged over the years of 1998-2009. To obtain a measure of the distribution of yearly rainfall,

particularly with respect to the importance of storm events, we used a 90th percentile rainfall

threshold to define the number of extreme hydrometeorological events from 1998 to 2009.

3.3.2 Cosmogenic Nuclide Sample Preparation and Analysis

Quartz grains ranging from 250 to 500 µm in size from each sample were first concentrated

through magnetic techniques and then cleaned for 12 h in a 1:1 hydrochloric acid and water

solution. Next, samples were leached at least 4 times with a 1% hydrofluoric acid solution in a

heated ultrasonic bath to remove unwanted minerals like feldspars (see procedure described

in Kohl and Nishiizumi, 1992). These initial sample preparation steps were performed at the

University of Potsdam, and they yielded between 10 and 80 g of clean quartz for each sample

(Table 3.1). Sample dissolution in hydrofluoric acid, addition of 9Be carrier, isolation of Be

through ion-exchange chromatography, oxidation, mixing of BeO with niobium powder, and

target packing were performed in a clean laboratory at the GeoForschungsZentrum (GFZ)

Potsdam. Ratios of 10Be/9Be were measured at the Center for Accelerator Mass Spectrometry

at Lawrence Livermore National Laboratories in the United States, and resulting values were
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3 Effect of vegetation cover on millennial-scale landscape denudation rates in East Africa

converted into 10Be concentrations, which are reported along with analytical errors in Table

3.1. We relied on the original ICN standard (07KNSTD3110) as reference and used a value of

5.0 x 10−7yr-1 for the decay constant for 10Be (Chmeleff et al., 2010), which is equivalent to

the 10Be half-life of 1.387 ± 0.012 yr (Korschinek et al., 2010).

To determine 10Be production rates for the quartz-bearing contributing areas of each catch-

ment, we averaged the production rates calculated for every 90 m pixel from SRTM elevation

data, including variations in altitude, latitude, spallation and muon production, and topo-

graphic shielding (for details, see Scherler et al., 2014). We calculated erosion rates using

the numerical functions from the CRONUS online calculator (Balco et al., 2008). All erosion

rates we present here are based on the time-dependent version of the production-rate scaling

model after Lal (1991) and Stone (2000), denoted "Lm" in Balco et al. (2008).

3.4 Results

The sampled catchments in Kenya yielded denudation rates between 0.001 and 0.132 mm/yr

(Table 3.1). Median hillslope gradients (m/m) ranged from 0.03 to 0.30, andmean annual pre-

cipitation was between 0.2 and 2.4 m/yr (Table 3.2). Calculated EVI spanned dimensionless

values between 0 and 0.5 in the Kenya Rift, representing sparse to dense vegetation (Figs. 1B

and 3; Table 3.2). In the Rwenzori Mountains, denudation rates ranged from 0.007 to 0.077

mm/yr, median hillslope gradients ranged from 0.03 to 0.37, mean annual precipitation was

between 1.3 and 2.8 m/yr, and EVI ranged from 0.39 to 0.54 (Fig. 3.2B; Table 3.2).

The VCF data indicate that the vegetation cover of most sampled catchments is character-

ized by at least 50% herbaceous cover (Fig. 3.4). Additionally, those catchments with EVI

values below 0.2 are characterized by at least 20% bare soil/rock, and those with EVI values

above 0.4 are characterized by at least 40% trees (Fig. 3.4). Despite the well-known impacts

of humans on the natural vegetation (as well as modern erosion rates) in East Africa (Dunne

et al., 1978; Dunne, 1979), there is a positive correlation between mean annual precipitation

and EVI in our sampled catchments (R2 = 0.642; Fig. 3.5).

In comparing the denudation-rate data from the Rwenzori Mountains with our data, we

excluded five samples from glacially influenced catchments where denudation rates may be

overestimated due to ice/snow shielding; Roller et al. (2012) excluded the same samples when

analyzing their data. Considering the remaining samples from East Africa, we find poor linear

correlations of denudation rates with median gradient (R2 = 0.266; Fig.3.6A), EVI (R2 = 0.050;

Fig. 3.6C), mean annual precipitation (R2 = 0.042; Fig. 3.6D), and extreme rainfall events (R2

= 0.004; Fig. 3.6E). The best correlation (R2 = 0.479) is with mean basin relief (Fig. 3.6B).

Interestingly, the combined data from East Africa yield what appear to be two distinct scal-

ing relationships: one showing denudation rates that increase rapidly with median gradient,

and another showing denudation rates that increase more slowly with median gradient (Fig.
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3 Effect of vegetation cover on millennial-scale landscape denudation rates in East Africa

bEVI~0.22aEVI~0.10

cEVI~0.40

Figure 3.3 – Differences in vegetation cover and corresponding EVI values in the Kenya Rift.

3.6A). In the following discussion, we explore whether any of the catchment characteristics

can explain these two scaling relationships.

3.5 Discussion

3.5.1 Biogeomorphic and Geologic Controls on Denudation-Rate Patterns

As has been demonstrated in a global compilation of cosmogenic catchment-mean denuda-

tion rates, mean basin slope is the most powerful regressor in explaining denudation-rate

variations, but a host of other catchment characteristics also contribute to variations (Portenga

and Bierman, 2011). Our bivariate analyses of denudation rates versus various catchment

properties from East Africa yield relatively poor to moderate correlations for the full data set

(R2 values ranging from 0.004 to 0.479; Fig. 3.6). However, the two distinct scaling relation-

ships (one steep and one shallow) in the plot of denudation rate versus hillslope gradient

(Fig. 3.6A) suggest that there may be a threshold value in one or more catchment character-

istics and/or a fundamental change in hillslope/erosion processes across the two groups of

data that influences the sensitivity of denudation rates to median gradient. As such, we next

explore whether different processes, rock types, or threshold values in climatic/vegetation

characteristics separate the two scaling relationships.

One potential explanation for the two different scaling relationships could be differences

in chemical weathering across the different climate zones. Chemical weathering can increase
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3.5 Discussion

Table 3.2 – Kenya Rift and Rwenzories catchment characteristics & morphometric parameters.

Sample 

ID
Elev. Lat. Long.

 Median 

slope 

Median 

gradient 

Median 

reliefa

Mean 

annual 

rainfallb
 EVI Treesc

Herba- 

ceousc Barec

Catch- 

ment 

aread

Quartz-

bearing 

lithologye

Percent  

lithologye

Denuda- 

tion rate 

 Denuda- 

tion rate

Corrected 

denudation 

ratesf

(masl) (°N) (°E) (°) (m/m) (m) (mm/yr) (%) (%) (%) (km2) basement sediment volcanics (mm/yr) (1 ) (mm/yr)

Southern Rift

S-01 1707 -1.876 36.779 1.99 0.03 67 578 0.26 11 86 3.0 63 1 100 0 0 0.0030 0.0003 0.0032

S-02 1567 -1.446 36.971 1.93 0.03 84 769 0.25 12 85 2.3 92 1 0 100 0 0.0014 0.0001 0.0015

S-03 2246 -1.809 36.045 7.23 0.13 284 1112 0.33 36 64 0.1 248 2, 3 77 23 0 0.0111 0.0009 0.0130

Central Rift

C-01 1400 0.658 35.883 9.91 0.17 762 1189 0.28 10 82 7.4 6.1 4,5 34 66 0 0.1315 0.0112 0.1550

C-02 1830 0.633 34.999 2.23 0.04 161 1389 0.34 17 83 0.1 4.4 6 100 0 0 0.0101 0.0008 0.0122

C-03 2010 0.612 34.962 3.33 0.06 143 2416 0.37 19 81 0.1 616 4,7 100 0 0 0.0029 0.0003 0.0040

C-04 2244 0.655 34.839 2.97 0.05 118 1868 0.36 23 77 0.2 3644 2,4,5,7 98 2 0 0.0062 0.0005 0.0079

C-05 1511 0.631 35.569 8.60 0.15 810 1379 0.32 13 83 3.8 8.1 8,9 34 66 0 0.0877 0.0062 0.1058

C-06 1540 0.608 35.579 9.96 0.17 800 1618 0.32 14 81 5.6 12 8,9 33 67 0 0.0885 0.0062 0.1100

C-07 1540 0.582 35.570 10.67 0.18 779 1856 0.34 14 82 4.4 10 8,9 32 68 0 0.0950 0.0067 0.1215

C-08 1657 0.513 35.586 17.70 0.30 1120 2062 0.38 20 76 3.5 6.8 8,9 57 43 0 0.0174 0.0013 0.0228

C-09 1621 0.395 35.640 17.89 0.30 959 1989 0.39 21 79 0.0 6.4 8,9 87 12 0 0.0358 0.0026 0.0465

C-10 1803 0.442 35.628 14.40 0.25 1053 1844 0.43 33 67 0.0 5.7 8,9 64 36 0 0.0407 0.0028 0.0519

Northern Rift

N-01 1306 1.812 36.715 1.64 0.03 80 445 0.15 1.8 66 32 533 2,5,10 43.2 56.8 0 0.0086 0.0007 0.0091

N-02 1415 1.908 36.837 1.86 0.03 126 288 0.15 0.6 59 41 29 2,10 61 39 0 0.0052 0.0004 0.0054

N-03 1405 1.792 36.799 1.70 0.03 86 534 0.19 3.0 70 27 263 2 26.7 73.3 0 0.0058 0.0005 0.0063

N-04 1347 1.773 36.794 1.20 0.02 62 308 0.17 2.5 69 28 113 2,5 23 77 0 0.0086 0.0007 0.0090

N-05 1555 2.005 36.890 5.12 0.09 400 341 0.22 11 65 24 145 2,5 100 0 0 0.0422 0.0029 0.0444

N.06 1318 2.125 36.588 3.86 0.07 248 307 0.15 1.9 55 43 229 2,5 89 11 0 0.0245 0.0017 0.0257

N-07 1258 2.148 36.594 7.32 0.13 638 611 0.17 4.1 51 45 83 2,5 59 41 0 0.0962 0.0066 0.1050

294 2121 0.591 30.142 19.10 0.32 1031 1700 0.54 46 53 < 1 1.2 6 100 0 0 0.061 0.0053 0.077

295-1 2206 0.656 30.166 21.69 0.36 886 1450 0.53 48 51 < 1 12 6,12 100 0 0 0.062 0.0046 0.075

295-2 2206 0.656 30.166 21.69 0.36 886 1450 0.53 48 51 < 1 12 6,12 100 0 0 0.058 0.0049 0.070

300 1537 0.807 30.233 12.70 0.22 746 2150 0.46 23 76 < 1 1.1 6 100 0 0 0.047 0.0034 0.063

311a 2242 0.661 30.048 22.19 0.37 1049 1750 0.50 64 35 < 1 19 6,12 100 0 0 0.077 0.0060 0.098

311b 2242 0.661 30.048 22.19 0.37 1049 1750 0.50 64 35 < 1 19 6,12 100 0 0 0.070 0.0053 0.089

316 2408 0.641 29.977 21.38 0.36 990 1860 0.48 57 42 < 1 90 5,6 93.2 7 0 0.052 0.0040 0.066

321 1767 0.712 30.080 17.95 0.30 978 2330 0.50 58 41 < 1 10 5,6,12 94.1 6 0 0.066 0.0048 0.090

337 1326 0.836 30.227 15.85 0.27 651 2700 0.46 26 73 < 1 8 6 100 0 0 0.033 0.0024 0.047

359 2045 0.365 30.215 16.02 0.27 753 2530 0.49 39 65 < 1 266
5,6,11,12 98.2 2 0

0.042 0.0032 0.057

375 2072 0.267 30.110 17.93 0.30 778 2760 0.48 40 59 < 1 51 5,6,12 92.8 7 0 0.044 0.0033 0.063

398 2075 0.081 29.749 16.34 0.28 721 2090 0.45 53 46 < 1 60 6,12 100 0 0 0.042 0.0032 0.055

399 1839 0.041 29.720 15.57 0.27 683 2010 0.46 43 56 < 1 161 5,6,12 94 6 0 0.030 0.0027 0.039

9 1617 0.643 30.393 4.61 0.08 109 1660 0.51 29 70 < 1 296 6,12,13 80.8 0 19 0.019 0.0014 0.024

28 1417 0.101 30.462 6.81 0.12 108 1260 0.46 35 64 < 1 125 6,12,13 93.2 0 7 0.009 0.0006 0.010

24 1356 0.901 30.339 4.54 0.08 138 1460 0.39 37 72 < 1 5203
5,6,11,12 98.4 0.5 1

0.007 0.0005 0.009

538 1211 0.459 30.380 8.61 0.15 400 1900 0.50 61 38 < 1 320 5,6 61.2 38 0.8 0.052 0.0036 0.067

a Calculated with 2-km radius window.
b From TRMM calibrated data.
c From VCF (Vegetation Continuous Field, see methods).
d Contributing area
e 1: Undifferentiated sediments (Neogene); 2: Quartzite; 3: Holocene deposits; 4: Undifferentiated metamorphics; 5: Undifferentiated sediments; 

6: Gneiss, granite, granodiorite; 7: migmatites; 8: Para-gneiss; 9:Quaternary-Tertiary sediments; 10: alluvial deposits;11: Amphibolite;12: Undifferentiated schist;13: volcanics
f Corrected for chemical erosion using relationship reported in Riebe and Granger (2013).

Rwenzori Mountains

the residence time of quartz within vertically mixed soils, slowing exhumation of quartz

through the uppermost meters of the surface, and resulting in biased (slower) rates (e.g.,

Riebe and Granger, 2013). Assuming that annual precipitation is an appropriate proxy for the

extent of chemical weatheringwithin a given region, we can correct our data for the presumed

effects of chemical weathering based on relationships proposed in Riebe and Granger (2013).
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Figure 3.4 – Vegetation continuous fields (VCF) data summarized for each of the studied catchments
in the Kenya Rift and the Rwenzori Mountains. Catchments are sorted from left to right according to
their mean EVI value (shown on top). Sample names are shown at the bottom of each column. Note
that sample names starting with N, C, and S correspond to the northern, central and southern rift
sectors. Sample names without a preceding letter are from the Rwenzori Mountains.

However, the corrected data show only a slight increase in denudation rates for wetter

catchments (Table 1; Fig. 3.7A) and do not eliminate the separation of the two scaling re-

lationships.

The influence of human activity in the region for at least the past several thousand years in

East Africa is another source of concern with respect to anthropogenically induced faster de-

nudation and changes in land use (e.g., Dunne et al., 1978; Dunne, 1979). For example, Ba/Ca

ratios in corals along Kenya’s coast document a continuous increase of suspended sediment

load in rivers draining eastern Kenya beginning at ca. A.D. 1900, which has been related to in-

tensified land use (Fleitmann et al., 2007). As described earlier, recent soil erosion of up to 0.5

m could affect catchment mean denudation rates by ~30% (Bierman and Steig, 1996). How-

ever, because the highest denudation rates from the sparsely vegetated areas (which would

be most affected by human disturbances due to their shorter integration times of ~4.6-7 kyr.;

Table 2) are more than 5x higher than densely vegetated areas with equivalent hillslope gra-

dients, human impact on our erosion-rate measurements is likely small relative to the size
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3.5 Discussion

of the signal, and it cannot explain the existence of the two scaling relationships. Further-

more, the full range of cosmogenic nuclide-derived denudation rates from East Africa (0.001-

0.13 mm/yr) does not greatly exceed denudation rates based onmodern sediment yields from

catchments in the Kenya Rift with little to no human disturbance (0.007-0.075 mm/yr, as-

suming rock with a density of 2.65 g/cm3 was eroded; Dunne et al., 1978; Dunne, 1979).

This similarity supports our contention that human disturbance has limited influence on our

denudation-rate results. That disturbance may be more important with respect to the EVI

values, but as noted earlier, the strong positive correlation with precipitation (R2 = 0.642;

Fig. 3.5) supports the idea that much of the variation in vegetation cover is still a result of

natural forcing.

Differences in lithology, vegetation cover, or rainfall could alternatively produce the two

scaling relationships in the hillslope-gradient- denudation-rate data, with strong rock/soil

(Dunne et al., 1978; Molnar et al., 2007; Hahm et al., 2014), dense vegetation (Dunne et

al., 1978; Dunne, 1979; Collins et al., 2004; Vanacker et al., 2007), or a low frequency of

intense storms (Tucker, 2004; Lague et al., 2005; Molnar et al., 2006; Turowski et al., 2009;

DiBiase and Whipple, 2011) requiring a steeper gradient to achieve a given denudation rate.

Although the quartz contributing regions are dominated by resistantmetamorphic rocks (e.g.,

gneiss, quartzite, and migmatite), some catchments are underlain by significant proportions

of Miocene to recent sediments (Fig. 3.7B; Table 2; see Appendix B; Smith, 1994; Bauer et

al., 2012), which may contribute to higher denudation rates. Indeed, our fastest-denuding

catchments that lie on the steep scaling relationship (C-01, C-05, C-06, C-07, and N-07) are

underlain by 41%-68% sediments (Fig. 3.7B; Table 2). However, three samples that lie on the

shallow scaling relationship (S-03, C-08, and C-10) are underlain by 23%-43% sediments (Fig.

3.7B; Table 2), making it difficult to explain the two scaling relationships based on lithologic

differences alone.

The apparently minor influence of lithology (and sediments in particular) in explaining

the two scaling relationships is counterintuitive, but it can be explained by considering that

the portions of the catchments in Kenya covered by sediments have very low slopes (typically

only up to a few degrees; see Appendix B); hence, those areas are unlikely to contribute much

sediment despite their high erodibility. Indeed, the quartz contributing area of catchment S-

02 is characterized by 100% sediments, but it has a very lowmedian gradient of 0.03 (1.7°) and

a denudation rate of only 0.001mm/yr. In contrast, catchment 538 in the RwenzoriMountains

has slopes up to ~9° in the areas underlain by sediments (see Appendix B), suggesting that in

that case, incision through the highly erodible sedimentsmay contribute to faster denudation

rates.

Differences in fracture/joint density can also contribute to variations in rock strength and

hence erodibility (Molnar et al., 2007), butwithout detailedfield surveys, this factor is difficult

to quantify. Still, given the similar tectonic setting across our field area and our avoidance of
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catchments crossed by faults, we do not expect significant differences in rock fracture density.

Indeed, the regionally extensive faults that bound the rift-shoulder areas in northern Kenya

are fault-line scarps, where mechanically more affected rocks in the vicinity of the former

fault scarps have been removed (Hetzel and Strecker, 1994; Mugisha et al., 1997).

With respect to climatic properties of the catchments, we find no threshold value in annual

precipitation (Fig. 3.7C) that appears to separate the different scaling relationships. However,

considering vegetation cover, the steep scaling relationship (with lower gradients for a given

denudation rate) includes samples from the most sparsely vegetated environments in the

KenyaRift (EVI< 0.35), while the shallow scaling relationship includes samples from themost

densely vegetated parts of the western Kenya Rift and all of the samples from the Rwenzori

Mountains (EVI > 0.35; Fig. 3.7D).

Two samples appear to be outliers in this division according to EVI. One sample from the

Rwenzori Mountains (catchment 538) has a high EVI (0.50) but appears to lie on the steep

scaling relationship. Although we cannot identify the reason for its higher denudation rate

with certainty, within the Rwenzori data set, it is the only catchment with a significant ex-

posure of relatively easily erodible Miocene to recent sediments (38%, vs. 0%-7.2% for all

other catchments; Table 2; see Appendix B). In contrast, one relatively sparsely vegetated

catchment from the Kenya Rift (S-03) appears to lie on the shallow scaling relationship, but

its 23% sediment cover (Fig. 3.7B; Table 2) does not help to explain its relatively low denuda-

tion rate. Importantly, S-03 is the one catchment from the Kenya Rift with both a prominent

knickpoint in the river profile and quartz-bearing rocks both upstream and downstream from

the knickpoint (see Appendix B). If a higher proportion of sediment is derived from the steep,

lower section of the catchment (which is wetter andmore densely vegetated) compared to the

gently sloping upper part, then the catchment characteristics such as slope, vegetation cover,

and precipitation that we compare with denudation rates should also be weighted toward the

characteristics within the steeper section. As such, the "effective" catchment characteristics

would have a higher mean gradient, higher average EVI, and higher average yearly precipi-

tation. Because the EVI averaged for the whole catchment is 0.33, it would only take a small

increase in the proportion of sediment derived from the steeper part of the catchment tomake

the effective EVI fall above 0.35, and hence no longer appear to be an outlier.

Despite these two potential outliers, if we reanalyze our data after separating it into two

groups (EVI > 0.35 and EVI < 0.35), some stronger correlations emerge. The more sparsely

vegetated areas show a positive linear correlation with mean gradient (R2 of 0.806, or 0.923 if

sample S-03 is excluded), and themore densely vegetated areas show a positive linear correla-

tion with an R2 value of 0.666, or 0.779 if sample 538 is excluded (Fig. 3.7E). Also, when com-

paring denudation rates to mean annual precipitation, the sparsely vegetated areas show an

improved positive linear correlation with an R2 of 0.333 (or 0.384 if sample S-03 is excluded),

while the densely vegetated area shows no correlation (R2 of 0.002, or 0.006 if sample 538 is
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Figure 3.5 – Correlation between Enhanced Vegetation Index (EVI) and mean annual precipitation
(m/yr) for sampled catchments in the Kenya Rift and the Rwenzori Mountains. Black squares for the
Kenya Rift catchments, gray circles for the Rwenzori Mountain catchments.

excluded; Fig. 3.7F). Similar results were derived concerning the role of vegetation cover in

Kenya onmodern sediment yields, whereby more sparsely vegetated areas (in this case, areas

more strongly affected by crop planting and grazing) weremore sensitive to changes in runoff

and slope compared with densely forested areas (Dunne, 1979). While other factors (lithology

in particular) surely contribute to the variability in the data, our ability to separate the data

along the two scaling relationships in the hillslope-gradient-denudation-rate plot according

to a specific EVI value suggests that vegetation cover may be a primary factor explaining the

two scaling relationships.

