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Abstract

Proper characterization of tectonic extension oiftahelps to understand its seismcity, geothermal
activity, volcanicity and general geodynamics. Bar Kenya Rift, two different models of extension
directions (E-W to ESE-WNW and NW-SE) have beerppsed. However, there is a knowledge gap
in the understanding of neotectonics of the soutlenya Rift (Lake Magadi area) since previous
works in the area were based on limited field sited they lacked subsurface investigations. Hence,
conjunctive analysis of field and remotely sensathsets of the Lake Magadi area is essential. Field
data from several locations in a larger area agaired in order to obtain representative infornmatio
about the conditions of extensional stress in thkelMagadi area. Remotely sensed datasets, which
include space-borne multispectral imagery and ggsipal (resistivity plus magnetic) data sets are
likely to provide useful surface and subsurfacel@gioal information, respectively and would enable
characterization of the neotectonic extension énlthke Magadi area.

In this research, ASTER datasets, SRTM DEM, aireonmagnetic data, ground magnetic data,
resistivity data, structural field data, existingotpgical maps and location of earthquake epicenter
were used. In order to extract optimum structurad &thologic information, the remotely sensed
datasets were enhanced using different enhancemethbds. Lithologic information extracted from
the ASTER images, from field and from the airbonmggnetic data was integrated in order to update
geological map of the study area. Structural infation was extracted from the enhanced ASTER
datasets, SRTM DEM and airborne magnetic data. Gwdlresults of these datasets revealed four
fault sets in the area; normal N-S fault, dextrsW4$E fault, strike slip ENE-WSW fault and sinistral
NE-SW fault. All fault sets have been observedhin field where their relative age relationship
showed that the N-S faults are the oldest and #aetivated NE-SW faults are youngest. The
existence of four set of faults having differentless and different relative ages suggests thaethas
been a geodynamic change in tectonics of theTiifese faults were created under an E-W extension
direction which is explained by Anderson’s faultaebt Preliminary paleostress reconstruction of the
field data also showed that the neotectonic exbendirection of the study area is E-W. The new
finding of sinistral NE-SW trending fault in theusty area was created under E-W extension
direction, which counterbalanced the dextral NW-SHis finding solves the puzzle that some
researchers were associating the dextral NW-SE ment with a NW-SE extension direction.
Besides, the clustering of the earthquake swarnthénnorthern part of the Lake Magadi area is
associated with the intersection of the N-S, NW&a8H NE-SW to ENE-WSW trending structures.

In the earthquake clustering area, a surface regias been observed by Seht et al.(2001). Ground
magnetic and resistivity data characterized theswtiice nature of the rupture and revealed other
hidden rupture in the site. The 2D resistivity inmagof the ruptures showed that both ruptures persi
to a depth of greater than 66m signifying that tingtures were intense. Besides, field observation
showed that the surface rupture aligns along N-NKE-SSW signifying that the neotectonic
extension direction is E-W.

The conjunctive analysis of field and remotely sehdatasets were useful in updating geological map
of the study area, characterizing surface and sfdrsu structures and in deducing neotectonic
extension of the Lake Magadi area and in explaittiegclustering of earthquake in the area.
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Neotectonics of the East African Rift System: new interpretation from conjunctive analysis of field and remotely sensed datasets in the Lake Magadi
area, Kenya