This interpretation of the importance of vegetation cover relies on the measurements for

the steepest catchments in the Kenya Rift (samples C-08, C-09, and C-10) being robust. We

have no reason to believe that they are unreliable; compared to the catchments we sampled

farther north along the escarpment (C-01, C-05, C-06, and C-07), they have similar morphol-

ogy and a similar distribution of rock types (Fig. 3.1D; see Appendix B), and we observed

nothing in the field that would lead us to suspect that the measurements would be ques-

tionable. The EVI value of 0.35 that separates the different scaling relationships in our data

corresponds to a change from predominantly herbaceous vegetation cover with at least some

bare rock/soil and generally <20% trees at EVI values of <0.35 to 20%-64% trees and no

bare rock/soil at higher EVI values (Fig. 3.4). While the distinct EVI value that separates

the denudation- rate data in East Africa may point toward a threshold behavior of the sys-
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tem associated with a change in erosion processes, we emphasize (1) that modern vegetation

indices do not capture potentially important regional and/or time-integrated variations in

vegetation cover on cosmogenic time scales, and (2) that recent changes in land use (and veg-

etation cover) may not strongly affect cosmogenic denudation rates. Also, other catchment

differences with respect to lithology, climate, biology, soil type, and erosional processes exert

additional influence on denudation-rate patterns in the data. For these reasons, we suggest

that, although our data support a change in the effectiveness of dense vegetation cover in

stabilizing hillslopes, the exact values reported here are likely to differ from those that may

be identified in other landscapes, and that more extensive data sets may reflect transitional

rather than threshold behavior. Indeed,more transitional behavior has been revealed inmod-

ern sediment yields as a function of different land-use types (Dunne, 1979).

3.5.2 Denudation Rates under Changing Climate Conditions

The integration time scale for cosmogenic denudation is equal to the absorption depth scale

(i.e., ~60 cm in silicate rock; vonBlanckenburg, 2005) divided by the denudation rate. Because

the integration times of our samples from East Africa range from 4.6 to 437 kyr (Table 1),

samples from slowly denuding regions are averaged over episodes in the past that were more

humid than today, as indicated by periods of high lake levels (e.g., Garcin et al., 2012) with in-

creased forest cover and decreased grasslands/ savannahs (deMenocal et al., 2000; Hessler et

al., 2010; Bonnefille, 2010; Tierney et al., 2011; Wolff et al., 2011). Therefore, as we discussed

already, our comparison with modern vegetation cover does not capture the time-integrated

effects of vegetation shifts. A similar problem exists when attempting to compare variations

in modern precipitation with denudation rates based on cosmogenic nuclides (e.g., Bookha-

gen and Strecker, 2012; Kober et al., 2007; Riebe et al., 2001; von Blanckenburg, 2005; Safran,

et al., 2005; Portenga and Bierman, 2011; Scherler et al., 2014). However, if we assume that

shifts in climate resulted in overall denser or sparser vegetation without significant changes

in the relative distribution of vegetation cover, an idea supported by pollen records in East

Africa (i.e., Hessler et al., 2010), then we can still use the modern vegetation indices to assess

relative amounts of vegetation cover over similar integration times. For a given denudation

rate, which corresponds to a specific integration time, more densely vegetated catchments

have higher gradients compared with more sparsely vegetated ones (Fig. 3.7E). Viewed from

this perspective, the stabilizing effect of dense vegetation (requiring a steeper hillslope gra-

dient to achieve a given denudation rate) persists even when we consider a range of different

integration times (multiple pairs of data points).

Although the cosmogenic data that we analyze often average denudation rates over sev-

eral climate cycles, the behavior of the system that we infer, with maximum denudation rates

occurring under low to moderate vegetation cover, provides insights into the ways in which

shifts in climate and vegetation affect landscape denudation rates. For a given hillslope gradi-
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the Kenya Rift catchments, circles for the Rwenzori Mountain catchments. Relationship between cos-
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colored according to (b) the underlying lithology of the catchment, (c) mean annual precipitation, and
(d) EVI. Squares for the Kenya Rift catchments, circles for the Rwenzori catchments. A threshold EVI
value (0.35) appears to divide the data according to the two different scaling relationships. Two out-
liers (538 and S-03) are discussed in the text. More sparsely vegetated catchments (EVI < 0.35) show
a greater sensitivity to (and better correlation with) both (e) hillslope gradient and (f) mean annual
precipitation compared to more densely vegetated catchments (EVI > 0.35).
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ent, the highest denudation rates occur in areas with intermediate vegetation cover (e.g., EVI

< 0.35). In these regions, we anticipate that increased precipitation should initially increase

denudation rates, but only until the vegetation cover densifies and lowers hillslope erodi-

bility, provided that soils are thick enough to support denser vegetation (e.g., Knox, 1972).

Supporting this inference, Dunne (1979) reported that long-term erosion rates in southern

Kenya calculated from late Cenozoic erosion surfaces were lower during the wetter period

that preceded the Quaternary.

The effect of vegetation cover on surface erodibility further implies that vegetation helps to

control the shape and relief of mountain ranges, with densely vegetated mountains requiring

higher slopes to achieve the same denudation rate as compared tomoremoderately vegetated

ones, if all other factors are roughly equal.

3.6 Conclusions

Our new denudation-rate data from the Kenya Rift combined with previously published data

from the Rwenzori Mountains show that variations in vegetation cover may explain differ-

ences in denudation rates across East Africa in a pattern consistent with our understanding

of how vegetation cover affects surface erodibility: Areas with dense vegetation cover (EVI>

0.35) yield relatively low denudation rates for a given hillslope gradient compared to those

with lower values of vegetation cover. While this "threshold" value in EVI appears to explain

the separation of our data along two scaling relationships in hillslope gradient versus denuda-

tion rate, a more extensive data set may reveal more transitional behavior. Also, we cannot

rule out lithologic differences as contributing to the large difference in the scaling relation-

ships. Nonetheless, if these results are applicable to other regions, the stabilizing effect of

vegetation cover should exert a fundamental influence on the steady-state slopes ofmountain

belts and also help to explain complex erosional responses to changes in climate (or land use),

particularly if they induce rapid changes between densely and sparsely vegetated conditions.

Aknowledgments Torres Acosta was supported by the Deutsche Forschungsgemeinschafts

(DFG) Graduate School GRK1364 "Shaping Earth’s Surface in a Variable Environment", funded

by the DFG through a grant to Strecker (grant STR 373-20/1). We thank the government of

Kenya and the University of Nairobi for research permits and support. Schildgen was sup-

ported by the DFG’s Emmy Noether Programme (grant SCHI 1241/1-1). We thank S. Roller

for providing raw data from the Rwenzori Mountains. We thankWill Ouimet, Jean Dixon, and

Christoff Andermann for discussions, Tom Dunne, Arjun Heimsath, and Editor Eric Kirby for

their very thorough and constructive reviews, and Darryl Granger for his constructive review

of an earlier version of the manuscript.

57





Chapter 4

Climate-controlled variability of

Holocene erosion rates in the

northern Kenya Rift

Abstract

Fluvial terrace deposits from the Baragoi River in the Suguta Valley (northern Kenya

Rift) reflect the importance of climatic change on denudation rates over time, as re-

vealed in the concentration of cosmogenic 10Be in detrital quartz grains. We report

paleo-denudation rates from early Holocene (~11 ka) fluvial sediments that are at least

six times faster than the present, whereas paleo-denudation rates from the middle

Holocene (~8.5 ka) are only two times faster than present-day rates. These rate changes

during the course of the African Humid Period (~14.5-5.5 ka) may reflect a strong in-

crease in precipitation, runoff and erosivity in the beginning of the arid-humid tran-

sition at about 11 ka. These changes resulted in the filling of the Suguta Valley with

an extensive (~2150 km2) lake with an overflow toward Lake Turkana in the north,

coeval with the maximum highstand of other lakes in East Africa at that time. Precip-

itation at least 20% higher than today and a probable higher fluvial transport capacity

during this wet period may explain the higher denudation rates during the early-mid

Holocene, before the landscape stabilized again.

4.1 Introduction

Climate change in tropical and subtropical regions associated with rapid changes in precipi-

tation, erosion, soil degradation, and vegetation cover is the focus ofmany recent research ef-

forts to better understand the impact of Global Change on surface processes (e.g., Trenberth,

2011; Pelletier et al., 2015). Paleo-environmental changes recorded by proxy indicators in

marine and terrestrial sedimentsmay serve as powerful analogs of landscape response to both
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present-day climate variability and future climate change (Shanahan et al., 2009; Tierney et

al., 2013). In this context the sedimentary basins of the East African Rift System (EARS) have

recorded the impacts of past climate oscillations on surface processes in a tropical region and

may furnish valuable information on how future shifts in rainfall and vegetation patternsmay

impact the environment (Verschuren et al., 2000; Tierney et al., 2008; Wolff et al., 2011). The

equatorial Kenya Rift of the eastern branch of the EARS is well suited for such comparative

studies, as sedimentary basins of different size, past and present-day environmental condi-

tions host sedimentary sequences that record the details of climatic variability and changing

erosional regimes (Behrensmeyer, 2006; Bergner et al., 2003; Trauth et al., 2005; Wolff et al.,

2011). To date, there is only limited knowledge about past erosional processes in East Africa

with respect to the erosion mechanisms, erosion rates, and how such changes may have been

related to fluctuations in the amount and distribution of rainfall.

In other regions that have shown to be very sensitive toward climate change it has been

suggested that increased rainfall and greater runoff availability may result in an accelera-

tion of erosion rates (Summerfield and Hulton, 1994; Montgomery et al., 2001; Heimsath et

al., 2010; Moon et al., 2011; Bookhagen and Strecker, 2012). However, the relationship be-

tween erosion rate and rainfall amount is not always straightforward (e.g., Safran et al., 2005;

Portenga and Bierman, 2011) and uncertainty remains regarding the timing and possible lag

times. This is in part due to factors such as evapotranspiration, soil production, and veg-

etation cover which counteract the expected increase in runoff and/or decrease the surface

erodibility (e.g., Istanbulluoglu and Bras, 2005; Vanacker et al., 2007; Molina et al., 2008;

Torres Acosta et al., in press).

In EastAfrica, various environmental indicators suggest dramatically different climate con-

ditions in the past; these include pollen spectra and plant leaf wax carbon isotopic composi-

tion documenting the expansion of forests at the expense of grasslands and vice-versa (Vin-

cens et al., 2007; Bonnefille, 2010; Cerling et al., 2011; Feakins et al., 2013), and lacustrine

sediments that record oscillating lake levels with co-varying changes in mineralogical com-

position and fossil content (Trauth et al., 2003; Bergner et al., 2009; Owen et al., 2014). In

the equatorial regions, these episodeswere characterized by alternating periods of higher and

lower precipitation (deMenocal et al., 2000; Bergner et al., 2003; Garcin et al., 2009, 2012;

Hessler et al., 2010; Junginger and Trauth, 2013; Junginger et al., 2014). However, the de-

tails of past erosional regimes associated with these environmental conditions, the efficacy

of sediment routing from rift-shoulder areas to the basins, and the overall nature of changing

hydrological conditions are still enigmatic.

Here, we compare erosion-rates from the Baragoi River catchment at the southeasternmar-

gin of the Suguta Valley in the northern Kenya Rift (Fig. 4.1) during the African Humid Period

tomore recent erosion-rate estimates. Although being located at the Equator, this area of the

rift is now one of the driest regions of Kenya, with 300 to 500mm/yr precipitation, ephemeral
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Figure 4.1 – Overview map of the Kenya Rift with the Suguta Valley and the Baragoi River drainage
area A) DEM map of the drainage area, B) Precipitation map of the drainage area.

runoff (Ojany and Ogenoo, 1973), and sparse vegetation. Specifically, we compare our 10Be

present-day basin-wide erosion rates derived from river sands of the Baragoi River catchment

in the Suguta Valley of the northern Kenya Rift to new 10Be paleo-erosion rate estimates from

quartzitic sands collected from well dated Holocene deltaic and sandy intercalations from la-

custrine sequences (Fig. 4.1). To better define the parameters that currently influence erosion

in the Baragoi River catchment and to compare this area to presently humid environments

in the region of the Kenya Rift, which may be analogous to past humid conditions in north-

ern Kenya, we furthermore report the drainage basin’s morphometric characteristics (slope,

relief, and mean elevation), precipitation, and vegetation cover. Our analysis demonstrates

how short-lived, climate-controlled surface processes on millennial timescales fundamen-

tally impacted erosion, sedimentation and landscape evolution in the Northern Kenya Rift

during the early Holocene African Humid Period.

4.2 Principal aspects of tectonic and climatic conditions in the northern

Kenya Rift

In the the Kenya Rift, numerous faulted Holocene basaltic flows and small fault scarps along

the volcano-tectonic axis and at the rift flanks attest to active tectonism. In its northernmost

sector, the Suguta Valley, ongoing extension inferred from both space geodetic data (Stamps

et al., 2008) and from field observations of fault heave (Melnick et al., 2012) is ~4mm/yr. Late

Cenozoic normal faulting and rift-shoulder uplift have created pronounced relief contrasts,
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generating accommodation space for sediments in the lowest sectors of the basins. The sed-

imentary fills of these basins record the erosional history of the rift-shoulder areas, which

integrate the complex relationships between tectonics, changing climatic conditions, and

resulting shifts in depositional environments (Dunkley et al., 1993; Saneyoshi et al., 2006;

Feibel, 2011).

Today, the Kenya Rift is impacted by large seasonal shifts of the Intertropical Converge

Zone (ITCZ) and the Congo Air boundary (Nicholson, 1996). Regional moisture transport and

precipitation are influenced by the elevation of the East African Plateau, the rift shoulders of

the East African Rift, and the effects of high evapotranspiration in those rift sectors that are

bordered by orographic barriers (Nicholson, 1996; Bergner et al., 2009).

During the African Humid Period between approximately 11.8 and 8.5 ky, paleo-Lake Sug-

uta rose more than 300 m (Truckle, 1976; Garcin et al., 2009). At that time it overflowed into

the Turkana basin and was connected with the White Nile (Garcin et al., 2012 and references

therein). The early Holocene lake-level change in the Suguta Valley had a far-reaching impact

on the base-level of rivers with large catchments sourced in the rift-shoulder areas, leading

to the formation of voluminous delta deposits intercalated with lacustrine strata in the area

where the Baragoi River enters the Suguta Valley (Figs. 4.2 and 4.3).

4.3 Tectonic stratigraphic and hydrologic setting of the Suguta Valley

and the Baragoi River catchment

The Suguta Valley is an asymmetric graben bordered by a major fault on the west and an an-

tithetically faulted monocline on the east, involving multiple escarpments cut into Miocene

to Quaternary volcanic and sedimentary sequences (Baker, 1963; Dodson, 1963; Bosworth

and Maurin, 1993; Dunkley et al., 1993; Saneyoshi et al. 2006). The eastern rift flanks are

mainly comprised of basaltic volcanic flows, intercalated with trachytes, pyroclastic material,

and sediments (Dunkley et al., 1993; Saneyoshi et al., 2006). These units cover late Protero-

zoic gneissic basement rocks that are exposed in the rift-shoulder areas of the upper Baragoi

catchment to the east at elevations of about 1700 m (Fig. 4.1). Quartz-bearing units cover

approximately 900 km2 of the Baragoi catchment out of a total area of 2103 km2. In the

southeast, at ca. 1.627◦N - 36.458◦E, the Baragoi River enters the Suguta Valley (Fig. 4.1)

through deeply incised volcanic strata as well as delta and lake sediments that constitute the

Baragoi paleo-delta. The incision has left a set of well-defined degradational terraces carved

into the sediments (Fig. 4.3). The base of the terraces and the delta deposits, which coincides

with the present-day river bed of the Baragoi, is composed of coarse sand and conglomeratic

gravel, intercalated with silty, fossiliferous lacustrine deposits upsection (Garcin et al., 2009;

Junginger et al., 2014). The exposed thickness of these units is approximately 110m (Fig. 4.3)
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Figure 4.2 – Geological and structural map of the Baragoi paleo-delta. White starts denote sampling
site. B-B’ shows a cross section of the Baragoi mouth with direction NNE-SSW. A-A’ shows a section
along the river SSE-NNW.

The Suguta Valley is bordered to the north by the Quaternary Barrier eruptive center and

to the south by the Emuroangogolak caldera volcano, which prevent external drainage condi-

tions (Fig. 4.1). As a result, the northern Suguta Valley is covered by the shallow Lake Logipi,

which is the base level for the ephemeral Baragoi River at approximately 275m elevation. The

Baragoi River carries water mainly following storms during the rainy seasons from March to

May and fromOctober to November (Morgan, 1971; Griffiths, 1972, East AfricanMeteorolog-

ical Department, 1975).

Throughout the Quaternary, the Suguta Valley has been affected bymultiple volcanic erup-

tive events and faulting episodes (Dunkley et al., 1993). These volcano-tectonic processes

generated the morphology that confined the highstand of Lake Suguta during the Holocene

African Humid Period (Truckle, 1976; Dunkley et al, 1993; Garcin et al., 2009; Junginger and

Trauth, 2013). Numerous regressive shorelines of the Holocene paleo-lake levels are well

preserved along the flanks of the Suguta Valley, attesting to the former highstand at 570 m

(Fig.4.2) during the early Holocene and the subsequent, progressive lake-level fall (Melnick

et al., 2012) to the present-day position of the regional base level at 275 m.
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4.4 Methods

4.4.1 Sampling of river sands and material for 14C-dating

To assign an age and to determine an erosion rate for the quartz-bearing sands in the deltaic

deposits of the Baragoi paleo-delta, we first chose a well-exposed, approximately 110-m-

thick section of fluvial sands and conglomerates on the south side of the Baragoi River that

are intercalated with silty, charcoal-bearing lacustrine strata (sample BA1-13, at 1.632◦N,

36.473◦E)(Fig. 4.2). The age relationships at this first outcrop are constrained by two samples

of 14C-dated charcoal (samples DM13-BA1 and DM13-BA2). In addition, we sampled snails in

the lacustrine intervals (Melanoides tuberculata). The position of the samples was measured

with high-precision Leica 1200 differential global position system. The sand sample collected

for 10Be analysis (BA1-13) is ~100m beneath the overlying delta strata, but due to subsequent

incision and a recent landslide (less than one year prior to sampling), the sampling site was

recently exposed by a rotational slump after the rainy season in 2013.

A second quartz-sand bearing section was selected in lacustrine deposits with intercalated

sands north of the Baragoi River (sample BA1-08, at 1.636◦N, 36.460◦E) (Fig. 4.2). The strata

from this site are well correlated to the detailed stratigraphic column described by Junginger

et al. (2014), which is located ~800m to the southeast and which constrained by 14C-dating of

snails and charcoal. The sand sample collected for 10Be analysis (BA1-08) is ~5m beneath the

overlying delta strata, but due to subsequent incision, the horizon now lies 50 cm beneath a

degradational terrace surface.

Modern catchment-mean denudation rates from in situ produced 10Be cosmogenic nuclide

measured in detrital quartz sand was collected from the Baragoi River (sample BA-01) at the

outlet of the catchment (Fig.4.2)

Sample preparation for 10Be cosmogenic radionuclide analysis was carried out at the Uni-

versity of Potsdam and at the GeoForschungs Zentrum Potsdam (Germany), following the

procedures described in Kohl and Nishiizumi (1992). AMS analyses were performed at ETH

Zurich, Switzerland and at the Cologne AMS facility of the University of Cologne (Germany).

Details on the procedures of the 10Be analysis are reported in Torres Acosta et al., (2015).

14C-analysis

Charcoal fragments of sample DM13-BA1 and DM13-BA2 were approximately 250 µm long

and weighed ≥ 20 mg. For the snail shells, more than 10 mg per sample were collected

for analysis. Sample preparation was performed at the University of Potsdam. 14C-analyses

were carried out at the Leibniz-Laboratory for Radiometric Dating at the Christian-Albrechts-

Universität in Kiel (Germany) and at the Pozna’ Radiocarbon Laboratory (Poland). The ages

were calibrated with CALIB 5.0.1. (Stuiver and Reimer, 1993) and IntCal013 curve (Reimer et
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Figure 4.3 – Sampling site and sections along and across the Baragoi mouth.

al., 2004) and reported in cal. yr BP and in cal. ka BP (calendar year and kilo year before Year

1950, respectively).

10Be analysis

To calculate paleo-denudation rates from the concentration of 10Be in the detrital sand de-

posits of the deltaic strata, we must consider how post-depositional production and decay

of cosmogenic 10Be has altered the initial 10Be concentration at the time of deposition (e.g.,

Schaller et al., 2002). Due to the young age of the deposit (11 kyr BP), decay of 10Be in the de-

posit is insignificant. In terms of post-depositional production, rapid sediment deposition at

the site (~25mm/yr based on the dated stratigraphy) coupledwith shielding from the lake wa-

ter minimizes significant nuclide accumulation during burial. Subsequent incision through

the strata has also likely resulted in minimal post-depositional production. For sample BA1-

13, its very recent exposure from a depth of ca. 3m following the slump, leads us to assume no

nuclide accumulation during subsequent exposure. For sample BA1-08, collected from 50 cm

beneath a degradational terrace, post-depositional production is only on the order of 10% the
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surface production rate (~3.6 atoms/(g*yr)). While a precise exposure age of the degradational

terrace is needed to properly calculate nuclide accumulation since incision, the total amount

is likely to be very low. As such, we proceed with paleo-erosion rate calculations assuming no

post-depositional accumulation. If our assumption of minimal post-depositional accumula-

tion were wrong, and a significant amount has indeed accumulated, this wouldmean that our

calculated paleo-erosion rates are minimum rates.

Paleo-erosion rates were calculated following Balco et al. (2008) and using the Cronus cal-

culator (ver. 2.2; http://hess.ess.washington.edu/). We relied on the original ICN standard

(07KNSTD and BEST433) as reference and used a value of 5.0 x10-7 yr-1 for the decay con-

stant for 10Be (Chmeleff et al. 2010) which is equivalent to the 10Be half-life of 1.387 ± 0.012

Myr, (Korschinek et al., 2010).

4.4.2 Morphometric and environmental characteristics

Using an SRTM90-m-resolution digital elevationmodel and ArcGIS®software we determined

median slope, median relief, and mean elevation of the drainage area. In addition, for the

Baragoi River catchment, precipitation data were determined from the Tropical Rainfall Mea-

suring Mission (TRMM) 2B31 data provided by NASA (Bookhagen and Strecker, 2008); in-

formation on the present-day vegetation cover was obtained from the Moderate Resolution

Imaging Spectroradiometer (MODIS) data of the USGS (ORNL DAAC, 2012).

4.5 Results

Charcoal and snail shells dated with the 14C method provided ages between 7,500 and 11,700

cal yrs BP (Table 4.1). The ages of the snails were corrected taking into account a lake reservoir

effect of 1900 years according to Junginger et al., (2014). The depositional age of the fluvial

sediments where sample BA1-08was collected (located at 479m asl) is of 8,570 cal. yr. BP (set

by sample BG08-31-75 located at 490m asl., Junginger and Trauth, 2013). For sample BA1-13

(located at 440 m asl), the age must be slightly older than ~11,720 cal. yr (cf. sample DM13-

BA1). Indeed, 14C sample DM13-BA1 was collected ~30 cm above 10Be sample BA1-13 and

both sampled strata were conformable (Fig. 4.3). The stratigraphic position of these samples

and their ages thus reflect the culmination of the African Humid Period in the Suguta Valley.

The ages are compatible with the timing of high lake levels in the Suguta Valley and lake-level

oscillations in northern Kenya during the African Humid Period (Garcin et al., 2009; 2012).

Our new paleo-denudation rates determined for samples BA1-08 and BA1-13 are 0.016 ±

0.001 and 0.062± 0.004 mm/yr respectively. They are therefore significantly higher than our

basin-wide erosion rates of 0.011± 0.001 mm/yr derived from present-day fluvial sands in

the Baragoi River, but they are comparable to independently derived paleo-erosion rates of
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Table 4.1 – Radiocarbon ages Baragoi section.

Sample ID Lat. Long. altitude1 Material2 14C age
Reservoir 

corrected3 uncertainity Cal. Age

(°N) (°E)  m a.s.l. (yr BP) (1900 yr) (cal. Yr BP)

KIA 36867 1.632 36.473 540.1 M 9210 7310 50 8160

KIA 36868 1.632 36.473 532.1 M 10295 8395 55 9500

KIA 36869 1.632 36.473 501.2 M 11200 9300 60 10520

KIA 36870 1.632 36.473 489.7 M 11450 9550 60 11040

KIA 42911 1.632 36.473 ~450 M 9910 9910 40 11250

DM13-BA1 1.632 36.473 ~440 C 10040 - 40 11540

DM13-BA2 1.632 36.473 ~440 C 10110 - 50 11720

1 DGPS and Garmin e-trex 30

3 Reservoir corrected following Junginger, (2011)

Table 4.1. Radiocarbon ages Baragoi section

2 Melanoides tuberculata(M), Charcoal ( C )

~0.04mm/yr based on volumetric calculations of deltaic and lacustrine deposits in the Baragoi

area (Garcin et al., in prep.).

The morphology of the Baragoi River drainage area is characterized by a median slope of

3.6◦, a median relief of 180 m, and a mean elevation of 1296 m. The maximum relief is ~1200

m. The mean annual precipitation (MAP) is ~500 mm/yr and the enhanced vegetation cover

index (EVI) is 0.15. The data are summarized in Table 4.2.

4.6 Discussion

Our paleo-erosion rates of 0.016 ± 0.001 and 0.062 ± 0.004 mm/yr suggest a two- to six-fold

erosion-rate increase during the African Humid Period compared to the present-day, basin-

wide erosion rate of 0.011 ± 0.001 mm/yr. Theoretically, higher erosion rates in this envi-

ronment could have been associated with an increase in relief contrasts resulting from uplift

along the rift flanks, including changes in river longitudinal profiles or the stream capture in

the basement-rock sectors of the rift shoulders. However, there is no evidence in support of

such changes in the fluvial network of the rift-shoulder catchment, nor is there any deposi-

tional, morphologic, or structural evidence for accelerated faulting during the earlyHolocene.

In general, the rates of normal faulting and extension appear to have been steady throughout

the late Pleistocene and the Holocene (Dunkley et al., 1993; Melnick et al., 2012). Assuming

that the size of the Baragoi River catchment, themorphologic characteristics, the exposure of

quartz-bearing rocks, and tectonic activity have not changed significantly over the short time

span of the Holocene, it appears more likely that changes in climate as well as potentially in

vegetation cover forced the increase in erosion rates.
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4.6 Discussion

The increase in early Holocene erosion rates is remarkable, given the fact that subsequently

to a marked dry period contemporaneous with the Younger Dryas event (Junginger et al.,

2014) Lake Sugutamust have been characterized by a rising base level, which finally stabilized

at ~300m above the present-day position of Lake Logipi (Garcin et al., 2009) - the present-day

shallowwater vestige of Lake Suguta. While a drop in base level is expected to result in a wave

of incision that may propagate far upstream, a rise in base level should cause deposition at

the channel outlet, and aggradation along a limited upstream extent (Schumm, 1993). The

base-level changes in the Suguta Valley were accompanied by the formation of the Baragoi

paleo-delta deposits coupled with upstream aggradation. This aggradation is documented

by thick conglomeratic fills that laterally expand to the outlet of the deeply incised Baragoi

gorge in the Mio-Pliocene volcanic rocks (Fig. 4.2). These early Holocene conglomeratic and

sandy fills were deposited over an erosional paleo-topography, where the Baragoi gorge had

reached a level of late Pleistocene/early Holocene incision comparable to the present-day.

Our new radiocarbon dates obtained from the basal sectors of the exposed Baragoi fill

record the onset of aggradation (Fig. 4.3) at ~11.7 ky. This age is in line with the well-dated

sequence of laterally equivalent lacustrine strata with sandy intervals farther north analyzed

by Junginger et al. (2014). Based on these relationships, we conclude that major changes

involving a rise in base level and faster erosion in the upstream catchment areas must have

taken place in the Suguta Valley during the early Holocene. In the context of regionally avail-

able data on the evolution of the African Humid Period (see Garcin for et al., 2012 for a re-

view), we suggest that the high paleo-erosion rates we measured from the Holocene deposits

resulted from an increase in precipitation and runoff. This inference is corroborated by the

documented strong variability of the hydrologic system in northern Kenya in response to the

precession-controlled changes in insolation (Garcin et al., 2009), which forced the African

Humid Period between 14.5 and 5.5 ka BP.

The inference of higher erosion rates being related to a climatic shift toward wetter condi-

tions during the AfricanHumid Period at first appears incompatible with our earlier studies of

modern erosion rates in Kenya and the Rwenzori Mountains (chapter 3). Modern erosion-rate

patterns in those areas suggest that regions characterized by an Enhanced Vegetation Index

of >0.35, typical of areas with higher rainfall and dense vegetation, record lower erosion rates

than dry regions with scarce vegetation cover and an EVI of <0.35. More specifically, these

studies revealed that for a given hillslope gradient, the highest erosion rates occur in those re-

gions of the rift that are characterized by low amounts of rainfall and intermediate vegetation

covers. Today, the Baragoi catchment is characterized by an EVI <0.35 and low erosion rates.

In this context, we hypothesize that environments that are characterized by low amounts of

rainfall and scarce vegetation cover would have been strongly impacted by erosive processes

during the initial stages of a wetter climate episode. It can be envisaged that a shift toward a

climate system with more frequent, stronger rainfall events would lead to increased stream
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4 Climate-controlled variability of Holocene erosion rates in the northern Kenya Rift

Figure 4.4– Lake level fluctuations during theHolocene in Baragoi. Relationship between denudation
rates and lake levels over time. Red dots denote radiocarbon ages of the Baragoi section. Gray circles
and black diamonds denote radiocarbon ages by Junginger et al., (2014) and Garcin et al., 2009.

power, downcutting, lateral scouring, and ensuing slope failures, causing higher sediment-

production rates. Such a scenario is compatible with our paleo-erosion rate data, particularly

with very high erosion rates low within the stratigraphy.

To explain the decrease in erosion rates upwardwithin the stratigraphy and to reconcile our

inferred paleo-environmental scenario of humid conditions and a more erosive climate dur-

ing the African Humid Period with the present-day low erosion rates in the densely vegetated

humid sectors of the rift flanks (Fig. 4.4), we suggest that there is a lag time in landscape

response to climatic forcing. We infer that the onset of wetter conditions during the early

Holocene strongly impacted the scarcely vegetated, partly barren land surface, which resulted
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4.7 Conclusions

from the preceding dry period contemporaneous with the Younger Dryas event, when Lake

Sugutawasmost probably desiccated (Junginger et al. 2014), and caused initially high erosion

rates. Over time, however, protracted humid conditions would have led to the establishment

of more stable hillslopes associated with denser vegetation. In analogy with the present-

day relationships between erosion rates and vegetation cover in Kenya, we suggest that the

early Holocene changeover to wetter conditions in a climatic threshold region caused an ini-

tial strong increase in erosion rates, superseded by a transition to environmental conditions

where weathering and soil formation (e.g., Knox, 1992) ultimately provided the substrate for

a denser and protective vegetation cover (e.g., Bull and Kirkby, 2002), which in turn led to a

decrease in erosion rates.

4.7 Conclusions

Cosmogenic 10Be-derived paleo- and modern catchment-mean denudation rates of fluvial-

lacustrine sediments of the Baragoi river catchment comparedwith reconstructed lake-levels,

document coupled changes in environmental conditions and erosion rates during the early

and middle Holocene in northern Kenya. Cosmogenic 10Be nuclide concentrations in sand

deposits of the Baragoi paleo-delta document a large increase in denudation rates during the

culmination of the African Humid Period, coinciding with a rapid shift to wetter climatic con-

ditions. We suggest that initially, increasing precipitation that resulted in the formation of

a 300-m-deep lake led to greater runoff and rapid hillslope erosion. To explain the observed

decrease in erosion rates during the middle Holocene (upsection), we suggest that persisting

wetter conditions may have ultimately led to increased vegetation cover in the area, which

would have helped to stabilize and protect hillslopes. Thus, a lag time likely existed between

the onset of wetter conditions and the establishment of dense, stabilizing vegetation cover

across the landscape. Present-day lower erosion rates may reflect precipitation-limited con-

ditions in the catchment today, as the sparse vegetation likely provides little protection of the

hillslopes from runoff erosion processes. We conclude that climate variability is a principal

factor modulating temporal variability of denudation rates in semi-arid regions, particularly

in equatorial East Africa.
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Chapter 5

Talas-Fergana Fault Cenozoic timing

of deformation and its relation to

Pamir indentation

Abstract

Regional strike-slip faults are widely distributed in continental interiors and play a

major role in the distribution of far-field deformation due to continental collisions.

Constraining the deformation history of the Talas-Fergana Fault (TFF), one of the

largest of such faults in the Himalayan deformed interior, is vital to comprehend the

hinterland kinematics of the India-Asia collision. New apatite fission track results

from the northwest Tien Shan define a rapid exhumation event at ~25 Ma. This event

is correlated with a synchronous pulse in the South Tien Shan, implying that both

ranges experienced a simultaneous onset of rapid exhumation. We suggest that strike-

slip motion along the TFF commenced at ca. 25 Ma, facilitating counter-clockwise ro-

tation of the Fergana basin and enabling exhumation of the linked horsetail splays.

Pamir indentation, located south of the Western Tien Shan, is postulated to be under-

way by ~20 Ma. Recently published results suggest synchronous strike-slip deforma-

tion in the western Tarim basin and eastern flank of the Pamir. Based on our results

and published data we are able to connect Tarim and Pamir deformation to the onset

of TFF slip. We suggest that this preexisting regional structure was responsible for

transferring Pamir-induced shortening to the northwest Tien Shan.

5.1 Introduction

The Tien Shan is a ca. 2500 km long range with peaks up to 7400 m extending from Uzbek-

istan and Kyrgyzstan far into western China (Fig. 5.1). It is one of the best examples of an

intracontinental orogen and has been intensively studied to understand the far-field effects
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of continental collision (e.g., Molnar & Tapponnier 1975, Allen et al. 1991, Hendrix et al.

1994) and the role of pre-existing discontinuities in a deforming orogen (e.g., Jolivet et al.

2010; Selander et al. 2012; Macaulay et al., 2013). However, most of the scientific efforts

have been focused on the Eastern (Chinese) Tien Shan (e.g., Allen & Vincent 1997; Yin, et al.

1998; Dumitru et al. 2001; Chen et al. 2007; Sun et al. 2009) and the Central (Kyrgyz) Tien

Shan (e.g., Abdrakhmatov et al. 1996; Cobbold et al. 1996; Sobel et al. 2006a and b; De Grave

et al. 2011; Macaulay et al. 2014); far less research has been published on the Cenozoic tec-

tonic evolution of the Western (Kyrgyz) Tien Shan. Note that the Chinese literature typically

subdivides the Tien Shan differently (e.g., Wang et al. 2011).

The ~2000 km long Talas-Fergana Fault (TFF) is one of the best examples of a reactivated

intracontinental strike slip fault; it forms themost prominentmorphologic feature within the

Western Tien Shan. Within continental interiors, strike-slip faults often move in response

to distal plate collisions and have long histories punctuated by episodic reactivation (e.g.,

Burtman et al. 1996; Gilder et al. 1999; Yin et al. 2002). Constraining the spatio-temporal

distribution of activity along such faults is crucial for understanding howoblique deformation

is accomodated in transpressional settings. In the last decade, bedrock exhumation has been

used as a powerful tool to quantify transpressive deformation (e.g., Spotila et al. 2007; Niemi

et al. 2013). In strike-slip settings, restraining bends and horsetail splays accommodate local

contraction and focus transpressional deformation (e.g., Cunningham&Mann 2007); hence,

these present an optimal target for constraining the timing of transpressive deformation.

The past few years has seen a spate of new studies focused on the geologic and geodynamic

understanding of the Pamir (e.g., Cowgill 2010; Schmidt et al. 2011; Sippl et al. 2013; Sobel

et al. 2013). However, the area just to the north, the Pamir-Alai basin-Tien Shan junction,

has received much less attention than other parts of the India-Asia collision zone. On the

other hand, these novel contributions have focused on the development of the Pamir and

rarely explore the distal effects of this deformation on the Tien Shan. Although significant

shortening was accommodated north of the intracontinental subduction zone (e.g., Avouac

et al. 1993; Cobbold et al. 1996), the timing of these processes in the Western Tien Shan

remains obscure. The scale of late Cenozoic geodynamic changes that are proposed for the

Pamir area (e.g., initiation of subduction) should have had a direct effect on the development

of the Tien Shan.

In this contribution we focus on constraining the timing of Cenozoic deformation in the

Western Tien Shan. To do this, we present new low-temperature thermochronology data for

the Chatkal, Ugam, Shandalash, Talas and Fergana Ranges (Fig. 5.1). Based on our results

and integrating the database with published ages, we evaluate and constrain the onset of

Cenozoic exhumation in the Western Tien Shan. The pre-existing TFF had an important role

in how shortening was accommodated there, developing horsetail splays at both ends of the

TFF. Finally, we integrate recent models of Pamir geodynamics, published data, and our new

74



5.2 Geologic setting

results to derive a reinterpretation of the kinematic style of deformation in this part of the

India-Asia collision zone.

5.2 Geologic setting

5.2.1 Western Tien Shan

In terms of topography, morphology and location the Tien Shan can be separated into three

sectors: the Western, Central and Eastern Tien Shan (Fig. 5.1). At the same time, in terms of

geologic history, theWestern andCentral Tien Shan can be divided into theNorth,Middle and

SouthTien Shan,mostly based on the Paleozoic evolution. The description and analysis of the

Tien Shan Paleozoic history is out of the scope of the present contribution. Comprehensive

review papers are available (e.g., Şengör et al. 1993; Wang et al. 2006a; Windley et al. 2007;

Xiao et al. 2008; Burtman 2010). The geologic Tien Shan units trends roughly east - west and

are represented across the different topographic Tien Shan units described previously (Fig.

5.1).

The Western Tien Shan and the Central (Kyrgyz) Tien Shan are separated by the NW-SE

trending Talas-Fergana Fault (TFF, Fig. 5.1). The present day morphology of the Tien Shan is

strongly influenced by Paleozoic andMesozoic structures. According tomany proposedmod-

els (e.g., Şengör et al. 1993; Wang et al. 2006a; Windley et al. 2007; Xiao et al. 2008; Burtman

2010), the Paleozoic Tien Shan represents the amalgamation of a number of terranes that

formed distinctive tectonic zones. In the Western Tien Shan, three main tectonic zones can

be distinguished by lithology and geologic history. Thewestern termination of theNorth Tien

Shan (NTS) is formed by the Talas mountains. This range predominantly consists of Precam-

brian and early Paleozoic metamorphosed sedimentary rocks (Voytenko & Khudoley 2012).

The Middle Tien Shan (MTS) is represented by the Chatkal Ranges and lies in the northern

and northwestern part of our study area. In the term Chatkal Ranges we include the Chatkal

Range itself, the Shandalash Range and the Ugam Range, all located in the northwestern sec-

tor of the Tien Shan mountains. The MTS is composed of Early Paleozoic passive continental

margin sedimentary sequences and Devonian-Carboniferous magmatic rocks (Seliverstov &

Ghes 2001; Seltmann et al. 2011). The South Tien Shan (STS) is a late Paleozoic highly de-

formed accretionary belt (e.g., Biske & Seltmann 2010; Loury et al., in press). Ophiolites and

related metamorphic rocks delineate a major late Carboniferous suture zone (e.g., Hegner et

al., 2010) (South Tien Shan suture) along the southern margin of the Paleozoic Kazakh conti-

nent (Burtman 1975). The STS has been displaced by the right lateral TFF, forming a regional

sigmoid (Lesik & Mikolaichuk 2001) and constitutes the southern (Alai Range) and eastern

(Fergana Range) sectors of the Western Tien Shan (Burtman 1975). Late Paleozoic strike-slip

displacement primarily occurred during the Permian, when the whole Tien Shan experienced
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significant transpressional deformation (Bazhenov&Mikolaichuk 2004; Alexeiev et al. 2009;

Konopelko et al. 2013; Rolland et al. 2013).

During the Mesozoic and early Cenozoic, parts of the Tien Shan were periodically reacti-

vated in response to distal collisions (e.g., Hendrix et al. 1992; Sobel & Dumitru 1997; Du-

mitru et al. 2001). In the Western Tien Shan, transtensional basins formed along the TFF

during the Jurassic, and accommodated thick sedimentary successions associated with sig-

nificant accumulation of organic-rich clastic deposits (e.g., Burtman et al. 1996; Sobel 1999;

Allen et al. 2001). Unfortunately, the extent and magnitude of Cretaceous deformation re-

mains poorly understood in the Western Tien Shan. However, the adjacent Central (Kyrgyz)

Tien Shan experienced >100 Myr period of tectonic quiescence during the late Mesozoic and

early Cenozoic (Afonichev & Vlasov 1984; Bullen et al. 2003; Sobel et al. 2006b; De Grave

et al. 2011; Glorie et al. 2011; Macaulay et al. 2013). This event is registered by low relief

unconformities exposed at high elevations and used as structural markers of the subsequent

Cenozoic deformation (e.g., Cobbold et al. 1996, Macaulay et al. 2013). In our study area, a

clear example of this surface is present on the northern slope of the Chatkal Range.

During the early Cenozoic, regionallywell-correlatedmarine transgressions occurred in the

Paleocene–Eocene (Bosboom 2013; Bosboom et al. in press and refs therein). These trans-

gressions are linked to the Paratethys sea that was open to thewest, including theAmuDarya,

Tajik, Fergana and Tarim basins in Central Asia (Popov et al. 2004). The Cenozoic fill of the

Fergana basin is up to 8 km thick in the central part of the basin (Clarke 1984). Outcrops

of Cenozoic sediments are much thinner along the basin borders. In the northern part of

the basin, the outcropping section is around 1.2 km thick, mostly comprised of the Massaget

Formation (~800 m). This unit is characterized by upward coarsening and thickening nonma-

rine red beds (Fig. 5.2). Massaget strata are strongly tilted to the south (~75◦) and are cut by

an impressive subhorizontal angular unconformity. The age of the Massaget Formation was

traditionally considered to be Oligo-Miocene (Pg3 -N1ms) (Artyomova et al. 1971). This de-

termination is based on unconformable relations on both the top and bottom of the unit and

regional correlations. Recent biostratigraphic work (Bosboom 2013; Bosboom et al. in press

and refs therein) confirms a late Eocene age for the uppermost part of the immediately under-

lying Fergana Group (Fig. 5.2), supporting the previous age estimates. The Pliocene? Baktriy

Formation unconformably overlies the Massaget Formation. Similar time-transgressive syn-

tectonic sequences have been described in the NW Tarim basin (e.g., Heermance et al. 2008)

and in the Issyk Kul basin (Macaulay et al. 2014, Wack et al. 2014).

5.2.2 The Talas-Fergana strike-slip Fault (TFF)

The TFF extends from the western Tarim basin in the southeast to the Turgay basin in the

northwest. At ~2000 km long, it is one of the largest intracontinental strike-slip faults on

Earth. Traditionally, it is subdivided into two segments, the Karatau segment to the north
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Figure 5.1 – Shaded relief image of the Tien Shan and Pamir with superimposed major structures,
isopach contours for the late Oligocene-early Miocene Kezilouyi Fm. and thermochonologic data.
Filled circles reflect new AFT ages, diamonds available published AFT data and squares available pub-
lished apatite (U–Th)/He ages; color denote ages based on the shown scale. Only published ages be-
tween 20–30Ma are displayed to highlight the locations where an Oligo-Miocene exhumational event
was recorded. Labels in light yellow are vertical profile locations. Thermochronology ages are from
Sobel & Dumitru (1997); Schmalholz (2004); Sobel et al. (2006a); Amidon & Hynek (2010); Glorie
et al. (2011); De Grave et al. (2012); Chang et al. (2012) and this study. Structures modified from
Vlasov et al. (1991); XBGMR (1993); Bakirov et al. (2001) and Cowgill (2010). Isopachs contours from
Hao et al. (2002). Black point with large arrow shows Fergana basin pivot-axis of rotation (Thomas
et al. 1993). South Tien Shan suture (STSs) drawn in purple. Dashed box shows location of Figure
3. Inset map shows location of Figure 1 in the Himalayan - Central Asian region. Transparent burnt
orange polygon in inset shows the location of the Tien Shan Range. WTS is Western Tien Shan, CTS
is Central (Kyrgyz) Tien Shan, ETS is Eastern (Chinese) Tien Shan, TFF is Talas-Fergana Fault, SYF is
Shache-Yangdaman Fault, KYTS is Kashgar Yecheng Transfer System and KF is Karakax Fault.
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and the proper Talas-Fergana segment to the south (e.g., Burtman 1980; Rolland et al. 2013).