1. Introduction

1.1. Research background

Tectonics is a branch of geology that studies tiigirg historical evolution and mutual relations of
the regional structures or deformational featurfeth® Earth’s crust (Bates and Jackson, 1987; Bates
and Jackson, 1995). A subfield of tectonics thealsl with young tectonic events which have
occurred or are still occurring in a given regiditeaits last significant tectonic setup is called
neotectonics (Pavlides, 1989). In particular, Baird Jackson (1995) defined neotectonics as the
study of post-Miocene structures and structuratohysof the Earth’s crust. The theory of Plate
Tectonics states that the outer rigid layer of Hagth, the lithosphere, is divided into severalgda
that move the earth’s surface relative to eachradheng plate boundaries. There are three primary
types of plate boundaries: divergent, convergedt teansform plate boundaries. At divergent plate
boundaries, lithospheric plates away apart fromhezsher as new crust is created; for example, the
East African Rift System (EARS), which is an int@ntinental extension where the African Plate is
splitting forming the main African Plate and SorealiPlate. At convergent plate boundaries,
lithospheric plates move toward each other andajribe plates submerge beneath the other and so
the crust is consumed; for example, the Nazca Riadethe South American Plate are colliding each
other and the former submerges beneath the |dttansform plate boundaries are zones where two
plates are sliding horizontally past one anothargkample, the San Andreas Fault zone.

A rift is a zone of extension, in which a grabenregional extent with long and narrow continental
trough is bounded by normal faults resulting froxteasional stresses (Bates and Jackson, 1987). A
series of tectonically connected rifts are collegly known as a rift system (Olsen and Morgan,
1995). The Rio Grande Rift in south-western US Rhihe Rift in south-western Germany are some
examples of a rift, where as the EARS is an exaropke rift system. Genetically rifts are classified
into either an active or a passive rift. Activagiare caused by active forces like thermal upnglif

the asthenosphere while passive rifts are thetreSeixtensional stresses (Morgan and Baker, 1983;
Rogers, 1993). In active rifts, uplift and volcaniprecede rifting whereas in passive rifts, riftaogd
possibly uplift precede volcanism (Condie, 1997ngse and Burke, 1978). Both models of rifting
have been proposed for the EARS; however, geopdilyaiad geochemical data as well as timing of
magmatic and tectonic evolution of the EARS supploet active rifting model (Braile et al., 1995;
George et al., 1998; Yirgu et al., 2006).

The EARS extends from Afar depression in the n@wtMozambique in the south (Figure 1). In the
Afar depression, the EARS meets with the Red Seatlas Gulf of Aden forming a triple junction.
The EARS splits into Eastern and Western branchis. Eastern branch starts at the Afar triple
junction and crosses Eritrea, Djibouti, Ethiopiajd&n, Kenya and reaches up to Tanzaflze
Eastern branch is further subdivided into seriesift§ along its strike. For example in Ethiopia,
Kenya and Tanzania, Eastern branches of the EAR%rawn as Ethiopian Rift, Kenya Rift and
Tanzania Rift, respectively.
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The EARS is considered as a model of a continetftaihat is at the incipient stage of evolution
(Chorowicz, 2005). The on-going extension alongrifieone reaches 5-10 mm per year (Skobelev et
al., 2004), which is manifested by young faultiggothermal activity and current seismicity. For
example, about 435 earthquakes with magnitudesimarfgom 2 to 5 occurred in the Kenya Rift
alone in the years 1993-1996 (Achauer and Masgi0®)2 In addition, Seht et al.(2001) carried out
seismological surveys of the southern Kenya Rifikge Magadi area) from November 1997 to June
1998 and demonstrated that the area is seismiealiye. Furthermore, they reported a surface
rupture (without visible displacement) in the nerth part of the Lake Magadi area that occurred due
to an earthquake during their study period.

Neo-tectonic extension of the EARS is a debatetttapd two different models of extensional stress
direction have been proposed. The extension dinectiodels are E-W to ESE-WNW (Boccaletti et

al., 1998; Fairhead and Girdler, 1972; Hackman Igt 1®90; Jestin et al., 1994) and NW-SE,

(Bosworth and Strecker, 1997; Bosworth et al., 1¥9%rowicz and Sorlien, 1992; Rosendahl et al.,
1992). Extensional stress in the Afro-Arbian Rifts&m has been investigated by Bosworth and
Strecker (1997) and Bosworth et al.(1992) and ¢selts of their studies are summarized in Figure 1.
Their studies indicate that there was a changd@fektensional stress field in the time span from
Miocene to present day from NE-SW to N-S for thetmeestern Red Sea and from E-W to NW-SE

for central part of the EARS.