The TFF formed in the late Paleozoic –Early Mesozoic (Burtman 1980; Alexeiev et al. 2009;

Konopelko et al. 2013; Rolland et al. 2013) and was reactivated in the Jurassic and Cenozoic

(Bazhenov 1993; Burtman et al. 1996; Sobel 1999; Allen et al. 2001; Konopelko et al. 2013;

Rolland et al. 2013). The maximum net displacement along the TFF reaches ~200 km, based

on the offset of the Carboniferous South Tien Shan suture (STSs) (Fig. 5.1) and related units

(Burtman 1980).

During the Cenozoic, displacement only occurred along the southern segment of the fault

(Thomas et al. 1993). The overall magnitude of Cenozoic displacement is poorly constrained.

The apparent offset of Cretaceous conglomerates with similar compositions suggests ~60 km

of displacement (Verzilin 1968; Burtman et al. 1996). Thomas et al. (1993) suggested a Ceno-

zoic displacement of 100 ± 60 km along the TFF based on vertical-axis rotation measured

on Tertiary red beds in the Fergana basin. Given the triangular shape, the counter-clockwise

sense of rotation of the Fergana basin and the Cenozoic displacement measured on the TFF,

many authors proposed thatmuch of slip on the TFFwas absorbed by crustal thickening in the

Chatkal Range (Cobbold & Davy 1988; Thomas et al. 1993; Burtman et al. 1996; Zubovich et

al. 2010). According to Burtman (1980) and Trifonov et al. (1992), around 10 km of displace-

ment occurred since the Pleistocene based on the offset of geomorphic markers. However,

geodetic GPS shows very slow (< 2 mm/yr) active slip (Zubovich et al. 2010).

The southern termination of the Cenozoic TFF has long been considered to lie in the Kok-

shal range, which comprises a portion of the South Tien Shan (STS). AFT data from the Kok-

shal and At-Bashi ranges show that exhumation and hence deformation was underway by ~25

Ma (Sobel et al. 2006a; Glorie et al. 2011). A sequence of magnetostratigraphically-dated

growth strata show that shortening in this area propagated rapidly southward into the Tarim

basin between 16.3 and 13.5 Ma (Heermance et al. 2008).

Recently, a southern prolongation of the TFF has been described from the subsurface of the

Tarim basin (Wei et al. 2013). Seismic reflection data show flower structures aligned across

this lineament, which is named the Shache-Yangdaman right-slip Fault (SYF). This structure

was active syn-depositionally with the Wuqia group (late Oligocene – late Miocene), which

is subdivided into three formations: Kezilouyi, Anjuan and Pakabulake. Facies analysis and

isopach patterns suggest that a 6-km-thick transtensional basin (Yecheng subbasin) formed

in between the SYF and the dextral slip Kashgar Yecheng Transfer System (KYTS). Subsidence

possibly commenced during deposition of the poorly dated late Oligocene – early Miocene

Kezilouyi Formation (Hao et al. 2002); and was certainly rapid from 21-17 Ma during depo-

sition of the Anjuan Formation (Wang et al. 2006b). Accumulation in the basin continued

during middle to late Miocene with deposition of the over 3 km-thick Pakabulake Formation

(Wei et al. 2013). The Anjuan and lower Pakabulake Formations include deep water turbiditic

lacustrine strata in the subsurface (Zhou et al. 1984), suggestive of a deep, localized, rapidly
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subsiding pull-apart basin (Wei et al. 2013). The seismic data suggests that the structure

became inactive and then was briefly reactivated during deposition of the Pliocene (?) Xiyu

Formation. The structure is now inactive and buried beneath thick Quaternary deposits, ex-

plaining why it’s significance had not previously been appreciated.

5.3 Methodology and samples

5.3.1 Apatite fission track (AFT) rationale

Thismethod relies on the fact that fission-tracks format a constant rate from the spontaneous

fission of 238U and are subsequently shortened andmay eventually disappear at temperatures

above ca. 110◦C (e.g., Gallagher et al. 1998). As a result, the track length distribution is a

sensitive monitor of a crystal’s thermal history. Significant annealing occurs between ca. 60-

110◦C, the partial annealing zone (PAZ). Where rocks were buried to sufficient depth that the

temperature exceeds the total annealing temperature (Ketcham et al. 1999), the fission track

clock was reset to zero and fission track data record information on the time-temperature

cooling path of the sample as it cooled below this temperature during subsequent exhumation

(e.g., Green et al. 1989). Track-length data are useful because they allow comparisons with

forward modeling of the thermal histories (e.g., Ketcham 2005).

5.3.2 AFT methodology

AFT analysis was carried out on 26 samples; horizontal confined fission track lengths were

measured in 25 of these. Kinetic properties were assessed for every crystal counted or con-

taining confined tracks by measuring at least 4 Dpar (Donelick et al. 2005) that were aver-

aged and corrected following Sobel & Seward (2010). AFT ages were calculated following the

procedures of Galbraith (1981) using the MacTrackX software. Most AFT ages are based on

ca. 20 grains. However, 3 samples contained less than 16 countable grains, resulting in AFT

ages with larger errors. Ages are reported as pooled ages (±1σ) because they all pass the

Chi-squared test ( > =5%). As many horizontal confined fission tracks (tracks-in-tracks) as

possible were measured. To increase the number of measured horizontal confined tracks, ad-

ditional mounts of 16 samples were irradiated with heavy ions (Jonckheere et al. 2007). The

complete dataset and the detailed methodology description is included in the supplementary

material (see Appendix D); the data is summarized in Table 1.

5.3.3 Age-elevation relationships (AERs)

AERs of samples collected at regular intervals along steep topographic profiles are commonly

used to date increases in exhumation and quantify exhumation rates (e.g., Gallagher et al.
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Figure 5.2 – Generalized Cenozoic stratigraphic section of the northern Fergana basin. Section sim-
plified from log measured at the northeast corner of the basin.
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2005). Typically, an increase in exhumation rate will result in a break-in-slope on an age-

elevation plot (e.g., Fitzgerald et al. 1995), providing the chance of constraining the onset

of that event. When possible we sampled following vertical profiles. We also collected spot

samples to extend the areal coverage and spatial distribution of our dataset. Vertical profiles

and spot samples will be addressed below in the geographic context of the respective ranges.

5.3.4 Thermal modeling

Thermal modeling was performed on 15 samples using the HeFTy (v.1.7.5) program (Ketcham

2005). This softwaremodels individual sample’s time-temperature history by generating syn-

thetic data, which is then compared to the observed data and evaluated using Kuiper’s statis-

tics (Ketcham 2005). The main aim of the modeling was to identify and date cooling rate

variations. Input for the models includes AFT ages, Dpar values, track lengths, and the angle

between each track and the crystallographic c-axis. Models were first run with minimal con-

straints. In cases where apparent inflection points were depicted, constraint boxes were set

and shifted to test the model’s goodness and reliability. Selected model results are presented

below.

5.4 Results

Significant variations in thermochronological age distribution are foundbetween ranges (Figs.

5.1 and 5.3). In the following sections we will discuss these variations systematically, starting

from the north and moving towards the south.

5.4.1 Talas Range

In this range we collected a 4 sample vertical profile (TA, Fig. 5.1) near the headwaters of

the Besh-Kol river, located just east of the TFF (Fig. 5.3). We sampled Proterozoic metased-

imentary rocks over a vertical range of 550 m. AFT ages are tightly clustered between 25.4

± 2.9 and 22 ± 3.1 Ma. The highest elevation sample (10TR04) presents the shortest mean

track length (10.6 µm) and all samples pass the Chi-squared test. The AER (Fig. 5.4A) of

these does not reveal a break-in-slope to define the onset of rapid cooling. This is probably

related to the limited relief found in this zone. However, the clustering of ages across 550 m

of elevation (Table 5.1) and the moderately steep slope of 0.14 mm/yr of the AER point to a

relatively rapid exhumation event around the Oligo-Miocene for the Talas range. Moreover,

time-temperature histories derived from thermal modeling (Fig. 5.4) of ages, track-length

distributions, and Dpar (Table 1) of two samples from the Talas Range profile help to con-

strain the onset of rapid cooling. Thermalmodelling of the bottom sample (10TR02, Fig. 5.4C)

shows a rapid cooling event starting by 22Ma; together with long confined lengths (13.6 µm),
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Figure 5.3 – Geologic and tectonic map of the northwestern Tien Shan (modified from Bakirov et al.
(2001) and Voytenko & Khudoley (2012)) showing locations of new AFT samples; color denote ages
based on same scale as Figure 1; ages with 1 sigma errors (in Ma) are in white boxes. Labels in light
yellow are vertical profile locations. TFF is Talas-Fergana Fault.

this implies that it is a fully reset sample. In comparison, sample 10TR05, from 350m higher,

has shortened lengths (11.7 µm) and the time-temperature paths better defines a younger

rapid cooling episode (Fig. 5.4B). We interpret the latter as a partially reset sample located at

the very bottompart of the PAZ. Therefore, between these two samples we can place the lower

section of the PAZ, providing a robust constrain of the initiation of rapid exhumation in the

Talas Range at 23 ± 3 Ma. Modeling of sample 10TR05 also shows a younger (~5 Ma) event,

but that modeled episode is not robust because is based in a just a few long track lengths. The

lack of an obvious kink in the age-elevation plot is likely due to the exhumation rate and the

size of the profile. To complete the picture, a fifth sample comes from the northernmost sec-

tor of the Talas Range, in the hanging-wall of the S-SW dipping frontal thrust. This sample

yielded an AFT age of 25.2 ± 2.8 Ma with relative long track lengths (13.6 µm), suggesting a

fully-reset sample that was cooling rapidly during the latest Oligocene-early Miocene.

5.4.2 Chatkal Ranges

In this section we will present 16 new AFT ages from the Ugam, Shandalash and Chatkal

Ranges, all located west of the TFF in the Western Tien Shan. We sampled the Ugam Range

in two sectors: one close to the TFF (UG1, Fig. 5.3) and a second one (UG2, Fig. 5.1) ~65 km

along strike to the SW. Both profiles are in the hanging-wall of the same structure. In the
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Figure 5.4 – A: Age-elevation relationships from the Talas Range vertical profile. Age errors are 1-
sigma. Apparent exhumation rate based on the gradient of the AER trendline and shown in italics.
B and C: Time-temperature histories obtained by thermal modeling using HeFTy software (Ketcham
2005) of samples 10TR02 and 10TR05, respectively. Unconstrained part of the models represented
by transparent polygons. Dashed boxes are model input constraints. Inset shows histogram of track-
length distribution.
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first group, we collected 3 samples from Upper Paleozoic granites (Fig. 5.3). This location

contains the northernmost samples in this study, distributed between 3456 m and 2082 m in

elevation. The AFT ages range between 51.5 ± 2.8 and 27.5 ± 3.2 Ma, without a clear break-

in-slope. However, the bottom sample (10UM14) has the youngest age and the longest mean

track length value (12.9 µm) as expected for a sample located at a relatively lower section of

an exhumed PAZ. The age (27.5± 3.2Ma) is comparable to the higher-elevation samples from

the neighboring Talas Range (23± 3Ma), suggesting that sample 10UM14 also represents the

very bottom part of the PAZ. Therefore, we conclude that the Ugam Range samples represent

an uplifted PAZ with no analyzed totally reset ages. In turn, this suggests that this range has

experienced less exhumation than the Talas Range.

At vertical transect UG2, we collected samples from a Carboniferous granitic pluton thrust

on top of Cenozoic sedimentary rocks. Three samples distributed over a vertical separation

of 626 m yielded apatite grains. The AFT ages range between 43.6± 3 and 30.1± 2.3 Ma. The

mean track-length values are spread between 11.5 and 12 µm. TheAFT ages together with the

shortened track length values suggest that the samples spent significant time in the PAZ and

were not fully-reset during the Cenozoic. Compared to the UG1, the UG2 samples represent

a shallower portion of the PAZ and therefore the exhumation in this area is less significant.

The vertical profile (SH, Fig. 5.1) in the Chatkal zone lies on the south side of the Shan-

dalash range, between its crest and the Chatkal River (Figs. 5.3 and 5.5A). In this section,

Proterozoic and Lower Paleozoic rocks are thrust on top of Upper Paleozoic units. We col-

lected 4 samples from Proterozoic granites and Cambrian tillites in this structural block. The

AFT ages group between 24.5 ± 2.6 and 29.8 ± 2.4 Ma. The clustering of four ages across ca.

550 m of elevation together with the moderately steep slope (0.14mm /yr) of the AER (Fig.

5.5A) point to a rapid exhumation event occurring around the Oligo-Miocene boundary. Al-

though this vertical profile lies to the west of the TFF, the data are remarkably similar to that

derived from profile TA in the Talas Range, east of the TFF. The similar apparent exhumation

rates of these two profiles is likely caused by similar tectonic rates and erosional processes.

We collected a fifth sample in Devonian sedimentary rocks north of the Chatkal River, south

of the other four samples (Fig. 5.3). However, this sample lies in a different structural block

and shows a significantly younger AFT age (11 ± 2 Ma) and longer mean track-length value

(13µm). Therefore, we interpret it as a fully-reset age reflecting a LateMiocene exhumational

event, propagating deformation locally to the south. Although we have little data reflecting

this relatively young event in our study area, it is broadly represented in the Central Kyrgyz

Tien Shan (Bullen et al. 2003; Sobel et al. 2006b; Macaulay et al. 2013).

Finally, we collected 5 spot samples along the Chatkal Range distributed roughly along a

transect perpendicular to the tectonic strike (Fig. 5.1). A north-dipping erosional surface can

be traced on the northern side of the Chatkal Range. Samples collected in this area from Car-

boniferous granites and Lower Paleozoic gneisses yield Mesozoic (124±7 and 120±7Ma) AFT
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ages with relatively large mean track-length values (12.8 µm). Thermal modeling of sample

10CK34 (Fig. 5.5B) suggests that these ages represent the tail end of a Late Mesozoic cooling

event followed by a limited younger cooling episode. Those samples might reflect the same

Late Mesozoic cooling event that is present in other parts of the Tien Shan (e.g., Dumitru

et al. 2001; Jolivet et al. 2010; Glorie et al. 2011, De Grave et al. 2011). After this event,

samples spent around 100 Ma at 60 – 70◦C in the PAZ until an increase in the exhumation

rate roughly around 25Ma cooled them to surface temperature. Finally, we collected samples

on the southern slope of the Chatkal Range fromDevonian sandstones in the hanging-wall of

themain south vergent thrust. These samples yield early Paleogene (65±5 and 51±6Ma) AFT

ages and pass the Chi-squared test. These are partially reset ages representing the exhumed

PAZ located in southern slope.

5.4.3 Fergana Range

We sampled the range in its north-western sector (Fig. 5.1). The northern Fergana Range

is crossed by a left-lateral strike-slip fault that merges with a thrust fault dipping to the east

(Kalmetieva et al. 2009). The latter thrust places Paleozoic sedimentary rocks on top of Ceno-

zoic sediments. We collected 5 samples from an 1845m vertical profile (FE, Fig. 5.1 and 5.6A)

from Late Paleozoic units. AFT Ages range between 16 ± 2 and 43 ± 3 Ma. All samples pass

the Chi-squared test, representing single populations. The AER (Fig. 5.6A) presents a classic

kinked profile. The bottom 4 samples are relatively young and form a steep area reflecting a

high exhumation rate (0.19 mm /yr). The uppermost sample does not follow this trend; it is

significantly older and probably represents the base of the PAZ. At first sight, one of the lower

samples (10SU61) is too young for this trend (Figure 5.6A). However, this sample has a smaller

Dpar value than the other samples. The Dpar value is a measure of the annealing kinetics of

the apatite grain (Donelick et al. 2005); lower Dpar values indicate low annealing resistance

(Carlson et al. 1999) and hence yield younger ages. Because Sample 10SU61 is less resistant

to annealing, it has a younger age than the adjacent, more annealing-resistant samples.

The relation of the 5 samples in the AER draws a well-defined break-in-slope dating the

exhumational increase at ca. 23±3Ma (Fig. 5.6A). Thermalmodeling from the highest sample

(Fig. 5.6B) shows a slightly linear path with a subtle break in the slope at around 20 Ma.

Thermal modeling yields time-temperature paths from sample 10SU62 (Fig. 5.6C) showing

slow cooling in the Paleogene with a major increase in cooling rate at ca. 25 Ma. This event

is relatively short and slow cooling is reestablished after 20 Ma. These models confirm the

interpretation based on the AER, placing an increase in the cooling rate at 25 ± 3 Ma. This

event correlates well with the contemporaneous deformation to the north described in the

previous sections.
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Figure 5.5 – A: Age-elevation relationships from the Shandalash Range vertical profile. Age errors are
1-sigma. Apparent exhumation rate based on the gradient of the AER trendline and shown in italics.
B: Time-temperature histories obtained by thermal modeling using HeFTy software (Ketcham 2005)
of samples 10CK34, collected in the axial zone of the Chatkal Range; this sample is not included in SH
vertical profile. Unconstrained part of the model represented by transparent polygons. Dashed boxes
are model input constraints. Inset shows histogram of track-length distribution.
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Figure 5.6 – A: Age-elevation relationships from the Fergana Range vertical profile. Age errors are
1-sigma; numbers between brackets are Dpar values. Apparent exhumation rate based on the gradient
of the AER trendline and shown in italics. B and C: Time-temperature histories obtained by thermal
modeling using HeFTy software (Ketcham 2005) of samples 10SU64 and 10SU62, respectively. Un-
constrained part of the models represented by transparent polygons. Dashed boxes are model input
constraints. Inset shows histogram of track-length distribution.
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5.4.4 Interpretation

AFT ages and thermal modeling of the Talas Range samples show that the range was rapidly

being exhumed by the latest Oligocene, both near the TFF and at its northern termination.

Based on this data and the geometrical relation of theTFF and the structural lineaments of the

Talas Range (Fig. 5.3), we interpret the zone to be a pop-up structure kinematically-related

to the TFF. Many of the NE-vergent thrust faults in the Talas Range, including the frontal

thrust, might be curvilinear concave-down reverse faults that steepen at depth (e.g., McClay

& Bonora, 2001) rooting into the TFF. Similar structures are described in the Central (Kyrgyz)

Tien Shan (e.g., Selander et al. 2012; Macaulay et al. 2013). This relation implies that the

exhumation of the Talas Range is mostly controlled by a coupled strike-slip/thrust system.

The form of the Shandalash Range vertical profile (SH, Fig. 5.1 and 5.5A) suggests a rapid

exhumation event commencing near theOligo-Miocene boundary. In this sector, the geomet-

rical relationship of the reverse faults with themain TFF (Fig. 5.3) supports the interpretation

that the eastern Chatkal Ranges formed as horsetail splays connected to the TFF. Moreover,

the timing of exhumation given by vertical profile SH is contemporaneous with the deforma-

tion in the Talas area, suggesting that strike-slip movement along the TFF is responsible for

the uplift of the Talas pop-up structure and the development of horsetail splays in the Ugam,

Shandalash and Chatkal Ranges.

In the Chatkal area the maximum exhumation is found close to the TFF. AFT ages and

thermal modeling from the Ugam Range samples show that only the structural depth corre-

sponding to the PAZ has been exhumed; no fully reset samples representing larger amounts

of exhumation have been analyzed from this area. Moreover, comparing samples along strike,

we can conclude that the amount of exhumation decreases while moving away from the TFF.

Thismight be related to a lateral gradient of slip on the horsetail splays, with only limited slip

to the SW and increasing towards the NE. This gradient is actually an exhumation gradient.

The further from the rotation pivot point, the more shortening needed to accommodate in

the Chatkal ranges.

In the Chatkal Range itself, AFT ages become relatively younger towards the southern side

of the range (65 and 51 Ma), representing progressively deeper portions of an exhumed PAZ,

similar to the Ugam Range. Like the Ugam and Shandalash, the Chatkal Range is bounded

to the south by a north-dipping fault. As expected, exhumation is higher close to the faults.

Structurally deeper rocks on the southern side of this range are exhumed to the surface, while

to the north, the preserved erosion surface with late Mesozoic AFT ages (120 and 124 Ma)

records far less Cenozoic exhumation.

In turn, the Fergana Range sampling site is located near the junction of active strike-slip

and thrust faults (Fig. 5.1). Just from this structural setting and the sample locations, it

is clear that the exhumation recorded by this vertical section should reflect the combina-

tion of strike-slip and dip-slip mechanisms. Furthermore, the timing of exhumation in this
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area suggested by the AER (Fig. 5.6A) is contemporaneous with the Talas and Shandalash

Ranges. Integrating all of the evidence presented above, we conclude that the north Western

Tien Shan experienced a regional deformation episode near the Oligo-Miocene boundary, in

which a linked strike-slip thrust system developed. Strike-slip displacement along the TFF

induced several changes: it exhumed the Talas Range as a positive flower structure, exhumed

the northern Fergana Range with a combination of strike-slip and reverse faulting, and de-

veloped the Ugam, Shandalash and Chatkal horsetail splays with higher exhumation close to

the main strike-slip fault, as expected from a linked strike-slip thrust system. In comparison,

exhumation further to the west along the strike of the Chatkal ranges must be dominantly

compressional. However, deformation in the entire range should be a response to the same

geodynamic driver.

5.5 Discussion

5.5.1 Talas-Fergana Fault Cenozoic chronology

According toThomas et al. (1993), the Fergana basin experienced significantCenozoic vertical-

axis rotation. Paleomagnetic samples from the Oligo-Miocene Massaget Formation sampled

at four localities around the basin show 20 ± 11◦ of counter-clockwise rotation in relation

to the stable Issyk Kul area, located to the NE (Thomas et al. 1993). This implies that the

change in declination happened during or after deposition of the coarsening-upwards Mas-

saget Formation. Certainly the extreme tilting of Massaget beds in the northern sector of

the basin suggests a strong tectonic event during deposition of the unit or shortly there-

after. Although the available age constraints for the Massaget Fm. are limited, the suggested

depositional time interval overlaps with the rapid exhumation period proposed for the TFF

horsetail splays. Therefore, the published paleomagnetic data and field relations lead us to

consider the Massaget Formation as a syn- or pre-tectonic unit. Interestingly, the sediments

on top the unconformity are subhorizontal, implying that syn-rotational deformation was

almost finished before deposition of the Baktriy Formation or has continued at slower rates

since then. This latter interpretation is consistent with modern GPS vector data (Zubovich et

al. 2010).

The counter-clockwise sense of rotation is consistent with the right-lateral slip of the TFF.

Since the Fergana basin is bounded by the TFF, we concur with Thomas et al. (1993) that

the rotation was absorbed by right-lateral slip along the TFF coupled with shortening in

the Chatkal ranges. Our new data suggests that much of this slip occurred during the late

Oligocene - early Miocene. The documented onset of exhumation in the STS at ca. 25 Ma

(Sobel et al. 2006a; Glorie et al. 2011) was synchronous with the exhumation that we have

constrained at the Talas and Shandalash ranges. Even though the NW Tien Shan lies ca. 400

km away from the Kokshal and At-Bashi Ranges, they all have a synchronous Cenozoic onset
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5 Talas-Fergana Fault Cenozoic timing of deformation and its relation to Pamir indentation

Figure 5.7 – Schematic cartoon showing the tectonic evolution of the region. In grey, areas of active
sedimentation; inwhite uplifted areas; dark grey line SouthTien Shan suture (STSs). A: Early Cenozoic
location of the TFF, displaced STSs and speculative location of the KYTS and SYF. B: Commencing ~25
Ma, Pamir indentation driven shortening provoked compression and strike-slip displacement along
the KYTS and SYF. Between these structures a pull-apart basin developed (Yecheng subbasin). Simul-
taneously, compression is absorbed by the TFF and transpressive horsetail splays develop in both ends
of the fault and the Fergana basin experienced counter-clockwise rotation.

of exhumation. This situation could be explained if the localities are kinematically connected.

Wepropose that both the northWestern Tien Shan and STS east of the TFF are horsetail splays

connected to themain strike-slip fault. We suggest that slip along the TFFwas responsible for

inducing exhumation at the proposed horsetail splays (Fig. 5.7). Moreover, the coincidence of

pre-existing Paleozoic andMesozoic structures with Cenozoic activity of the TFF implies that

reactivation of favorably oriented structures must play a substantial role in how deformation

was accommodated and how efficiently it was transmitted to the north.

Frequently, the initiation of horizontal strike-slipmotion is hard to date because it does not

produce substantial exhumation. However, in this case, the small size of the rotating block

and the close proximity of the rotational pivot-axis (Fig. 5.1) mean that strike-slip move-

ment and compression are expected to be synchronous with the onset of rotation. This local

configuration allows us to date the initiation of strike slip displacement at ca. 25 Ma.

5.5.2 Connection to Pamir indentation

Indentation of the Pamir was underway by ~20 Ma based on AFT ages along the Kashgar

Yecheng Transfer System (KYTS) (Sobel & Dumitru 1997). Recent stratigraphic work (Klocke

et al. in press) in the northernTajik basin suggests lateOligocene uplift of the northern Pamir.

Those changes are a consequence of a south-dipping subduction zone at the northernmargin

of the Pamir, which is proposed to have initiated during the latest Oligocene- early Miocene

(Burtman &Molnar 1993; Sobel et al. 2013). The northward indentation of the Pamir salient
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was accommodated not only by the right-lateral KYTS (Cowgill 2010) but also by the Shache-

Yangdaman Fault (SYF) (Wei et al. 2013). The latter structure lies in the subsurface of the

Western Tarim basin and was recently highlighted in an international journal for the first

time (Wei et al. 2013). Moreover, these authors propose that a right stepover between these

two faults formed the Yecheng pull-apart basin. Based on the spatial distribution, the SYF

can be connected to the TFF, representing the southernmost portion of a major right-lateral

strike-slip system. Following this interpretation, this regional strike-slip system was able to

transfer shortening driven by Pamir indentation as far north as the northern portion of the

Western Tien Shan (Fig. 5.7). The connection between the TFF and the SYFworked efficiently

during theOligo-Miocene. However, LateMiocene deformation in the STS (Sobel et al. 2006a;

Heermance et al. 2008) was responsible for shaping the actual Kokshal Range and Tarim basin

foothills. Moreover, the active Miocene and Pliocene deformation of the STS and the Pamir

triggered younger sedimentation in the NW Tarim basin keeping in the subsurface the SYF

and the connection with the TFF.

We propose that the observed vertical-axis rotation of the Fergana basin which is cou-

pled with the dextral slip TFF (Thomas et al. 1993) was driven by Pamir indentation. The

transtensional Yecheng subbasin was filled with up to 6 km of Wuqia Group sediments (Wei

et al. 2013). The basal age of this unit is apparently contemporaneous with the basal Mas-

saget Formation, which we describe as a syn-rotational unit in the Fergana Basin (Fig. 5.2).

Therefore, both units are syn-tectonic units genetically-related by the same tectonic driver.

Magnetostratigraphy shows that shortening in the Kokshal range propagated rapidly south-

ward into the Tarim basin between 16.3 and 13.5 Ma (Heermance et al. 2008). Therefore,

relatively rapid slip along the TFF persisted from ca. 25 Ma until at least 13.5 Ma. This timing

appears to agree well with the formation of the transtensional Yecheng depression in the SW

Tarim basin (Wei et al. 2013), supporting our contention that the SYF and TFF are kinemati-

cally linked. Younger tectonic episodes affecting the STS and Pamir triggered the deposition

of large volumes of sediment in the western Tarim basin, leaving the SYF covered in the sub-

surface.

In theWestern Tien Shan themaximumamount of Oligo-Miocene shortening and exhuma-

tion is located close to the TFF. Our thermochronologic data shows that exhumation signif-

icantly decreases to the west in the Chatkal Ranges. Furthermore, the topography of the

Chatkal Ranges also reflects the higher amount of shortening close to the TFF. Higher peaks

(~4000 m) are located in close proximity to the strike-slip fault, while to the west, eleva-

tion decreases gradually until reaching elevations close to 400 m. Significant Oligo-Miocene

deformation in the Alai range, between the Alai and Fergana basins, has not yet been docu-

mented. Although a relatively small Oligo-Miocene exhumational event is described in the

Central (Kyrgyz) Tien Shan, the majority of the exhumation there occurred since Mid-Late

Miocene times (Sobel et al. 2006b; Glorie et al. 2011; Macaulay et al. 2013; 2014). Therefore,
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the TFF was able to efficiently transfer shortening driven by Pamir indentation far into the

hinterland. This shortening occurred even when the Alai intracontinental subduction zone

was active and accommodating most of the shortening in this sector of the orogen. This ex-

plains whymore shortening and exhumationwas located near the dextral strike-slip fault and

decreased both to the east and west during the late Oligocene – early Miocene.

5.6 Conclusions

It is widely accepted that deformation in Central Asia is a far-field effect of the India-Asia

collision (e.g., Molnar & Tapponnier 1975; Allen et al. 1991; Hendrix et al. 1994). During the

late Miocene, a strong deformational event was responsible for shaping the current structure

ofmany of theCentral AsianRanges (e.g., Bullen et al. 2003;Macaulay et al. 2014; Heermance

et al. 2008). However, a growing body of evidence (Hendrix et al. 1994; Sobel & Dumitru

1997; Sobel et al. 2006a; Heermance et al. 2008; Amidon & Hynek 2010; Macaulay et al.

2013, 2014; Wei et al. 2013) points to a smaller, but important deformational event in the late

Oligocene – early Miocene. By dating the onset of Cenozoic strike-slip movement along the

TFF and in adjacent linked structures which distribute shortening within the NW Tien Shan,

we are able to better document and areally extend the footprint of this Oligo-Miocene event.

Furthermore, we present a kinematic mechanism that explains how contraction related to

Pamir indentation was propagated hundreds of kilometers north into the Chatkal, Talas and

Fergana Ranges. The proposed connection of the KYTS, SYF and TFF would have formed an

efficient system to transfer this shortening to the north. Finally, we suggest that the presence

of pre-existing crustal discontinuities such as the TFF played a significant role in establishing,

localizing, and efficiently transferring shortening far into the hinterland.
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Table 5.1 – Summary of AFT data.
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Chapter 6

Discussion

In this chapter, I synthesize my contributions toward a better understanding of the ther-

mochronological evolution of the Kenya Rift and the quantification of denudation rates in

different climatic and geomorphic sectors of rift-shoulder areas in Kenya. I will focus on chap-

ters 2, 3 and 4 of this thesis, as chapter 5 concerns the results of a study that I co-authored

on tectonic deformation processes in the Pamir mountains of Central Asia.

In chapters 2 to 4, I presented the timing of the tectonic evolution of the Kenya Rift as

well as past and present-day denudation rates, following the initial questions that motivated

my study: When did extensional processes begin in the eastern branch of the East African

Rift? How do pulses of thermo-tectonic events relate to extension, erosion and sedimenta-

tion during the Cenozoic? And, what are the principal factors modulating erosion in the

rift landscape? This relates to the factors that control erosion processes over time and pos-

sible changes in form and rate, especially during wetter or climatic transition periods in the

geological past.

As a result of the long-term tectonic processes affecting the overall configuration of the

Kenya Rift, the study region is segmented into three different sectors, the northern, central

and southern Kenya Rift. I studied these different regions with the aim to gain a better under-

standing of climatic, tectonic and environmental conditions that influence erosion processes

in themost relevant drainage-basin areas and to finally compare themwith respect to shaping

the landscape over time.

6.1 Erosion and exhumation in the Kenya Rift through time

In this study, I have used the term "erosion" as the process in the context of mass transport

through various transport agents (e.g., fluvial regime, landsliding). Processes of erosion have

different timescales and here I address these processes on a timescale range of 1-105 yrs. Ad-

ditionally, the term "denudation" is used as the combined effect of chemical and physical pro-

cesses that cause the removal of mass on the surface of the Earth (von Blanckenburg, 2005).

Here, I refer to basin-wide denudation that encapsulates process rates that reflect how fast
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a catchment is physically and chemically eroding, assuming a uniform denudation over time

(von Blancklenburg, 2005). For much longer timescales, exhumation defines the integration

of erosional processes over 105-106 yrs. It is therefore the removal of rocks with respect to

the surface of the Earth (i.e., England and Molnar, 1990). Consequently, exhumation rates

are the rates of physical erosion caused by tectonic processes. While erosion processes on

short timescales are primarily driven by climate-related parameters, exhumation as used in

this discussion is influenced by crustal dynamics and lithospheric processes.

As shown in chapters 3 and 4, the rate at which the surface of the Earth is eroded depends

on many different factors, including the tectonic setting, lithology, relief, slope, vegetation

cover, and precipitation (Willet, 1999; Molnar, 2007; Whipple et al., 1999). Climatically con-

trolled factors (principally precipitation and vegetation cover) can be highly variable, partic-

ularly in light of variations in orbitally-controlled parameters over the past 2 million years

that are known to have caused changes in African moisture regimes (deMenocal, 1995; Tier-

ney et al. 2011; Feakins et al. 2013, Bonnefille, 2010); such variability may be exacerbated

by anthropogenic impacts on shorter timescales during the ultimate millennia. Indeed, in

tropical East Africa, land cover and vegetation distribution are fundamentally impacted by

pastoralism and other land use, beginning at least ten thousand years ago (McGregor and

Nieuwolt 1998) and forcing erosion processes (e.g., Fleitmann et al., 2007).

In general, erosion can be quantified in different ways, among others through the mea-

surement of sediment volumes transported in rivers (e.g., Fuller et al. 2003), the analysis of

the chemical composition of bedload, suspended load or dissolved load in rivers (e.g., Galy

and France-Lanord, 2001) or through basin-wide cosmogenic radionuclide analysis of river

sediments (e.g., von Blanckenburg, 2005 and references therein). As erosion is a function of

the combined effects of relief, lithology, tectonic activity and climate (Summerfield and Hul-

ton, 1994; Montgomery and Brandon, 2002), abrupt changes in erosion rates in the past can

be detected when present-day erosion rates are compared to paleo-erosion rates over differ-

ent timescales. As long as present-day and paleo-erosion rate estimates are determined with

the same method that roughly integrate processes over the same timescale, the comparison

is relatively straightforward, as in the case of 10Be analysis of detrital quartz in basin-wide

erosion measurements. However, when short-term erosion rates are compared to long-term

erosion rates inferred from exhumation rates that were derived from thermochronologic data

or that are based on other techniques, a comparison becomes more complicated.

6.1.1 Present-day to millennial scale basin-wide denudation rates using 10Be

cosmogenic radionuclide analysis

Over the last several million years tectonically driven surface uplift, normal faulting, and vol-

canism have been responsible for the major features of topography and relief development in

the EARS (e.g., Ebinger and Sleep, 1998; Moucha and Forte, 2011; Ebinger and Scholz, 2012;
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Wichura et al., 2015). The present-day precipitation distribution and drainage systems fol-

low this topographic pattern, while millennial-scale or longer lake-level fluctuations follow

the combined control of topography and the effects of climate variability superposed on this

system (Pickford, 1994; Trauth et al., 2005; Bergner et al., 2009; Garcin et al., 2009; Ebinger

and Scholz, 2012).

Rivers transfer sediments from the catchments of the source areas to the sink in topograph-

ically low-lying regions. Typically, in most sedimentary systems the sink region corresponds

to ocean basins, but in the case of most sectors of the EARS, the individual rift basins or

transiently linked basins constitute important terrestrial sinks over million-year timescales

(Lezzar and Tiercelin, 1996; Garcin et al., 2009; Ebinger and Scholz, 2012; Frostick and Reid,

1986).

Basin-wide denudation rates in this study were estimated based on in-situ 10Be in fluvial

river sands (Brown et al., 1995; Bierman and Steig, 1996; Granger et al., 1996). The method

measures the timescales of transport that associated with quartz-rich materials (von Blanck-

enburg, 2005). I determined basin-wide mean denudation rates from quartz-rich river sands

and linked these with climatic, topographic and the dynamics of tectonic processes impact-

ing the rift landscape, as shown in chapters 3 and 4. Due to the fact that these measurements

are limited to quartz-bearing lithologies, not all catchments have denudation-rate estimates

based on cosmogenic radionuclides. Nonetheless, this approach is useful for obtaining at

least first-order estimates on erosion in many catchments that determine the production of

sediments, which will be ultimately stored in the adjacent rift basins, where they influence

hydrocarbon generation and storage.

In chapter 3, I showed that drainage basin-widemean denudation rates of individual catch-

ments in different compartments of the Kenya Rift range over at least one order of magnitude

between 0.01± 0.001 and 0.13 ± 0.01 mm/yr. Importantly, my studies reveal that vegetation

cover plays a fundamental role in influencing the voracity of erosion processes and dictates

the spatial efficacy of erosion patterns. Drainages with a thin vegetation cover and Enhanced

Vegetation Index (EVI) values <0.35 record faster denudation rates than drainage basins with

more densely covered vegetation and EVI values >0.35, even if their median slopes are much

steeper. Interestingly, in the denser vegetated areas an increase in median slope values from

to 10◦ to 20◦ does not cause an increase in denudation rates. Therefore, I suggest that veg-

etation cover has a strong influence on denudation rates, causing a threshold effect, similar

to predictions originally suggested by Langbein and Schumm, (1958) and Bull and Kirkby,

(2002). Accordingly, EVI values larger and smaller than 0.35, respectively, separate faster

from slower eroding areas in regions with the same median slope values. In light of these

observations denudation rates will most likely change when vegetation density changes as

a function of precipitation and overall climatic conditions. A humid climate should result

in a denser vegetation cover, and therefore slower overall denudation rates and vice versa.
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Figure 6.1– Integration time versusmedian slope for samples collected in catchments from the Kenya
Rift and published data from the Rwezori Mountains in Uganda (Roller et al., 2012). Samples sepa-
rate into two different trends according to vegetation cover. EVI>0.35, densely vegetated areas; <0.35
sparsely vegetated areas. Note that cosmogenic-nuclide integration time on the y axis is reversed to
follow catchment-mean denudation rates.

This is also reflected by the relationships between median slope and integration time for all

samples from the different drainage-basin areas that were analyzed in this study (Figure 6.1).

Slower denudation rates are integrated over longer time periods, therefore averaging the ero-

sional processes in the drainage basin, even if the region may have been affected by changes

in environmental conditions (e.g., wetter to drier climate transitions, and denser or sparse

vegetation covers) during these time periods. This also means that for those drainages that

are subjected to fast denudation rates, the integration time is short, and only the most recent

erosion processes and environmental conditions are represented. Therefore, when consid-

ering the integration time, the median slope of the drainage basin exerts a certain control

resulting in faster denudation rates that are generally correlated with steeper slopes.

Viewing these results in the context of paleoclimate and paleovegetation particularly in

East Africa, reveals that catchments with integration times of thousands to hundreds of thou-

sands of years, involving a range between 4.6 and 437 kyr, average erosion processes over

episodes when the climate was significantly wetter and the vegetation cover was different

than today (DeMenocal, 1995; Hessler et al., 2010).

However, the strong relationship between erosion rate and vegetation cover is not as straight-

forward as it appears, because often crucial information on the amount, frequency and distri-

bution of precipitation is not available for the drainage areas under consideration, and these

issues become evenmore complex if one considers changing frequencies of extreme events in
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the recent past. These aspects are important as they determine the efficacy of erosion events

and sediment transport in the catchment (Korup and Clague, 2009; Wulf et al., 2010; An-

dermann et al., 2012). The importance of extreme events in accounting for geomorphic rate

changes over time has been emphasized in several recent studies (Bookhagen, 2010; Wulf et

al., 2010; Andermann et al., 2012, Castino et al., 2015).

To assess the relationships between erosion rate, rainfall and vegetation cover in the past,

I compared paleo-erosion rate estimates derived from 10Be analyses of detrital quartz de-

posited in fluvio-deltaic sediments at the eastern margin of paleo-lake Suguta with denuda-

tion rates determined from present-day river sediments of the Baragoi River drainage in the

same location. The paleo-erosion rate determination in the fluvio-deltaic units focussed on

the episode of the African Humid Period, which affected the study region between 11.5 and

approximately 5 ky B.P. at about 11 ky B.P. the paleo-highstand of Lake Suguta was associated

with amuchwetter climate than today as documented by paleo-lake shorelinesmore than 300

m above the present-day basin floor. At that time existed an outlet of the paleo-lake toward

Lake Turkana in the north, which was connected to the White Nile and the Mediterranean

(Butzer et al., 1972; Butzer, 1980; Harvey and Grove, 1982; Garcin et al., 2012). Interestingly,

the basin-wide paleo-denudation rates are about four times greater than present-day basin-

wide denudation rates for the same catchment areas. This suggests that at the time when the

fluvio-deltaic sediments were deposited, sediment-transport processes in a more humid en-

vironment were very efficient in transferring mass from the catchments of the Baragoi River

to the Suguta Basin.

In light of my results concerning present-day erosion rates and their relationships with

rainfall amount and vegetation cover this suggests a lag time between the onset of a more

humid climate and ensuing stabilizing effects of the development of a vegetative cover in

the catchment. The higher paleo-denudation rates indicate that higher precipitation - as

shown by the onset of deltaic and lacustrine deposition in the Suguta Basin - must have had a

strong impact on denudation rates in earlier stages of the AfricanHumid Period. These condi-

tions were probably superseded by more stable conditions of the landscape, when an inferred

denser vegetative cover retarded erosive processes. By analogy, these areas may have been

similar to conditions that characterize the present-day threshold regions between dry and

humid areas that co-vary with vegetation density. Future studies of paleo-vegetation using

palynology may reveal the finer details of these relationships, but general trends can already

be observed in East African pollen records and related proxies of paleo-climate conditions

(Vincens, 1991; Vincens et al., 1993; 2005; Cohen et al., 2007; Vincens et al., 2007; Mumbi et

al., 2008; Hessler et al., 2010).
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6.1.2 Long-term exhumation history and implications for the onset of rifting

Exhumation of crustal rocks may be driven either by extension (normal faulting by crustal

thinning) or uplift in the course of crustal shortening and stacking (England and Molnar,

1990; Willet, 1999; Braun and Beaumont, 1989). In both cases exhumation by these tectonic

processes is aided or may be even accelerated by erosion, as an increase in topography and

relief will lead to changes in precipitation gradients, runoff, vegetation, and the efficiency

of surface processes in removing material advected to the surface. Long-term exhumation

rates can be deciphered with thermo-chronological methods (e.g., Fitzgerald et al., 1995) us-

ing fission-track or (U-Th)/He analyses, as I have shown in chapter 2. By analyzing samples

collected from vertical elevation profiles with the apatite fission-track and zircon (U-Th)/He

methods I obtained data needed for modeling time-temperature histories of basement rocks

exposed along three sections of the Kenya Rift flanks. The thermal history models presented

in chapter 2 reflect the cooling history of these rocks while they were exhumed during their

advection toward the surface. It is evident from the Cenozoic thermal histories that occurred

between 65 and 50 Ma and in the interval between about 15 Ma and the present rapid cooling

affected the EARS in the region that now constitutes the Kenya Rift. In turn, the time between

45 and 15 Ma, the episode between the end of the first cooling and the onset of the second

cooling event, was characterized by a quasi-isothermal or slow reheating phase. I relate the

phases of cooling to times of pronounced extension during which rocks of the rift shoulders

were rapidly exhumed by extensional faulting. This inferred onset of early Cenozoic exten-

sion processes in the equatorial sectors of Kenya followed by Neogene extension fits very well

with the notion of coeval erosion and sedimentation processes in the region east of the Elgeyo

escarpment during the Paleogene, which were subsequently affected by a second phase of ex-

tensional faulting, erosion and sedimentation (Mugisha et al., 1997; Chapman et al., 1978)

(Figure 6.2).