Extension along the central Kenya Rift has beedistuin more detail compared to extension along
the southern part of the Kenya Rift. Hackman et{E390) suggested that extensional stress of the
central Kenya Rift is oriented E-W to ESE-WNW whiBosworth and Strecker (1997) and Bosworth
et al. (1992) proposed that the extensional sfiiek$ of the central part of the Kenya Rift changed
from NE-SW in the late Miocene to E-W in the Plinee- mid Pleistocene and the extensional stress
field again changed to NW-SE in the late Quaternkor southern part of the Kenya Rift, a ESE-
WNW extensional direction has been suggested by 8elal.(2001) from focal mechanisms of
selected earthquakes and an E-W to ESE-WNW exiealsdirection by Atmaoui and Hollnack
(2003) from joint analysis on two selected sitese ESE-WNW extension direction by Atmaoui and
Hollnack (2003) was deduced in one site only ant iassociated with local NW-SE fracture of
Precambrian age since the site lies along an @drstone. However, they recommended further field
investigation of the possibility that the ESE-WNWtension could have occurred prior to the NW-SE
extension proposed for central part of the Kenyal8i Bosworth and Strecker (1997) and Bosworth
et al.(1992).
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Figure 1 The East African Rift System and assodiaetensional stresses. Fault traces shown are
driven from Chorowicz (2005) and direction of ex@emal stresses shown are derived from Bosworth
and Strecker (1997)

1.2. Research problem

Mapping surface and subsurface faults of the siftrucial in characterizing its tectonic extension.
Proper characterization of tectonic extension @f tift helps to understand seismcity, geothermal
activity, volcanicity and general geodynamics df tht.

In characterizing tectonic extension of a rift,felient approaches have been practiced. For example,
Kington and Goodliffe (2008) used seismic reflectand magnetic data to characterize rift extension
in the Woodlark Basin, Papua New Guinea, while ¥\a&endonk et al. (In Press) applied seismic and
gravity observations to characterize rifting extensin the eastern Grand Banks, Newfoundland.
Besides, Lunina and Gladkov (2007) deduced extaraliong the Barguzin Rift (Baikal region) from
field and remote sensing data sets, while Boswanith Strecker (1997) and Bosworth et al.(1992)
integrated field data, hydrocarbon drilling boredsoand tele-seismic earthquake focal mechanisms to
characterize extension along the central Kenya Rift

In the southern part of the Kenya Rift, further teetonic investigation is required to verify if the
NW-SE extension or E-W to ESE-WNW extension repnesthe recent extensional stress field of the
area. The previous neotectonic field study by Atmamd Hollnack (2003) did not cover a large area;
it was based on two sites only. Besides, theirystuas limited to surface mapping, which lacks 2D
subsurface investigation to properly characterikteresion tectonics of the Lake Magadi area. Hence,
conjunctive analysis of field and remotely sensathsets of the Lake Magadi area is essential. Field
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data from several locations in a larger area agaired in order to obtain representative informatio
about the conditions of extensional stress in thkelMagadi area. Remotely sensed datasets, which
include space-borne multispectral imagery and ggsiphl (resistivity plus magnetic) data sets are
likely to provide useful surface and subsurfacelagioal information, respectively. In the troughis o
the Lake Magadi area, the bedrock is covered byasm sediments, which makes lithological and
structural mapping difficult. Thus, subsurface gegcal investigation becomes vital in delineating
faults and lithologies in the troughs and visualigtheir 2D perspective.

Integration of field and remotely sensed (multigpdc and geophysical) datasets enables
characterization of surface and 2D subsurface petiqe of the faults as well as lithologies in the

area. This will help to properly characterize esten tectonics and to unravel the missing knowledge
gap on neotectonic extension in the Lake Magad asewell as to update the geology of the area.
Such conjunctive analysis has not been demonstiatetharacterizing extension tectonics of the

EARS.