Sedimentary deposits in the adjacent Kerio Basin are mainly known from pronounced neg-

ative gravity anomalies and strata imaged on seismic reflection profiles that define a tectonic

phase of subsidence followed by a regional thermal subsidence with onlaps onto the Elgeyo

basement rocks (Morley et al., 1992; Mugisha et al., 1997; Hautot et al., 2000). Taken to-

gether, the early onset of extensional processes during the Tertiary inferred from my new

data, evidence for sedimentation in the pre-Kerio Basin, and regional thermo-chronological

information from areas farther north and west (i.e., Foster and Gleadow, 1996; Spiegel et al.,

2007) help to reconcile sedimentary records related to a period of protracted erosion, are-

ally extensive sedimentation and basin subsidence prior to the onset of rifting processes that

are responsible for the present-day configuration of the Kenya Rift. These early extensional

processes are furthermore compatible with an increasing body of geological and thermo-

chronological evidence that suggests a regionally widespread, partly overlapping early Ceno-

zoic onset of rifting in East Africa. As such, my new data constitute a missing link between
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Figure 6.2 – Cartoon of the thermal evolution of the Kenya Rift in the equatorial region. Pronounced
cooling begins in the Paleogene, followed by extensive sedimentation until about 15 Ma, when re-
newed cooling and extensional faulting initiated processes that were responsible for the present-day
topography.

observations of early Cenozoic extensional processes documented inTanzania and in the Lake

Rukwa and Malawi regions in the south (van der Beek et al., 1998), and broadly compatible

indicators of early extension in northern Kenya and the Rwenzori Mountains in the western

rift (Foster and Gleadow, 1996; Bauer et al., 2013).

As Africa has been surrounded by divergent plate boundaries in the east andwest and a con-

vergent, collisional plate boundary in the north, it is unlikely that these early extensional pro-

cesses were related to compressional far-field stresses. Rather, the underlying rifting mech-

anism must have been associated with mantle-driven convection processes that uplifted the

lithosphere of the East African Plateau, including the Tanzania Craton and its peripheral Pro-

terozoic orogenic belts. It can be envisaged that this process resulted in the generation of dif-

ferential stresses that caused extensional faulting in areas characterized by inherited zones

of weakness. These areas correspond to shear zones or pronounced metamorphic fabrics as

observed along the Elgeyo escarpment of the Kenya Rift and other sectors of the EARS where

lithospheric and crustal-scale anisotropies have been invoked to focus extensional processes

(Hetzel and Strecker, 1994;Smith, 1994; Smith and Mosley, 1993). Due to compositional dif-

ferences of the lithosphere in these different regions, volcanism may not have been always

associated with these processes from the beginning, as the lithospheric mantle did not have

a composition conducive to melting. These inferences are supported by predictions on the

nature of extensional processes based on three-dimensional thermo-mechanical modeling

of the EARS (i.e., Koptev et al., 2015). These authors suggested an asymmetric distribution

of volcanism in East Africa, and the evolution of broadly coeval, partly overlapping exten-

sional processes in the different sectors of the EARS due to the asymmetric impingement of

convecting mantle. Taken together, geological, thermochronological, and modeling results
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support earlier models of the evolution of topography, rift-basin formation, and loci of vol-

canism in light of combined lithospheric characteristics and underlying convective mantle

patterns (i.e., Ashwal and Burke, 1989). Importantly, my own results and the compilation

of geological and thermo-chronological data on the onset of extensional processes in East

Africa contradict models that claim a north-south migration of volcanic activity and rifting

as a result of spatially changing plume activity (Ebinger and Sleep, 1998; Brazier andNyblade,

2000).
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Figure A1. Distribution of the oldest volcanic rocks in the Kenya 

Rift. A: (Mcdougall and Brown, 2009;Thuo, 2009) using KAr 

dating. B: (Mcdougall, 2009) using Sr-Nd-Pb analysis. C: (Lippard, 
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Figure 2. Effective Uranium (eU) in apatites. (eU) vs. AHe, eU vs. [He] and eU vs. radius. Samples KN53,
KN55, KN83, KN84, KN85, KN86, KN87, KN89, KN91, KN92, KN94, KN97, KN98, KN99, KN100, KN101, KN102.
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Figure A3. Thermal modeling results for the northern Elgeyo Escarpment (NEE) samples. Short duration pulse heating in the area 

of Elgeyo Escarpment.  A. Time-temperature histories derived from QTQt (Gallagher et al 2009; Gallagher, 2012) modeling, with 

time-temperature constrain boxes were set to 160 to 20°C at 16 Ma to present day. Second constrain boxes were set to~50 to 18°C 

at ~17 to7.5 Ma. Third constrain boxes were set to ~240 – 180°C at ~80 -40 Ma. Dashed box denotes the temperature range of the 

apatite �ssion-track partial annealing zone (PAZ) and red box de�nes the limits of the modeling. B, C and D are single thermal 

modeling for samples KN97, KN99, KN100 and KN102 using HeFTy, with acceptable (yellow) and good (purple) time-temperature 

pathway envelopes and best-�t shown with black line. First constrain boxes were set to  ~123 to 20°C   at~18 to present day for 

samples KN97 and 102 and set to 93 – 22°C at ~ 15Ma to present day. Second constrain boxes were set to ~18 – 7°C at  ~45 – 15 

Ma for samples KN99, KN100 and KN102, and ~28 – 7 °C at ~30 – 10 Ma for sample KN97. Third constrain boxes were set to ~140 

– 82°C at ~80-30 Ma for samples KN97, KN100 AND KN102, and were set to ~130 – 40°C at ~80 -40 Ma.



Table A1. (U-Th)/He ages of Apatite (AHe) in The Kenya Rift.

Sample Latitude Longitude elev U Th Sm He Ft eU Terminations Corrected age error (1 ) mineral

(°N) (°E) m asl (ppm) (ppm) (ppm)  (atoms) # (Ma) (Ma)

KN53 35.611 0.302 1616 99.97 152.97 N/A 2.39E+09 0.65 135.92 2 9.98 0.27 Apatite

KN53 35.611 0.302 1616 55.52 41.84 N/A 8.70E+08 0.61 65.35 2 12.90 0.35 Apatite

KN53 35.611 0.302 1616 293.52 168.54 N/A 3.93E+09 0.64 333.13 2 9.96 0.27 Apatite

KN55 35.611 0.302 1440 50.63 19.97 N/A 2.53E+09 0.77 55.33 2 8.38 0.22 Apatite

KN55 35.611 0.302 1440 159.94 95.59 N/A 1.06E+09 0.59 182.40 2 8.89 0.24 Apatite

KN55 35.611 0.302 1440 170.68 84.19 N/A 2.29E+09 0.65 190.46 2 10.23 0.27 Apatite

KN91 35.611 0.302 1776 6.18 4.33 49.77 4.75E+08 0.84 7.20 2 3.43 0.50 Apatite

KN91 35.611 0.302 1776 7.45 12.57 43.25 1.01E+08 0.77 10.41 1 2.10 1.42 Apatite

KN91 35.611 0.302 1776 10.26 13.75 60.17 4.16E+08 0.78 13.49 2 4.47 0.75 Apatite

KN92 35.611 0.302 1583 13.71 49.13 258.74 4.55E+08 0.75 25.25 2 3.71 0.57 Apatite

KN92 35.611 0.302 1583 13.37 49.35 154.85 7.93E+08 0.79 24.97 2 4.22 0.39 Apatite

KN94 35.631 0.312 1389 4.98 17.04 71.98 3.59E+08 0.70 8.98 2 29.94 6.35 Apatite

KN94 35.631 0.312 1389 32.71 48.12 107.45 1.16E+09 0.79 44.02 2 3.47 0.23 Apatite

KN94 35.631 0.312 1389 20.77 15.57 68.45 1.23E+09 0.81 24.43 2 4.79 0.30 Apatite

KN97 35.552 0.660 1289 32.99 82.40 N/A 5.78E+09 0.80 52.35 2 14.80 0.28 Apatite

KN97 35.552 0.660 1289 12.00 63.15 507.14 8.89E+09 0.58 26.84 2 36.18 1.16 Apatite

KN97 35.552 0.660 1289 8.72 32.45 350.62 9.70E+09 0.78 16.34 2 34.11 1.09 Apatite

KN97 35.552 0.660 1289 11.37 48.86 337.71 9.38E+09 0.74 22.85 2 51.04 1.64 Apatite

KN98 35.548 0.661 1354 81.38 66.88 N/A 6.38E+09 0.77 97.09 2 11.09 0.21 Apatite

KN98 35.545 0.661 1354 75.89 130.19 N/A 1.99E+10 0.73 106.48 2 52.34 0.87 Apatite

KN98 35.539 0.660 1354 117.37 135.35 N/A 5.58E+10 0.78 149.18 2 67.28 1.10 Apatite

KN99 35.548 0.661 1480 100.70 47.47 N/A 7.22E+10 0.74 111.85 2 173.80 2.83 Apatite

KN99 35.548 0.661 1480 62.62 44.03 N/A 1.20E+10 0.66 72.96 2 52.56 0.90 Apatite

KN99 35.548 0.661 1480 70.28 53.49 N/A 1.90E+10 0.66 82.85 2 73.06 1.21 Apatite

KN100 35.548 0.661 1559 67.55 101.77 15.93 6.11E+09 0.69 91.47 2 36.75 1.21 Apatite

KN100 35.545 0.661 1559 64.25 105.87 40.31 7.30E+09 0.69 89.13 2 44.96 1.46 Apatite

KN100 35.539 0.660 1559 122.10 208.92 18.56 1.19E+10 0.69 171.20 2 37.13 1.15 Apatite

KN101 35.548 0.661 1700 58.41 246.46 N/A 9.38E+09 0.67 116.33 2 52.19 0.93 Apatite

KN101 35.545 0.661 1700 303.09 1948.53 N/A 1.14E+11 0.67 760.99 2 96.61 1.58 Apatite

KN101 35.539 0.660 1700 101.83 756.20 N/A 4.33E+10 0.67 279.54 2 100.09 1.63 Apatite

KN102 35.539 0.660 1852 21.50 40.44 140.40 1.45E+10 0.82 31.00 2 33.49 1.03 Apatite

KN102 35.539 0.660 1852 18.97 54.88 168.34 1.20E+10 0.81 31.87 2 33.65 1.05 Apatite

KN102 35.539 0.660 1852 11.43 10.50 185.83 5.66E+09 0.83 13.90 2 40.18 1.35 Apatite

KN83 36.875 2.032 1487 2.71 2.20 13.20 2.14E+09 0.73 3.23 2 89.30 5.13 Apatite

KN83 36.875 2.032 1487 19.37 68.12 69.29 5.70E+08 0.77 35.38 2 4.00 0.51 Apatite

KN83 36.875 2.032 1487 6.75 15.72 96.95 1.80E+09 0.64 10.45 2 32.06 1.74 Apatite

KN84 36.875 2.032 1554 7.08 8.05 N/A 4.49E+09 0.82 8.97 2 56.59 1.20 Apatite

KN84 36.875 2.032 1554 27.14 44.79 N/A 1.20E+10 0.80 37.67 2 72.10 1.23 Apatite

KN84 36.875 2.032 1554 2.48 5.97 N/A 7.11E+08 0.73 3.88 2 20.79 1.76 Apatite

KN85 36.875 2.032 1600 40.95 38.42 N/A 7.53E+09 0.77 49.98 2 43.26 1.39 Apatite

KN85 36.875 2.032 1600 15.36 10.68 N/A 1.20E+10 0.83 17.87 2 44.37 1.39 Apatite

KN85 36.875 2.032 1600 50.74 40.82 N/A 5.42E+09 0.70 60.33 2 60.94 2.15 Apatite

KN85 36.875 2.032 1600 830.78 51.65 N/A 7.09E+10 0.82 842.91 2 7.34 0.17 Apatite

KN86 36.875 2.032 1631 10.88 13.12 N/A 2.86E+09 0.75 13.96 2 49.52 1.31 Apatite

KN86 36.875 2.032 1631 151.64 252.94 N/A 4.03E+09 0.73 211.08 2 7.50 0.20 Apatite

KN86 36.875 2.032 1631 37.58 80.64 N/A 3.30E+09 0.74 56.53 1 13.27 0.49 Apatite

KN87 36.875 2.032 1393 9.92 18.11 N/A 5.06E+08 0.67 14.17 2 22.75 2.69 Apatite

KN87 36.875 2.032 1393 54.23 24.66 N/A 7.21E+09 0.72 60.03 2 46.98 0.87 Apatite

KN87 36.875 2.032 1393 38.18 22.12 N/A 4.12E+09 0.67 43.38 2 56.56 1.26 Apatite

KN87 36.875 2.032 1393 31.21 31.96 N/A 8.25E+09 0.75 38.72 1 53.17 3.76 Apatite

KN88 36.875 2.032 1974 20.76 11.47 23.71 4.99E+09 0.81 23.45 2 42.32 0.55 Apatite

KN89 36.879 2.036 1852 8.09 24.26 N/A 8.51E+09 0.81 13.79 2 51.14 2.20 Apatite

KN89 36.879 2.036 1852 10.35 31.46 N/A 1.67E+10 0.83 17.75 2 56.33 1.58 Apatite

KN89 36.879 2.036 1852 6.23 23.91 N/A 4.24E+09 0.78 11.85 2 48.85 3.67 Apatite

Southern Elgeyo

Northern Elgeyo

Samburu Hills



Data from sample UP111-7A.rtf

Irradiation Number UP111-7,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN50

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 9 36 56 0.25 6.7 1.648e5 0.659e6 56.2  ±  21.0

2 33 155 45 0.213 36.1 7.522e5 3.533e6 47.9  ±  9.3

3 15 120 56 0.125 22.5 2.747e5 2.198e6 28.2  ±  7.7

4 5 19 36 0.263 5.5 1.425e5 0.541e6 59.1  ±  29.8

5 28 160 42 0.175 40.0 6.838e5 3.907e6 39.4  ±  8.1

6 6 29 42 0.207 7.2 1.465e5 0.708e6 46.5  ±  20.9

7 9 41 42 0.22 10.2 2.198e5 1.001e6 49.4  ±  18.2

8 13 66 49 0.197 14.1 2.721e5 1.382e6 44.3  ±  13.5

9 9 101 54 0.089 19.6 1.71e5 1.918e6 20.1  ±  7.0

10 23 77 56 0.299 14.4 4.213e5 1.41e6 67.1  ±  16.0

11 3 65 56 0.046 12.2 0.549e5 1.191e6 10.4  ±  6.2

12 6 58 54 0.103 11.3 1.14e5 1.102e6 23.3  ±  10.0

13 32 101 40 0.317 26.5 8.206e5 2.59e6 71.1  ±  14.5

14 10 49 35 0.204 14.7 2.931e5 1.436e6 45.9  ±  16.0

15 10 47 50 0.213 9.9 2.051e5 0.964e6 47.9  ±  16.7

16 7 49 56 0.143 9.2 1.282e5 0.898e6 32.2  ±  13.0

17 22 100 72 0.22 14.6 3.134e5 1.425e6 49.5  ±  11.7

18 21 87 64 0.241 14.3 3.366e5 1.394e6 54.3  ±  13.3

19 7 41 56 0.171 7.7 1.282e5 0.751e6 38.4  ±  15.7

20 11 53 35 0.208 15.9 3.224e5 1.553e6 46.7  ±  15.5

______________________________________________________________

 279 1454 996  15.3 2.873e5 1.497e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 14.987 with 19 degrees of freedom.

P(chi square) = 2.56%

Ns/Ni = 0.192 ± 0.013

Mean Ratio = 0.195 ± 0.015

Pooled Age = 43.2 ± 3.0 Ma

Mean Age = 43.9 ± 3.4 Ma

Central Age = 42.9 ± 3.7 Ma

% Variation = 22.71%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.222e6 cm-2; ND = 4978.

 

Table A2. Apatite �ssion track data. Samples KN50 -KN102 



Data from sample UP111-10A.rtf

Irradiation Number UP111-10,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN53

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 3 40 64 0.075 6.8 0.481e5 0.641e6 16.4  ±  9.8

2 5 88 64 0.057 14.9 0.801e5 1.41e6 12.4  ±  5.7

3 2 87 64 0.023 14.7 0.321e5 1.394e6 5.0  ±  3.6

4 4 78 49 0.051 17.2 0.837e5 1.633e6 11.2  ±  5.8

5 5 110 64 0.045 18.6 0.801e5 1.763e6 9.9  ±  4.6

6 3 130 36 0.023 39.1 0.855e5 3.704e6 5.1  ±  3.0

7 2 85 64 0.024 14.4 0.321e5 1.362e6 5.1  ±  3.7

8 3 128 64 0.023 21.6 0.481e5 2.051e6 5.1  ±  3.0

9 1 51 56 0.02 9.9 0.183e5 0.934e6 4.3  ±  4.3

10 3 147 90 0.02 17.7 0.342e5 1.675e6 4.5  ±  2.6

11 2 114 48 0.018 25.7 0.427e5 2.436e6 3.8  ±  2.7

12 5 211 81 0.024 28.2 0.633e5 2.672e6 5.2  ±  2.4

13 6 245 81 0.024 32.7 0.76e5 3.102e6 5.4  ±  2.2

14 2 83 36 0.024 24.9 0.57e5 2.365e6 5.3  ±  3.8

15 6 299 81 0.02 39.9 0.76e5 3.786e6 4.4  ±  1.8

16 5 157 56 0.032 30.3 0.916e5 2.876e6 7.0  ±  3.2

17 2 131 48 0.015 29.5 0.427e5 2.799e6 3.3  ±  2.4

18 1 118 81 0.0080 15.8 0.127e5 1.494e6 1.9  ±  1.9

19 5 165 64 0.03 27.9 0.801e5 2.644e6 6.6  ±  3.0

20 3 145 42 0.021 37.4 0.733e5 3.541e6 4.5  ±  2.6

______________________________________________________________

 68 2612 1233  22.9 0.566e5 2.173e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 6.696 with 19 degrees of freedom.

P(chi square) = 81.79%

Ns/Ni = 0.026 ± 0.0030

Mean Ratio = 0.029 ± 0.0040

Pooled Age = 5.7 ± 0.7 Ma

Mean Age = 6.3 ± 0.8 Ma

Central Age = 5.7 ± 0.7 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.185e6 cm-2; ND = 4978.



Data from sample UP111-14A.rtf

Irradiation Number UP111-14,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN55

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 7 248 48 0.028 58.3 1.496e5 5.3e6 5.9  ±  2.3

2 3 129 48 0.023 30.3 0.641e5 2.757e6 4.9  ±  2.9

3 4 201 64 0.02 35.5 0.641e5 3.221e6 4.2  ±  2.1

4 18 682 72 0.026 106.9 2.564e5 9.716e6 5.5  ±  1.3

5 4 174 30 0.023 65.5 1.368e5 5.949e6 4.8  ±  2.4

6 2 84 54 0.024 17.6 0.38e5 1.596e6 5.0  ±  3.6

7 1 31 36 0.032 9.7 0.285e5 0.883e6 6.8  ±  6.9

8 7 274 64 0.026 48.3 1.122e5 4.391e6 5.4  ±  2.1

9 2 60 48 0.033 14.1 0.427e5 1.282e6 7.0  ±  5.0

10 5 220 30 0.023 82.8 1.71e5 7.522e6 4.8  ±  2.2

11 5 201 72 0.025 31.5 0.712e5 2.863e6 5.2  ±  2.4

12 3 147 48 0.02 34.6 0.641e5 3.141e6 4.3  ±  2.5

13 9 332 48 0.027 78.1 1.923e5 7.095e6 5.7  ±  1.9

14 4 214 63 0.019 38.3 0.651e5 3.484e6 3.9  ±  2.0

15 2 62 42 0.032 16.7 0.488e5 1.514e6 6.8  ±  4.9

16 4 116 48 0.034 27.3 0.855e5 2.479e6 7.2  ±  3.7

17 6 171 56 0.035 34.5 1.099e5 3.132e6 7.4  ±  3.1

18 10 392 48 0.026 92.2 2.137e5 8.377e6 5.4  ±  1.7

19 3 111 42 0.027 29.8 0.733e5 2.711e6 5.7  ±  3.3

______________________________________________________________

 99 3849 961  45.2 1.057e5 4.108e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 1.137 with 18 degrees of freedom.

P(chi square) = 100.0%

Ns/Ni = 0.026 ± 0.0030

Mean Ratio = 0.027 ± 0.0010

Pooled Age = 5.4 ± 0.6 Ma

Mean Age = 5.6 ± 0.2 Ma

Central Age = 5.4 ± 0.6 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.136e6 cm-2; ND = 4978.



Data from sample UP112-13A.rtf

Irradiation Number UP112-13,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN90

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 2 152 54 0.013 26.4 0.38e5 2.887e6 3.3  ±  2.4

2 2 101 72 0.02 13.2 0.285e5 1.439e6 5.0  ±  3.6

3 2 102 32 0.02 29.9 0.641e5 3.269e6 4.9  ±  3.5

4 1 39 25 0.026 14.7 0.41e5 1.6e6 6.5  ±  6.5

5 1 42 42 0.024 9.4 0.244e5 1.026e6 6.0  ±  6.1

6 1 69 56 0.014 11.6 0.183e5 1.264e6 3.7  ±  3.7

7 1 69 49 0.014 13.2 0.209e5 1.444e6 3.7  ±  3.7

8 2 85 64 0.024 12.5 0.321e5 1.362e6 5.9  ±  4.2

9 1 34 32 0.029 10.0 0.321e5 1.09e6 7.4  ±  7.5

10 5 155 48 0.032 30.3 1.068e5 3.312e6 8.1  ±  3.7

11 2 86 35 0.023 23.1 0.586e5 2.52e6 5.9  ±  4.2

12 1 27 48 0.037 5.3 0.214e5 0.577e6 9.3  ±  9.5

13 1 52 49 0.019 10.0 0.209e5 1.089e6 4.8  ±  4.9

14 3 63 42 0.048 14.1 0.733e5 1.539e6 12.0  ±  7.1

15 2 39 49 0.051 7.5 0.419e5 0.816e6 12.9  ±  9.4

16 1 33 42 0.03 7.4 0.244e5 0.806e6 7.6  ±  7.8

17 2 54 48 0.037 10.6 0.427e5 1.154e6 9.3  ±  6.7

18 2 87 48 0.023 17.0 0.427e5 1.859e6 5.8  ±  4.1

______________________________________________________________

 32 1289 835  14.5 0.393e5 1.583e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 2.443 with 17 degrees of freedom.

P(chi square) = 99.81%

Ns/Ni = 0.025 ± 0.0040

Mean Ratio = 0.027 ± 0.0030

Pooled Age = 6.3 ± 1.1 Ma

Mean Age = 6.8 ± 0.6 Ma

Central Age = 6.3 ± 1.1 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.365e6 cm-2; ND = 5713.



Data from sample UP112-14A.rtf

Irradiation Number UP112-14,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN91

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 0 34 36 0.0 8.9 0.0e5 0.969e6 0.0  ±  0.0

2 3 57 64 0.053 8.4 0.481e5 0.914e6 13.2  ±  7.8

3 1 30 45 0.033 6.3 0.228e5 0.684e6 8.4  ±  8.5

4 4 142 64 0.028 20.9 0.641e5 2.276e6 7.1  ±  3.6

5 2 52 49 0.038 10.0 0.419e5 1.089e6 9.6  ±  7.0

6 1 26 54 0.038 4.5 0.19e5 0.494e6 9.6  ±  9.8

7 3 62 42 0.048 13.9 0.733e5 1.514e6 12.1  ±  7.2

8 2 65 64 0.031 9.6 0.321e5 1.042e6 7.7  ±  5.5

9 1 51 54 0.02 8.9 0.19e5 0.969e6 4.9  ±  5.0

10 2 54 49 0.037 10.4 0.419e5 1.13e6 9.3  ±  6.7

11 1 22 36 0.045 5.8 0.285e5 0.627e6 11.4  ±  11.7

12 2 47 49 0.043 9.1 0.419e5 0.984e6 10.7  ±  7.7

13 1 21 72 0.048 2.8 0.142e5 0.299e6 11.9  ±  12.2

14 3 50 64 0.06 7.4 0.481e5 0.801e6 15.0  ±  9.0

15 3 58 72 0.052 7.6 0.427e5 0.826e6 13.0  ±  7.7

16 3 103 99 0.029 9.8 0.311e5 1.067e6 7.3  ±  4.3

17 3 50 64 0.06 7.4 0.481e5 0.801e6 15.0  ±  9.0

18 1 33 49 0.03 6.4 0.209e5 0.691e6 7.6  ±  7.7

19 2 53 64 0.038 7.8 0.321e5 0.849e6 9.5  ±  6.8

20 2 76 64 0.026 11.2 0.321e5 1.218e6 6.6  ±  4.7

______________________________________________________________

 40 1086 1154  8.9 0.356e5 0.965e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 2.435 with 19 degrees of freedom.

P(chi square) = 99.95%

Ns/Ni = 0.037 ± 0.0060

Mean Ratio = 0.038 ± 0.0030

Pooled Age = 9.2 ± 1.5 Ma

Mean Age = 9.5 ± 0.8 Ma

Central Age = 9.2 ± 1.5 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.359e6 cm-2; ND = 5713.



Data from sample UP112-15A.rtf

Irradiation Number UP112-15,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN92

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 2 215 49 0.0090 41.6 0.419e5 4.501e6 2.3  ±  1.7

2 1 107 64 0.0090 15.8 0.16e5 1.715e6 2.3  ±  2.3

3 2 98 64 0.02 14.5 0.321e5 1.571e6 5.1  ±  3.6

4 2 129 63 0.016 19.4 0.326e5 2.1e6 3.9  ±  2.8

5 1 76 56 0.013 12.9 0.183e5 1.392e6 3.3  ±  3.3

6 1 92 64 0.011 13.6 0.16e5 1.474e6 2.7  ±  2.7

7 2 63 64 0.032 9.3 0.321e5 1.01e6 7.9  ±  5.7

8 2 109 64 0.018 16.1 0.321e5 1.747e6 4.6  ±  3.3

9 3 58 63 0.052 8.7 0.488e5 0.944e6 12.9  ±  7.7

10 1 26 54 0.038 4.6 0.19e5 0.494e6 9.6  ±  9.8

11 2 110 64 0.018 16.3 0.321e5 1.763e6 4.5  ±  3.2

12 3 98 35 0.031 26.5 0.879e5 2.872e6 7.6  ±  4.5

13 2 180 49 0.011 34.8 0.419e5 3.768e6 2.8  ±  2.0

14 1 43 42 0.023 9.7 0.244e5 1.05e6 5.8  ±  5.9

15 2 135 64 0.015 20.0 0.321e5 2.164e6 3.7  ±  2.6

16 6 251 64 0.024 37.2 0.962e5 4.023e6 6.0  ±  2.5

17 2 38 40 0.053 9.0 0.513e5 0.974e6 13.1  ±  9.5

18 3 140 64 0.021 20.7 0.481e5 2.244e6 5.4  ±  3.1

19 1 74 40 0.014 17.5 0.256e5 1.898e6 3.4  ±  3.4

20 1 112 54 0.0090 19.7 0.19e5 2.127e6 2.2  ±  2.2

21 1 65 64 0.015 9.6 0.16e5 1.042e6 3.8  ±  3.9

22 2 103 64 0.019 15.3 0.321e5 1.651e6 4.9  ±  3.5

23 1 70 56 0.014 11.8 0.183e5 1.282e6 3.6  ±  3.6

______________________________________________________________

 44 2392 1305  17.4 0.346e5 1.88e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 5.656 with 22 degrees of freedom.

P(chi square) = 97.0%

Ns/Ni = 0.018 ± 0.0030

Mean Ratio = 0.021 ± 0.0030

Pooled Age = 4.6 ± 0.7 Ma

Mean Age = 5.3 ± 0.6 Ma

Central Age = 4.6 ± 0.7 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.353e6 cm-2; ND = 5713.



Data from sample UP112-16A.rtf

Irradiation Number UP112-16,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN94

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 2 49 30 0.041 15.6 0.684e5 1.675e6 10.1  ±  7.3

2 2 57 24 0.035 22.6 0.855e5 2.436e6 8.7  ±  6.3

3 2 120 48 0.017 23.8 0.427e5 2.564e6 4.1  ±  3.0

4 2 35 25 0.057 13.3 0.821e5 1.436e6 14.2  ±  10.3

5 2 73 40 0.027 17.4 0.513e5 1.872e6 6.8  ±  4.9

6 4 139 45 0.029 29.4 0.912e5 3.168e6 7.2  ±  3.6

7 1 64 36 0.016 16.9 0.285e5 1.823e6 3.9  ±  3.9

8 3 154 54 0.019 27.2 0.57e5 2.925e6 4.8  ±  2.8

9 3 167 48 0.018 33.1 0.641e5 3.569e6 4.5  ±  2.6

10 2 119 49 0.017 23.1 0.419e5 2.491e6 4.2  ±  3.0

11 2 100 40 0.02 23.8 0.513e5 2.564e6 5.0  ±  3.6

12 1 62 32 0.016 18.4 0.321e5 1.987e6 4.0  ±  4.0

13 2 63 35 0.032 17.1 0.586e5 1.846e6 7.9  ±  5.7

14 3 127 48 0.024 25.2 0.641e5 2.714e6 5.9  ±  3.4

15 2 69 36 0.029 18.2 0.57e5 1.966e6 7.2  ±  5.2

16 3 140 54 0.021 24.7 0.57e5 2.659e6 5.3  ±  3.1

17 2 70 48 0.029 13.9 0.427e5 1.496e6 7.1  ±  5.1

18 2 98 56 0.02 16.7 0.366e5 1.795e6 5.1  ±  3.6

19 2 60 36 0.033 15.9 0.57e5 1.71e6 8.3  ±  6.0

20 3 84 48 0.036 16.7 0.641e5 1.795e6 8.9  ±  5.2

______________________________________________________________

 45 1850 832  21.2 0.555e5 2.281e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 2.396 with 19 degrees of freedom.

P(chi square) = 99.96%

Ns/Ni = 0.024 ± 0.0040

Mean Ratio = 0.027 ± 0.0020

Pooled Age = 6.0 ± 0.9 Ma

Mean Age = 6.7 ± 0.6 Ma

Central Age = 6.0 ± 0.9 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.347e6 cm-2; ND = 5713.



Data from sample UP112-1A.rtf

Irradiation Number UP112-1,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN97

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 5 28 48 0.179 5.2 1.068e5 0.598e6 47.3  ±  23.0

2 4 48 40 0.083 10.7 1.026e5 1.231e6 22.1  ±  11.5

3 7 79 48 0.089 14.7 1.496e5 1.688e6 23.5  ±  9.3

4 4 49 32 0.082 13.7 1.282e5 1.571e6 21.6  ±  11.3

5 2 20 30 0.1 5.9 0.684e5 0.684e6 26.5  ±  19.7

6 2 22 18 0.091 10.9 1.14e5 1.254e6 24.1  ±  17.8

7 2 41 24 0.049 15.2 0.855e5 1.752e6 12.9  ±  9.4

8 11 47 40 0.234 10.5 2.821e5 1.205e6 61.9  ±  20.8

9 6 71 42 0.085 15.1 1.465e5 1.734e6 22.4  ±  9.5

10 4 43 48 0.093 8.0 0.855e5 0.919e6 24.7  ±  12.9

11 8 48 20 0.167 21.4 4.103e5 2.462e6 44.1  ±  16.9

12 6 39 24 0.154 14.5 2.564e5 1.667e6 40.7  ±  17.9

13 4 48 42 0.083 10.2 0.977e5 1.172e6 22.1  ±  11.5

14 2 32 24 0.063 11.9 0.855e5 1.368e6 16.6  ±  12.1

15 3 52 40 0.058 11.6 0.769e5 1.333e6 15.3  ±  9.1

16 2 14 32 0.143 3.9 0.641e5 0.449e6 37.8  ±  28.6

17 4 60 54 0.067 9.9 0.76e5 1.14e6 17.7  ±  9.1

18 5 70 36 0.071 17.3 1.425e5 1.994e6 18.9  ±  8.8

19 6 76 48 0.079 14.1 1.282e5 1.624e6 20.9  ±  8.9

20 8 73 45 0.11 14.5 1.823e5 1.664e6 29.0  ±  10.8

______________________________________________________________

 95 960 735  11.6 1.326e5 1.34e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 8.008 with 19 degrees of freedom.

P(chi square) = 65.61%

Ns/Ni = 0.099 ± 0.011

Mean Ratio = 0.104 ± 0.011

Pooled Age = 26.2 ± 2.9 Ma

Mean Age = 27.5 ± 2.8 Ma

Central Age = 26.2 ± 2.8 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.438e6 cm-2; ND = 5713.



Data from sample UP112-3A.rtf

Irradiation Number UP112-3,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN99

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 27 229 36 0.118 57.2 7.693e5 6.525e6 31.0  ±  6.4

2 12 94 18 0.128 47.0 6.838e5 5.357e6 33.5  ±  10.3

3 16 133 30 0.12 39.9 5.47e5 4.547e6 31.6  ±  8.4

4 23 248 42 0.093 53.1 5.617e5 6.057e6 24.4  ±  5.4

5 34 256 48 0.133 48.0 7.265e5 5.47e6 34.9  ±  6.4

6 22 138 25 0.159 49.6 9.026e5 5.662e6 41.9  ±  9.7

7 30 212 42 0.142 45.4 7.327e5 5.177e6 37.2  ±  7.3

8 11 94 21 0.117 40.3 5.373e5 4.591e6 30.8  ±  9.8

9 16 151 24 0.106 56.6 6.838e5 6.453e6 27.9  ±  7.4

10 22 200 35 0.11 51.4 6.447e5 5.861e6 28.9  ±  6.5

11 14 96 30 0.146 28.8 4.787e5 3.282e6 38.3  ±  11.0

12 19 152 21 0.125 65.1 9.28e5 7.424e6 32.8  ±  8.0

13 15 82 15 0.183 49.2 10.257e5 5.607e6 48.0  ±  13.5

14 23 155 25 0.148 55.8 9.437e5 6.359e6 39.0  ±  8.8

15 21 130 32 0.162 36.5 6.731e5 4.167e6 42.4  ±  10.0

______________________________________________________________

 305 2370 444  48.0 7.046e5 5.475e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 3.966 with 14 degrees of freedom.

P(chi square) = 89.28%

Ns/Ni = 0.129 ± 0.0080

Mean Ratio = 0.133 ± 0.0060

Pooled Age = 33.8 ± 2.2 Ma

Mean Age = 34.8 ± 1.6 Ma

Central Age = 33.8 ± 2.1 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.426e6 cm-2; ND = 5713.



Data from sample UP112-4A.rtf

Irradiation Number UP112-4,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN100

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 18 120 42 0.15 25.8 4.396e5 2.931e6 39.2  ±  10.0

2 30 210 54 0.143 35.1 5.698e5 3.989e6 37.4  ±  7.4

3 15 95 36 0.158 23.8 4.274e5 2.707e6 41.3  ±  11.5

4 18 148 42 0.122 31.8 4.396e5 3.614e6 31.8  ±  8.0

5 14 96 36 0.146 24.1 3.989e5 2.735e6 38.1  ±  11.0

6 12 86 30 0.14 25.9 4.103e5 2.94e6 36.5  ±  11.3

7 13 80 30 0.163 24.1 4.445e5 2.735e6 42.5  ±  12.7

8 7 52 24 0.135 19.6 2.992e5 2.222e6 35.2  ±  14.2

9 32 258 49 0.124 47.6 6.699e5 5.401e6 32.5  ±  6.1

10 12 110 32 0.109 31.0 3.846e5 3.526e6 28.5  ±  8.7

11 17 91 30 0.187 27.4 5.812e5 3.111e6 48.8  ±  13.0

12 20 124 49 0.161 22.9 4.187e5 2.596e6 42.2  ±  10.2

13 14 134 30 0.104 40.3 4.787e5 4.582e6 27.3  ±  7.7

14 18 126 56 0.143 20.3 3.297e5 2.308e6 37.4  ±  9.5

15 12 92 54 0.13 15.4 2.279e5 1.748e6 34.1  ±  10.5

16 17 135 52 0.126 23.4 3.353e5 2.663e6 32.9  ±  8.5

______________________________________________________________

 269 1957 646  27.4 4.271e5 3.107e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 2.41 with 15 degrees of freedom.

P(chi square) = 99.35%

Ns/Ni = 0.137 ± 0.0090

Mean Ratio = 0.14 ± 0.0050

Pooled Age = 36.0 ± 2.5 Ma

Mean Age = 36.6 ± 1.4 Ma

Central Age = 36.0 ± 2.4 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.42e6 cm-2; ND = 5713.



Data from sample UP112-6A.rtf

Irradiation Number UP112-6,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN102

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 18 61 48 0.295 11.6 3.846e5 1.304e6 76.3  ±  20.6

2 8 39 24 0.205 14.8 3.419e5 1.667e6 53.1  ±  20.7

3 4 32 49 0.125 5.9 0.837e5 0.67e6 32.4  ±  17.2

4 8 56 49 0.143 10.4 1.675e5 1.172e6 37.0  ±  14.0

5 8 85 48 0.094 16.1 1.71e5 1.816e6 24.4  ±  9.1

6 20 193 64 0.104 27.5 3.205e5 3.093e6 26.9  ±  6.4

7 4 37 54 0.108 6.2 0.76e5 0.703e6 28.1  ±  14.8

8 9 31 24 0.29 11.8 3.846e5 1.325e6 75.1  ±  28.5

9 9 67 48 0.134 12.7 1.923e5 1.432e6 34.8  ±  12.4

10 8 58 48 0.138 11.0 1.71e5 1.239e6 35.8  ±  13.5

11 8 76 64 0.105 10.8 1.282e5 1.218e6 27.3  ±  10.2

12 8 50 45 0.16 10.1 1.823e5 1.14e6 41.5  ±  15.8

13 8 50 54 0.16 8.4 1.52e5 0.95e6 41.5  ±  15.8

14 21 111 81 0.189 12.5 2.659e5 1.406e6 49.0  ±  11.7

15 9 69 42 0.13 15.0 2.198e5 1.685e6 33.8  ±  12.0

16 3 24 20 0.125 10.9 1.539e5 1.231e6 32.4  ±  19.9

17 9 69 36 0.13 17.5 2.564e5 1.966e6 33.8  ±  12.0

18 5 44 40 0.114 10.0 1.282e5 1.128e6 29.5  ±  13.9

19 19 79 64 0.241 11.2 3.045e5 1.266e6 62.2  ±  16.0

20 7 58 40 0.121 13.2 1.795e5 1.487e6 31.3  ±  12.6

______________________________________________________________

 193 1289 942  12.5 2.102e5 1.404e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 10.849 with 19 degrees of freedom.

P(chi square) = 10.29%

Ns/Ni = 0.15 ± 0.012

Mean Ratio = 0.156 ± 0.013

Pooled Age = 38.8 ± 3.2 Ma

Mean Age = 40.3 ± 3.4 Ma

Central Age = 39.2 ± 3.4 Ma

% Variation = 15.57%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.407e6 cm-2; ND = 5713.



Data from sample UP112-7A.rtf

Irradiation Number UP112-7,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN83

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 4 18 48 0.222 3.4 0.855e5 0.385e6 57.3  ±  31.7

2 26 170 64 0.153 24.3 4.167e5 2.725e6 39.5  ±  8.4

3 6 35 32 0.171 10.0 1.923e5 1.122e6 44.2  ±  19.6

4 19 146 72 0.13 18.6 2.707e5 2.08e6 33.6  ±  8.2

5 28 225 72 0.124 28.6 3.989e5 3.205e6 32.1  ±  6.5

6 14 104 63 0.135 15.1 2.279e5 1.693e6 34.8  ±  9.9

7 19 174 45 0.109 35.4 4.331e5 3.966e6 28.2  ±  6.9

8 4 19 40 0.211 4.3 1.026e5 0.487e6 54.3  ±  29.9

9 9 72 49 0.125 13.4 1.884e5 1.507e6 32.3  ±  11.4

10 6 43 36 0.14 10.9 1.71e5 1.225e6 36.0  ±  15.7

11 24 190 64 0.126 27.2 3.846e5 3.045e6 32.6  ±  7.1

12 11 53 54 0.208 9.0 2.089e5 1.007e6 53.5  ±  17.8

13 16 49 36 0.327 12.5 4.559e5 1.396e6 84.0  ±  24.3

14 33 201 18 0.164 102.2 18.805e5 11.454e6 42.4  ±  8.0

15 18 101 64 0.178 14.4 2.885e5 1.619e6 46.0  ±  11.8

16 6 31 48 0.194 5.9 1.282e5 0.662e6 49.9  ±  22.3

17 4 28 64 0.143 4.0 0.641e5 0.449e6 36.9  ±  19.7

18 14 76 64 0.184 10.9 2.244e5 1.218e6 47.5  ±  13.9

19 33 241 64 0.137 34.5 5.289e5 3.862e6 35.4  ±  6.6

20 33 138 42 0.239 30.1 8.059e5 3.37e6 61.6  ±  12.0

______________________________________________________________

 327 2114 1039  18.6 3.228e5 2.087e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 10.293 with 19 degrees of freedom.

P(chi square) = 36.01%

Ns/Ni = 0.155 ± 0.0090

Mean Ratio = 0.171 ± 0.012

Pooled Age = 39.9 ± 2.6 Ma

Mean Age = 44.1 ± 3.0 Ma

Central Age = 40.1 ± 2.6 Ma

% Variation = 7.4%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.401e6 cm-2; ND = 5713.



Data from sample UP112-9A.rtf

Irradiation Number UP112-9,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN85

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 9 67 16 0.134 38.7 5.77e5 4.295e6 34.4  ±  12.2

2 9 70 30 0.129 21.5 3.077e5 2.393e6 32.9  ±  11.7

3 8 46 36 0.174 11.8 2.279e5 1.311e6 44.5  ±  17.1

4 5 26 28 0.192 8.6 1.832e5 0.952e6 49.2  ±  24.0

5 6 44 32 0.136 12.7 1.923e5 1.41e6 34.9  ±  15.2

6 8 66 30 0.121 20.3 2.735e5 2.257e6 31.0  ±  11.6

7 9 71 42 0.127 15.6 2.198e5 1.734e6 32.5  ±  11.5

8 15 79 27 0.19 27.0 5.698e5 3.001e6 48.6  ±  13.7

9 6 37 24 0.162 14.2 2.564e5 1.581e6 41.5  ±  18.3

10 17 128 54 0.133 21.9 3.229e5 2.431e6 34.0  ±  8.8

11 9 52 54 0.173 8.9 1.71e5 0.988e6 44.3  ±  16.0

12 9 56 24 0.161 21.5 3.846e5 2.393e6 41.1  ±  14.8

13 6 39 25 0.154 14.4 2.462e5 1.6e6 39.4  ±  17.3

14 9 94 40 0.096 21.7 2.308e5 2.41e6 24.5  ±  8.6

15 12 90 40 0.133 20.8 3.077e5 2.308e6 34.1  ±  10.5

16 13 81 48 0.16 15.6 2.778e5 1.731e6 41.1  ±  12.3

17 10 55 62 0.182 8.2 1.654e5 0.91e6 46.5  ±  16.0

18 21 124 48 0.169 23.8 4.488e5 2.65e6 43.3  ±  10.3

19 6 32 24 0.188 12.3 2.564e5 1.368e6 47.9  ±  21.4

20 8 32 36 0.25 8.2 2.279e5 0.912e6 63.9  ±  25.3

______________________________________________________________

 195 1289 720  16.5 2.778e5 1.836e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 3.408 with 19 degrees of freedom.

P(chi square) = 99.51%

Ns/Ni = 0.151 ± 0.012

Mean Ratio = 0.158 ± 0.0080

Pooled Age = 38.7 ± 3.1 Ma

Mean Age = 40.5 ± 1.9 Ma

Central Age = 38.7 ± 3.0 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.389e6 cm-2; ND = 5713.



Data from sample UP112-12A.rtf

Irradiation Number UP112-12,  Counted by user#: 0

The mineral is: Apatite

Elevation:  NA ,  Location: NA

KN89

______________________________________________________________

No. Ns Ni Na Ratio U(ppm) Rhoi Rhos Age (Ma)

______________________________________________________________

1 2 10 48 0.2 1.9 0.427e5 0.214e6 50.5  ±  39.1

2 8 25 49 0.32 4.8 1.675e5 0.523e6 80.6  ±  32.8

3 4 23 48 0.174 4.5 0.855e5 0.491e6 43.9  ±  23.8

4 2 13 24 0.154 5.1 0.855e5 0.556e6 38.9  ±  29.5

5 6 23 36 0.261 6.0 1.71e5 0.655e6 65.7  ±  30.2

6 5 32 64 0.156 4.7 0.801e5 0.513e6 39.5  ±  19.0

7 6 21 49 0.286 4.0 1.256e5 0.44e6 72.0  ±  33.4

8 9 54 64 0.167 7.9 1.442e5 0.865e6 42.1  ±  15.2

9 3 20 42 0.15 4.5 0.733e5 0.488e6 37.9  ±  23.5

10 7 44 48 0.159 8.6 1.496e5 0.94e6 40.2  ±  16.4

11 4 16 30 0.25 5.0 1.368e5 0.547e6 63.0  ±  35.3

______________________________________________________________

 56 281 502  5.2 1.144e5 0.574e6

Area of basic unit 9.7493E-7cm-2 using Mic1:  9.7493E-7

Chi Square = 1.857 with 10 degrees of freedom.