1.3. Objectives

131. General objective

The main objective of this research was to contebto the understanding of the neotectonic
extension of the Lake Magadi area by conjunctivalyamns of field collected and remotely sensed
(multispectral and geophysical) datasets.

132 Specific obj ectives

In order to achieve the main objective of the stuldg following specific objectives were set:
» To characterizehe spatial distribution and orientatioms the surface faults from remotely
sensed and field collected datasets.
» To integrate results of surface and subsurfacestigagions of faults and lithologies in the
Lake Magadi area.

1.4. Research questions

The proposed study seeks to answer the followimgiipns:
* Do the field and remotely sensed data sets suppertNW-SE or E-W to ESE-WNW
extensional neotectonics in the southern Keny&Rift

* What is the implication of the recent surface roptobserved by Seht et al.(2001) on the
neotectonics of the southern Kenya Rift?
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1.5.

Hypothesis

Two different models of neotectonic extensionaédiion (NW-SE and E-W to WNW-ESE) have
been proposed for the Kenya Rift and the whole EARSvever, there is a knowledge gap in the
understanding of neotectonics of the southern Kdriftasince previous works in the area were
based on limited field sites and they lacked subserinvestigations. In the study area, faults
extracted from spaceborne data correlate with daoitiserved in the field and extracted from
ground geophysical data. Conjunctive analysis ef¢hdatasets provide surface and subsurface
information with 2D perspective that would enabfemacterization of the neotectonic extension
in the Lake Magadi area and would aid in unravgllime missing knowledge gap on neotectonic
extension in the area as well as in updating tlodogg of the area.

1.6.

16.1.

Datasets and Methodology

Data sets & Softwares

The data sets used in the study include:

1)
2)
3)
4)
5)
6)
7
8)

ASTER datasets

SRTM DEM

Aeromagnetic data

Ground survey magnetic data
Resistivity data

Geological maps

Location of earthquake epicenters
Field data

Softwares used:

1.6.2.

ERDAS imagine 9.2
ENVI 4.4

Rockware (rose diagram)
Arc GIS 9.3

Geosoft Oasis Montaj 7
Earth imager

WinTensor

YVVVYVYYVYYVY

M ethodology

To answer the above questions and achieve thenadéotéoned objectives, the following approaches
(Figure 2) were followed:

A)

Literature Review: relevant literature on geology, tectonics, geaits/and remote sensing
were reviewed in order to understand previous wab@ut the geologic and tectonic aspects
of the study area and to choose appropriate tegbaiqs well as datasets for achieving the
research objectives and answering research qusstion
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B) Digitizing geological maps: existing geological maps of the area were mawuditiitized.
The maps used geological maps include i) 1: 125@@0e map by Baker, (1958) and ii) 1:
750000 scale map by Baker et al., (1971).

C) Processing of remote sensing datasets: included processing of ASTER images, ASTER
DEM and SRTM DEM in order to extract structural diidologic information.

D) Field work: this included validation of faults and lithologiand collection of structural data.
Besides, field magnetic survey and 2D resistivityfiing of selected sites were conducted.

E) Analysis of structural data: structural data collected (strike and dip of fawdnd slicken-
sides) in the field were analyzed and interpreted.

F) Geophysical data processing and interpretation: aeromagnetic data, ground magnetic and
resistivity datasets were processed and interpnesedy the Oasis montaj amithrth imager
software packages.

G) Integrated analysis: Interpretations of the different datasets weregrdated in order to
characterize surface and subsurface nature oftlitsfas well as lithololgies and then deduce
neo-tectonics of the area.

ASTER ASTER images | [ Airborne magnetic| | Ground survey Resistivity Literature
DEM, SRTM 5, data Magnetic data imaging review
5 [
. Diurnal correction Pre-processing,
Pre-processing and Enhancement,
and IGRF removal Create apparent and
Enhancement 3D Euler . AT
. Enhancement, 3D Euler inverted resistivity
deconvolution . .
deconvolutionl sections
Fault extraction Extract surface & Subsurface Geological [*|
& Lithologic subsurface structure & maps
interpretation information Lithology ﬁ
Digitize
Field check manually
1 y A 4 A A

Location of|, |
earthquake
epicenters

Update geological map of the study area;
Field data > fault extraction

i A
Analyze . .
\_‘y_‘—' Integrate results, deduce neotectonic extension and

their implication, conclusion & recommendation

Figure 2 Flow chart of methodology and the proceddollowed
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1.7. Outline of the thesis

The thesis is outlined in seven chapté&hapter one gives the overall introduction of the thesis.
Chapter two discusses previous geological, geophysical andtesensing works done in the region
as well as in the study areah#@pter three deals with processing and analysis of ASTER d&tassl
SRTM DEM. Chapters 4 deals with analysis and discussion of field dathag@er 5 explains the
theoretical background of the geophysical techrscaed processing and analysis of the geophysical
datasets. Gapter 6 discusses results of the remote sensing, geoghyand field data analysis as
well as their integratiorChapter 7 gives conclusions and recommendations.
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2. Literature Review

2.1. Location of study area

The study focuses on Lake Magadi area in the soutbart of the Kenya Rift which is an eastern
branch of the EARS (Figure 3). The study area iarahland located in the Kaliado district abou010
km southwest of Nairobi. It stretches frorf80’S to 205'’S latitudes and from 388’'E to 3627'E
longitudes. The rift in the Lake Magadi area stietc N-S with Nguruman escarpment to the west,
Olorgesailie volcano to the east and Shombole amtierut volcanoes to the south. The rift floor has
horst and graben structures. The horsts are oatilyyieolcanic rocks while the grabens are filled by
a lake and sediments. The lake in the centralgidhe rift area has an elevation of about 615nvabo
sea level. It is known as Lake Magadi, from whialgk amounts of soda is extracted by the Magadi
Soda Company.
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Figure 3 A) Location of the Kenya Rift in the E&dtican Rift System (EARS). Fault traces are
derived from Chorowicz (2005). B) Location of thakde Magadi area in the Kenya Rift.
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2.2. Volcanic and tectonic evolution of the EARS

The evolution of the EARS is explained by an actiwedel of rifting, which is supported by
geophysical and geochemical data as well as biirttieg of magmatic and tectonic events during the
Cenozoic (Braile et al., 1995; George et al., 1988ju et al., 2006). The EARS is characterized by
deep rifts and voluminous volcanism manifested bicanoes in many areas (Keller et al., 1994;
Mariita and Keller, 2007). Such abundant volcanistong the EARS is related to plumes
(Chorowicz, 2005; Keller et al.,, 1994). The existerof hot asthenosphere plumes and crustal
intrusions beneath the EARS is revealed by seismitgravity models (Achauer and Masson, 2002;
Braile et al., 1995; Mariita and Keller, 2007; Mirgt al., 2006)The two known plumes along the
EARS are the Afar and Kenya mantle domes (Figurewdlich are separated by the Turkana
Depression in the northern part of Kenya and souathest part of Ethiopia (Furman, 2007; Furman
et al., 2004). Besides, geochemical data suppuoetexistence of two compositionally distinct mantle
plumes beneath the EARS; the first volcanism of Klemya plume occurred during Eocene in the
Turkana area, while the first volcanic manifestasidor the Afar plume are Oligocene flood basalts
that cover present dethiopia, Eritrea, Djibouti and Yemen (Rogers et aD00). Succeeding the
respective volcanisms, extension started at ~25Mhd Turkana area (George et al., 1998; Morley et
al., 1992; Wolfenden et al., 2004) and at ~11Matha Afar depression (Chernet et al., 1998;
Wolfenden et al., 2004).