P(chi square) = 95.93%

Ns/Ni = 0.199 ± 0.029

Mean Ratio = 0.207 ± 0.018

Pooled Age = 50.3 ± 7.5 Ma

Mean Age = 52.2 ± 4.6 Ma

Central Age = 50.3 ± 7.4 Ma

% Variation = 0.0%

Ages calculated using a zeta of 369.55 ± 7.99 for CN5 with 12.5ppm.

RhoD = 1.371e6 cm-2; ND = 5713.



Data from sample UP112-1A.rtf

Irradiation Number UP112-1,  Counted by user#: 0

The mineral is: Apatite

KN97

Length angle Dpar

9.9 63.8 1.67

8.4 29.7 2.64

13.8 50.4 2.64

10.1 48.3 1.88

8.5 72.8 1.88

8.3 34 1.88

13.1 62.4 1.78

12.3 66.7 2.1

11.8 57.5 2.1

8.5 57.1 2.41

10.2 53 2.41

10.3 72.2 2.05

8.3 61.2 2.05

8.9 55.1 1.89

6.8 10 1.79

7.2 46.9 1.79

7 8.5 1.79

8.7 60.6 2.16

11.5 50.1 2.44

13.2 58.2 2.44

9.2 35.3 2.44

7.1 70 1.58

9.8 51.8 2.23

11 76.3 1.81

10.6 36.8 1.81

12.4 39.9 1.83

11.3 5.2 1.83

10.5 36.6 1.96

12.2 53.6 1.83

8.5 20.4 2.16

7.3 68.5 1.35

7.1 88.2 1.35

8.9 0.8 1.46

10.6 37 1.46

9.9 79.1 1.46

13.5 83.7 1.46

12.8 72.6 1.46

11.2 27.2 2.27

8.3 35.6 2.1

9.1 71.7 2.09

11 26.3 2.09

11.1 13.1 2.24

9 42 2.24

9.6 49.3 2.24

8.7 49.5 2.24

14.1 60.3 1.97

8.8 15.5 1.97

9.6 8.2 1.74

7.2 9.4 1.74

9.3 8.8 1.74

8.6 10 1.74

11.8 64.8 2.26

11.2 5.4 2.26

10.2 49.2 2.02

8.9 16.8 2.02

14.1 51.5 1.67

10.7 26.2 1.67

9.7 54.8 2.19

12.6 84.6 2.19

11.1 67.8 2.19

7.9 51.9 2.05

7.6 34.5 2.05

10.9 44.9 1.66

6.7 19.6 1.56

14.7 19.2 1.56

13.2 53.2 1.56

10.9 54.1 1.56

11.9 48 1.56

11.8 68.5 1.56

10.8 70.9 1.56

9.5 28.5 1.56

8.5 0.7 1.65

9.5 19.5 1.88

8.9 1.3 1.88

9 38.7 2.05

10.4 28.6 2.05

9.9 21.9 1.77

12.6 24.2 1.77

8.4 52.8 1.77

10.7 22.9 1.77

8.3 35.6 1.77

8.2 64.4 2.2

8.2 7.7 2.2

11.9 59.6 1.89

9.2 40.1 1.94

7.8 72.9 1.74

10.7 54.7 2.19

8.3 11.2 1.75

12.6 83.7 1.75

13 63.4 1.75

10.8 49.5 1.75

7.7 65.6 2.46

8.8 56.4 2.46

9.5 71.9 1.88

7.2 48.9 2.08

6.9 5.2 2.08

7.9 58.7 1.9

7.1 45.3 2.09

10.1 58.2 1.99

9.2 26.1 1.99

8.4 74.1 1.99

Length angle Dpar

AFT: Track Length Distribution

KN-97

C- Axis Projected

Length (µm)

201612840

Length (µm)

1612840

F
re

q
u
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y

0.30

0.20

0.10

0.00
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re
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u
e
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y

0.30

0.20

0.10

0.00

Table A3. Track lengths data. 



Data from sample UP112-3.rtf

Irradiation Number UPUP112-3,  Counted by user#: 0

The mineral is: Apatite

KN99 

Length angle Dpar

10.5 18.7 2.61

12.4 53.4 2.04

9.3 57.3 2.04

9.7 21.8 1.82

12 67.2 1.56

14 54.3 1.48

14.4 11 1.38

13.3 29.8 1.96

12.4 19.2 1.96

11.6 27.5 2.68

12.8 45.5 2.68

13.6 84.7 1.56

9.7 36.2 1.88

9.7 31.4 1.88

9.1 45.7 1.88

13.3 48.8 2.63

10.4 13.1 2.63

12.6 72.4 2.39

13.8 79.7 2.39

9.5 34.5 2.39

14.7 74.3 2.39

9 68.2 2.3

9.9 70.3 2.3

13.8 52 2.3

8.4 47.1 1.73

13.9 57.9 1.76

13.7 36.2 1.76

13.9 57 1.76

15.4 8.6 1.72

11.1 31.4 1.72

10.9 42.7 1.72

12.2 66.8 1.72

11.9 60 2.05

8.3 38.7 2.74

13.4 41.1 2.74

9.5 67.2 2.74

12.6 25.7 2.74

9.8 32.9 2.74

8.8 78 1.7

7.6 3.2 1.7

8.7 19.2 1.7

9.2 52.7 1.86

8.6 78.1 1.86

13.1 13.7 1.86

9.2 31 1.86

8.9 0.2 1.61

9.2 28.2 1.61

9.3 5.2 1.61

8.8 32.3 1.7

12.4 75.9 1.7

10.6 77.6 1.7

14 56.9 1.7

11.6 72.7 1.7

11.9 57.5 1.7

10.3 75.3 1.7

12.1 52.1 2.2

8.2 39 2.2

12.1 51.1 2.2

10.3 5 2.2

12.4 68.8 2.2

10.5 78.4 2.2

14.5 68.3 2.49

9.6 33.6 2.49

8 42.5 2.49

9.2 86.6 2.49

Length angle Dpar

AFT: Track Length Distribution

KN-99

Length (µm)

201612840

F
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q
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y

0.30

0.20

0.10

0.00

Length (µm)

20161284

C- Axis Projected

F
re

q
u
e
n
c
y

0.30

0.20

0.10

0.00



Data from sample UP112-4A.rtf

Irradiation Number UP112-4,  Counted by user#: 0

The mineral is: Apatite

KN100 

Length angle Dpar

13.6 45.5 2.12

11 57.9 2.12

13.3 39.9 2.12

12.4 38.1 2.24

8.8 31.7 2.24

13.8 64.1 2.24

12.3 60.5 2.24

12.6 62.5 2.24

12.7 12.2 2.24

8.8 82.7 2.40

12.3 52.1 2.40

9.1 89.3 2.40

11 75.1 2.32

8.7 34.1 2.32

14.9 75.1 1.91

11.2 62.9 1.91

13.5 79.6 1.91

12.6 71 1.91

14.4 61.8 1.91

8.1 57.5 1.91

9.7 38.1 1.79

12.5 87.7 2.20

11 85.3 2.20

10.8 82.3 2.35

10.5 71 2.27

13.8 55.8 2.45

9.2 77.5 2.45

12.7 60 2.45

14.7 35.6 2.45

14.1 79.6 2.45

12 47.2 2.48

12.9 36.5 2.48

10.9 75.8 2.48

12.4 62.6 1.96

13.1 59.8 1.96

9.5 79.7 2.24

10.6 55.3 2.57

12.1 57.7 2.27

13.3 34.6 2.28

9.3 88.9 2.28

9.4 60.6 2.17

14.2 82.8 2.07

11.9 88.9 2.07

13.6 81.8 2.12

13.4 36 2.12

9.4 67.3 2.12

13 68.9 2.12

13 73.8 2.12

9.7 60.7 2.12

13.9 32.6 2.12

10.3 59.1 2.12

14.8 63.2 2.57

8.4 63.3 2.57

12.2 61.2 2.16

12.8 60.2 2.16

11.5 86.6 2.16

Length  angle Dpar
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0.10

0.00

C- Axis Projected

AFT: Track Length Distribution

KN-100

Length (µm)
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Length (µm)
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Data from sample UP112-6A.rtf

Irradiation Number UP112-6,  Counted by user#: 0

The mineral is: Apatite

KN102 

Length angle Dpar

9.4 51.6 1.91

11.1 83.4 1.3

9.9 31.9 2.14

8.3 42.3 1.67

8.4 54.1 1.67

10.1 33.6 1.45

12.7 43 2.05

10.6 75.6 1.52

8.3 19.8 1.94

10 51.7 2.17

12.8 86.1 2.56

9.8 40.8 2.12

10 88.7 2.46

11.4 30.8 2.72

10 71.5 1.99

12.8 84.1 1.66

10.2 3.1 2.23

9.9 78 1.58

12.2 66 2.39

12.2 58.7 1.8

11.9 59.9 1.8

10.8 47.1 2.21

11.4 67.5 1.93

12.7 44.5 1.81

9.7 39.7 1.49

10 66.2 2

11.3 39.1 1.47

10.2 65.3 2.17

12.4 60.5 1.95

7.5 49.6 2.47

11.2 33.9 1.75

11.8 59.8 2.21

13.8 70.1 2.12

12.9 50.9 1.65

9.2 57 2.53

13.1 75.7 1.5

10.8 77.5 1.62

14.6 62.4 2.27

13.8 46.1 2.28

9.7 65.9 1.66

11 45.3 1.81

9.4 78.7 2.06

9.7 78.3 2.17

10.6 46.4 2.08

12 58.5 2.16

9.1 66 1.74

13.9 58.4 1.99

13.2 61.9 2.01

13.7 74 1.52

11.9 26.8 2.29

8.4 29.4 1.8

11.6 68.4 1.68

10.7 74.4 1.91

8.9 67.8 1.3

15.3 34.8 2.14

8.6 45.6 1.67

14.1 84.9 1.67

9.9 89.9 1.45

10.7 88.5 2.05

9.6 75.6 1.52

14.8 83.7 1.94

10 43.5 2.17

11.3 27.8 2.56

13.3 70 2.12

11.2 11.1 2.46

13.8 85.3 2.72

13.7 43.9 1.99

11.2 16.1 1.66

8.4 79.4 2.23

9.3 84.5 1.58

7.4 5.8 2.39

10.3 66.8 1.8

14.1 86.3 1.8

14.6 63 2.21

10.3 67.2 1.93

7.7 65.9 1.81

8.2 31.5 1.49

9.9 85.4 2

10.8 62.9 1.47

14.4 83.1 2.17

13.7 66.1 1.95

13.7 53.5 2.47

13.4 60 1.75

9.8 22.2 2.21

10.5 63.3 2.12

9.6 62.4 1.65

13.5 80.5 2.53

13.2 39.1 1.5

10 56.8 1.62

14 63.8 2.27

13.9 53.4 2.28

11.6 20.2 1.66

9.5 61.2 1.81

10.4 47.7 2.06

Length angle Dpar
9.3 34.1 2.17

11.4 64.6 2.08

15.3 53.6 2.16

14 62 1.74

8.2 20.7 1.99

12.7 58.7 2.01

11.1 44.5 1.52

Length angle Dpar

Length (µm)
1612840

0.30

0.20

0.10

0.00

Length (µm)
201612840

C- Axis Projected

AFT: Track Length Distribution

KN-102
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Data from sample UP112-7A.rtf

Irradiation Number UP112-7,  Counted by user#: 0

The mineral is: Apatite

KN83

length angle Dpar

13.9 40.7 2.11

13.8 51.4 1.57

14.9 72.2 1.57

14.1 39.9 1.57

12.7 53.9 1.57

9.9 44.5 1.57

15.4 62.1 2.10

12.1 47.2 2.10

13.1 30.5 1.80

11.2 36.9 1.80

10.7 12.1 1.51

7.3 7.3 1.74

10.8 26.6 1.96

12.7 21.2 1.96

9.4 9 1.84

11.4 68.4 1.68

14.8 66.4 1.71

9 37.9 1.70

11 27.4 1.88

11.9 72.4 1.81

10.5 77.6 1.81

13.6 47.2 2.07

11.5 52 2.95

14.4 86.2 2.95

12.9 82.9 2.54

11 74.9 2.02

14 29.7 2.02

11.8 85.2 2.02

11.4 4.6 2.02

11.9 34.4 2.18

10.1 48.8 2.18

11.6 19.8 2.18

13.1 48.5 1.91

14.5 80.3 2.72

15.1 70.3 1.55

11.6 87 1.55

14.5 66.5 1.55

13.2 87.3 1.62

10.6 55.2 1.76

Length (µm)

1612840

F
re

q
u
e
n
c
y

0.30

0.20

0.10

0.00

Length (µm)

201612840

AFT: Track Length Distribution

KN-83

C- Axis Projected
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AFT: Track Length Distribution

KN-85

C- Axis Projected

Length (µm)
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Data from sample UP112-9A.rtf

Irradiation Number UP112-9,  Counted by user#: 0

The mineral is: Apatite

KN85 

length angle Dpar

8.4 9.3 2.31

7.8 29.4 2.31

10.8 43.4 1.66

11.1 75.4 2.32

6.6 0.2 2.25

9.5 4.2 2.25

12.4 66.1 1.9

13.7 58.7 1.9

8.5 8.6 1.99

10.8 76.6 1.99

12 35.1 1.33

10.4 68.2 2.08

13.7 48 2.08

8.4 72.8 1.68

12.1 69.5 2.01

12.6 28.4 2.32

9.1 40.9 2.57

8.8 46 2.21

9.2 83.9 2.43

10.3 42 2.43

10 23.1 2.43

12.3 38 2.48

7.5 33.6 1.17

13.9 65.6 2.15

12.3 20.2 1.61

11 58.6 2.01

12.8 69.4 2.01

10.9 73.2 2.01

11.2 47.8 2.23

10.7 84.1 2.23

12.5 70 2.23

13.6 59.5 2.23

11.4 47.5 2.23

15.6 75.1 2.23

12.7 53 2.19

13.7 0.7 1.66

14.4 35.3 2.19

11.2 0.8 2.19

11.3 74.5 2.41

12.5 50 2.16

12.9 1.2 1.41

10.4 12.6 1.41

10.3 17.1 1.82

12.8 47.5 1.69

11.2 70.2 1.95

10.2 66.7 1.73

9.9 19.1 1.73

12.5 35.1 1.51

15 11.4 1.51

10.5 0.8 1.51

12.9 58.1 2.32

12.7 25.9 2.32

10.8 48.9 2.48

11.2 78 2.48

14.7 73.6 1.75

13.9 48.8 1.75

15.8 78 1.75

10.7 41.9 1.75

13.5 80.9 2.19

12.2 20.4 1.53

14 66.7 1.49

12.1 66.7 1.72

14.6 63.8 1.72

12.8 84.8 1.72

13 70.3 2.72

11.6 84.3 2.72

10.6 59 2.72

12.7 54.7 2.72

10.8 39.2 2.72

10.6 55.6 2.22

8 62.8 2.22

13.9 56.3 2.39

14 37.6 2.39

14.6 56.2 2.24

10.7 56.2 2.24

11.2 62.9 2.24

14.5 63.3 2.24

10.6 62.8 2.24

14 68.2 2.24

12.7 56.4 2.24

12.2 79.6 1.99

13.4 49.3 1.99

11.6 82.7 1.99

12 72.4 1.78

14.4 74.7 1.68

12.9 78.5 1.68

13.1 60.5 1.68

10.7 75.1 2.03

13 23.8 2.03

12.4 86.1 1.64

11.7 28.1 2.03

12.2 36.7 2.03

15.3 47.8 2.55

11.8 55.7 2.55

13.8 57.8 2.55

13.8 68.3 2.55

13.7 72.8 2.55

13.4 34.8 2.18

8.4 70.5 2.18

14.8 54.5 1.89

length angle Dpar
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                                         Figure B1.  Catchment morphology for samples in the Northern, Central and Southern Kenya 

Rift. For each catchment (S01-S03, C01-C10, and N01-N07), we show (a) lithology, (b) relief, 

(c) median catchment slope, (d) mean annual precipitation, (e) vegetation cover based on 

Enhanced Vegetation Index (EVI), (f ) elevation, based on 90-m resolution SRTM  data, and (g) 

-

area plots, and the distribution of slope values for the catchment.
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Table D1. Apatite �ssion track full data

Sample N Latitude 

(deg.)

E.Longitude 

(deg)

Elev. 

(m)

Age/Lith. Xlsa Rho-Sb 

x106

NSc Rho-Ib 

x105

NIc P( 2)d % RhoDe 

x106

NDf Age 

(Ma)

±1 Dparg 

mean

Dpar 

SD

# 

lengthsh

Length 

(µm)

Length 

SD 

(µm)

Analysti

10TR02 42.163250 72.040472 2571 Pt/Ss 20 1.919 57 1.71 640 100 1.337 5231 22 3.1 2 0.15 104* 13.6 1.5 AB

10TR03 42.138222 72.040528 2678 Pt/Ss 20 1.37 122 1.291 1294 57 1.321 5231 23 2.3 2.05 0.18 2 15.4 0.4 AB

10TR04 42.108528 72.042611 3120 Pt/Ss 20 0.776 85 0.8 825 56 1.317 5231 25.4 2.9 1.98 0.18 5* 10.6 2.1 AB

10TR05 42.121972 72.037083 2921 Pt/Ss 20 1.242 72 1.345 665 97 1.258 5231 25.1 3.1 1.95 0.22 71* 11.7 2.1 AB

10TR17 42.458889 71.533806 1269 Pt/Ss 19 1.188 91 1.265 855 91 1.284 7234 25.2 2.80 1.92 0.26 13* 13.645 1.7 AB

10UM12 42.233083 71.406694 3.456 C/Granite 18 3.275 438 7.042 2037 85 1.301 5674 51.5 2.8 2 0.16 101 12.8 1.5 AB

10UM14 42.240139 71.409833 2.082 C/Schist 7 3.127 87 3.598 756 50 1.286 5674 27.5 3.2 3 0.19 15 12.9 1.4 AB

10UM15 42.241528 71.413306 2.945 C/Granite 17 1.304 115 2.095 716 82 1.27 5674 37.6 3.8 2 0.26 9 12.2 1.5 AB

10CA26 41.886778 70.852194 3.161 C/Granite 8 1.406 103 2.546 569 83 1.228 5231 40.9 4.4 2 0.21 7 12.0 1.9 AB

10CA27 41.881278 70.853806 2.953 C/Granite 21 1.963 260 3.815 1338 84 1.218 5231 43.6 3 2 0.17 101* 11.8 1.9 AB

10CA29 41.874861 70.862750 2.535 C/Granite 19 2.433 197 3.286 1459 40 1.208 5231 30.1 2.3 2 0.15 106 11.5 1.8 AB

10TR19 42.199194 71.585583 2978 C/Granite 19 3.469 185 4.293 1495 68 1.307 5231 29.8 2.4 2 0.19 19 11.6 2.3 AB

10TR20 42.185528 71.574194 2815 C/Granite 20 0.599 70 0.686 611 97 1.297 5231 27.4 3.5 2.05 0.17 13* 11.8 2.0 AB

10TR21 42.183722 71.569722 2778 /Tillite 20 3.266 266 3.368 2579 97 1.287 5231 24.5 2.6 2.17 0.19 49 12.2 2.4 AB

10TR22 42.128722 71.557611 2458 /Tillite 19 1.27 135 1.389 1234 8 1.278 5231 26.4 2.9 2.82 0.47 28* 11.6 2.6 AB

10TR23 42.119528 71.546611 2.713 Dev/Ss 17 1.75 53 0.824 1126 96 1.268 5231 11 1.6 2 0.21 4 13.0 2.4 AB

10CK34 41.574028 70.699361 1.763 C/Granite 20 1.783 865 9.479 1627 5 1.298 7234 124.3 6.6 2.07 0.21 101* 12.8 1.5 AB

10CK37 41.496722 71.023611 1.762 C/Granite 20 1.288 249 2.932 1094 61 1.277 7234 53.6 3.8 2.11 0.19 56 12.1 1.9 AB

10CK41 41.437833 71.226806 1.369 Pz1/Gneiss 20 1.831 609 9.595 1162 35 1.248 5231 119.7 6.7 2.19 0.16 105* 11.7 1.9 AB

10CK43 41.584250 71.526972 1.874 Dev/Ss 16 1.081 108 2.372 492 100 1.264 7234 51 5.5 2.22 0.26 14* 12.5 1.7 AB

10CK44 41.565833 71.529167 1.695 Dev/Ss 20 1.326 241 3.751 852 65 1.238 5231 64.7 5 2.50 0.36 37* 12.2 2.1 AB

10SU67 41.530639 72.331833 0.922 Dev/Ss 7 0.667 13 0.667 130 100 1.041 7234 19.2 5.6 2.28 0.19 ND ND ND AB

10SU65 41.612972 72.364083 2.578 Dev/Ss 20 0.922 137 0.931 1356 84 1.118 7234 20.8 1.9 2.30 0.17 101* 13.2 1.4 AB

10SU61 41.590000 72.328639 1.985 C/Granite 20 0.831 92 0.632 1209 7 1.131 7234 16.4 2 1.87 0.17 100* 11.6 1.9 AB

10SU62 41.609194 72.356056 2.386 C/Granite 20 1.082 157 1.144 1365 91 1.125 7234 23.9 2.1 2.31 0.02 101* 13.2 1.7 AB

10SU64 41.622861 72.367583 2.767 Dev/Granite 19 1.23 334 2.528 1625 50 1.136 4999 43 2.7 2.53 0.14 105* 12.4 1.9 AB

Talas range
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