The volcanic rocks in EARS have been depositedrifitesyn-rift and post-rift periods (Furman,
2007). The oldest recorded volcanic activity in thARS is 40-45Ma (Eocene) in the Turkana
Depression (Ebinger et al., 2000; Ebinger et 8931 Furman, 2007; George et al., 1998; Yirgu et al
2006). Afterwards, the Turkana Depression becart@amically active and it was followed by the late
Oligocene flood basalts, which are associated wlith break-up of the Afro-Arabian continent
(Furman, 2007; George et al., 1998; Ukstins e8l02). The break-up of the Afro-Arabian continent
resulted in the formation of the Red Sea during M28(Furman, 2007; Wolfenden et al., 2004; Yirgu
et al., 2006), the Gulf of Aden during ~35 Ma (Waim et al.,, 1998) and the EARS, which
represents the third arm of the triple junctionr(Ran, 2007).

The earliest extension documented in the EARS oedum the Turkana area during ~25 Ma,;
associated volcanism and faulting propagated ftamregion to the north and south (Furman, 2007;
George et al., 1998; Morley et al., 1992; Wolfendsnal., 2004; Yirgu et al., 2006). Cenozoic
volcanism is widespread in the northern part ofE#dRS but it becomes sparse in the southern parts
(Chorowicz, 2005). Miocene (19-11 Ma) was an ewd#ntolcanism in southern Ethiopia (Ebinger et
al., 1993; George et al.,, 1998). At about 11 Mdcawism occurred in the central and northern
portions of the Main Ethiopian Rift and was follavéby the commencement of rifting and
development of the Afar triple junctioifChernet et al., 1998; Wolfenden et al., 2004). garallel
geologic event, magmatism and rifting developednfrihe Turkana depression southward to the
Western Rift and the Kenya Rift (Baker et al., 19Bbsworth et al., 1992; Kampunzu et al., 1998)
and further toward Tanzania at about 1 Ma (Furrgd@0y; Nonnotte et al., 2008).

The existing neo-tectonic extension models of tHRE are summarized as E-W to ESE-WNW
(Boccaletti et al., 1998; Fairhead and Girdler, Z;9Mackman et al., 1990; Jestin et al., 1994) and
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NW-SE (Bosworth and Strecker, 1997; Bosworth et 4892; Chorowicz and Sorlien, 1992;
Rosendahl et al., 1992). During Miocene to Reciemtg, the extensional stress fields along the Afro-
Arabian Rift System have re-oriented together whih well-documented stress fields in the Tanzania
Rift, Kenya Rift, Red Sea and Gulf of Suez durihg Late Pleistocene (Bosworth and Strecker,
1997). In the Gulf of Suez and northern Red Semgettiensional stress field changed from NE-SW to
N-S after 125ka (Bosworth and Strecker, 1997). &ktensional stress field changed from E-W in the
Late Pleistocene to NW-SE in present day in theyldeRift (Bosworth and Strecker, 1997; Bosworth
et al., 1992) and in the Malawi Rift (Chorowiczda®orlien, 1992)
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Figure 4 Location of the Afar and Kenya domes (FRamn2007; Macdonald et al., 2001; Rogers et al.,
2000) in the East African Rift system (EARS).

2.3. Tectonic setting and geology of the Kenya Rift

231 Tectonic setting of the Kenya Rift

The Kenya Rift is a prototype of a continental niftthe early stages of rifting (Achauer and Masson
2002), which is evidenced by the presence of hahgp (Jones, 1996) and earthquakes (Hollnack
and Stangl, 1998; Seht et al., 2001).

As shown in Figure 3, the Kenya Rift is subdividetb sub-basins along its strike (Achauer and
Masson, 2002). The northern part (Lake Turkana)aie further split into two parallel NiB
trending rift valleys having elevation of about 08% while central part of the rift (Lake Naivasha
area) has a trend direction of NfBOand the elevation reaches about 2100m. Goingdtigouth
(Lake Magadi area) the rift valley drops to an atean of about 600mand trend of the rift is NNE.

In the Kenya Rift, volcanism and rifting startedspectively, at 40-45Ma and ~25Ma ago in the north
(Turkana area) and propagated southward. In ththeouparts of the Kenya Rift, volcanism took

place in the last 15Ma and structural evolutionteth7Ma ago resulting into formation of a graben
during 4 - 3 Ma (Baker, 1986; Crossley and Knigt281). Regional seismic and gravity studies
indicate that the crustal thickness in the Kenyla dRcreases from 35 km in the south to 22 km & th

north (Achauer and Masson, 2002; Mariita and Kelg807; Mechie et al., 1994; Mechie et al.,

1997), indicating increased crustal extension enrtbrth and the later southward migration of cilusta
extension.

According to Hackman et al. (1990), the extensiatiass field in the central part is oriented EQN t
ESE-WNW while Bosworth and Strecker (1997) and Bmr$w et al. (1992) proposed that the
extensional stress field was re-oriented from NE-BWhe late Miocene to E-W in the Pliocene —
Mid Pleistocene and the extensional stress fieftthéu changed to NW-SE in the late Quaternary. For
southern part of the Kenya Rift, a ESE-WNW extenalairection has been suggested by Seht et
al.(2001) from focal mechanisms of selected eadkgs and an E-W to ESE-WNW extensional
direction by Atmaoui and Hollnack (2003) from joimalysis on two selected sites. The ESE-WNW
extension direction by Atmaoui and Hollnack (200&)s deduced in one site only and it is associated
with local NW-SE fracture of Precambrian age sitiez site lies along an old shear zone. However,
Atmaoui and Hollnack (2003) recommended furthddfiavestigation of the possibility that the ESE-
WNW extension could have occurred prior to the NB/&tension proposed for the central part of
the Kenya Rift by Bosworth and Strecker (1997) Bodworth et al.(1992).

The southern Kenya Rift is seismically active (Astiaand Masson, 2002; Seht et al., 2001). Seht et
al.(2001) carried out seismological surveys of sloeithern Kenya Rift (Lake Magadi area) from
November 1997 to June 1998 and reported earthgawaliems in the area (Figure 5). Epicentres of
the earthquake swarms show clustering in the nortpart of the Lake Magadi area where Seht et
al.(2001) observed a surface rupture that occudteglto an earthquake during their study period.
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Besides, their study show that depth of the eaekesi vary from 9km to 27km in northern (from the
cluster of earthquake swarms) and in southern gfathe Lake Magadi area, respectively. Seht et
al.(2001) associated the cluster and the shallopthdef hypocenter with the presence of lower
crustal magmatic intrusion beneath the cluster.
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Figure 5 Epicenter locations of the earthquake swgSeht et al., 2001)

2.3.2. Geology of the Kenya rift

The Kenya rift is characterized by late Cenozoidcanic and sedimentary rocks overlying the
Neoproterozoic rocks (Bosworth et al., 1992). Hoarethe oldest volcanic activity of 40-45Ma age
has been reported in the Turkana area in the norgreet of Kenya Rift (Ebinger et al., 2000; Ebinge
et al.,, 1993; Furman, 2007; George et al., 1998gwiet al., 2006), extending the age range of
volcanic rocks in northern Kenya Rift to Eocenesides, the earliest extension inferred in the
Turkana area is at about 25 Ma (Furman, 2007; eetrgl., 1998; Morley et al., 1992; Wolfenden et
al., 2004).

According to Baker et al. (1971), the late Cenoazailcanic rocks in the Kenya Rift is divided in to
four litho-stratigrphic units: Miocene basalts, Méme phonolites, Pliocene volcanic rocks and
Quaternary volcanic rocks and sedimentary depoaifter the commencement of extension in the
Turkana areathe oldest volcanic rock unit in the central andtimern parts of the Kenya Rift is the
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Miocene (23-14Ma) basalt, which is overlain by 12-Ba phonolites (Baker et al., 1971; Bosworth
et al., 1992)Phonolites represent the oldest Tertiary volcangks in the southern part of the Kenya
Rift (Baker et al., 1971). The third unit compridesocene volcanic rocks, which are composed of
trachytes, phonolites and nephelinites covering dhetral and southern parts of the Kenya Rift,
where as the Pliocene basalts occur along whotgHeof the rift. The fourth and youngest unit i th
Kenya Rift includes late Pliocene to Quaternarycaaic rocks (trachyte in the rift valley floor and
basalt in the eastern fringes of the rift) as wsllQuaternary sedimentary deposits (Baker et@11;1
Bosworth et al., 1992; Chorowicz, 2005).

The northern part of the Kenya Rift is charactetiby volcanic rocks consisting of pyroclastics,
tuffs, trachytes, rhyolites and basalts with arerwéning volcanic cone (Macdonald, 1994). The
central part of the Kenya Rift is covered by a Mine sequence of mafic volcanic flows with
substantial intercalations of sedimentary sequeBebrensmeyer et al., 2002). In addition to the
Quaternary volcanic rockend sediments (Ngecu and Njue, 1999), the souttetrof the Kenya Rift
has Basement rock exposures along its westernastdra flanks (Baker and Mitchell, 1976; Simiyu
and Randy Keller, 1998).

Geology of the Lake Magadi area

Integrated interpretations of geological, seisndigll hole and gravity data by Simiyu and Keller
(1998) reveal the upper crustal structures in takel Magadi area. Their model shows Basement
rocks at the bottom (outcropping at western andeeadlanks of the rift) overlain by Miocene-
Pliocene volcanic and sediments, plateau trachypésnolites and basalts, Pleistocene-Recent
pyroclastics and sediments. Regional geology ot tiee Magadi area has been summarized by Baker
and Mitchell (1976) as shown in Figure 6.
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Figure 6 Regional geologic map of the Lake Magadaafter Baker and Mitchell (1976). The
abbreviations used in the legend are explainedibelo

Abbreviations Lithologies

LLA&V i, Lacustrine sedimendédluvium, volcanic ash

N Limuru trachytes

M-PP,N&T....c.o..... Miocene-Pliocene photedi, nephelinites and trachytes (pre-rift)
OB&B .coovvvvvvvviiniinnns Ol Tepsi basalts ds@hmoreites

P-PCV . ..coooovii Pliocene-pleistocenatral volcanoes
PBooiiiiiieeeee, Precambrian baeseat

PKB&LT....ccevveeeee. Pliocene Kirikiti bagaland Lengitoto trachytes
POV ..o, Pliocene Olorgésablcanics

PT Plateau Trachyte

U-P SB......oovvvriireiinninnns Upper Pliocene Giragi basalts

The geology of the Lake Magadi area has been sedvby Baker (1958) and the lithological units
has been classified into Basement rocks, volcanks, lake beds and lake sediments accumulated in
the troughs (Figure 7).

Baker reported that the Basement rocks are compafsazhists, gneisses and quartezites outcropping
at a far western part of the Lake Magadi area knawNguruman escarpment. The basement rocks
are overlain by conglomerates and sandstones.
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The volcanic rocks are classified into Miocene {od¢dne nephelinites, phonolites and trachytes,
Pliocene Kirikiti basalts, Lengitoto trachyte, Qjesailie lavas, Ol Keju Nero and Singaraini basalts
and Early Pleistocene plateau-type alkali trachyBzker, 1958; Baker, 1986; Baker and Mitchell,
1976; Baker et al., 1971).

In the southern part of the Kenya Rift, volcanistarted about 15 Ma ago with the eruption of
nephelinites, phonolites and trachy{®aker, 1986; Baker et al., 1971); these MiocerRliecene
rocks outcrop in the northwestern and northeastimks of the Lake Magadi area (Baker and
Mitchell, 1976).

In the meantime structural evolution of the southeft was progressing. It started about 7 Ma ago
with Nguruman faulting, which resulted in the fotina of a half graben that developed in to a full
graben at about 4-3 Ma (Baker, 1986).

During Pliocene, volcanism in the Lake Magadi am@a mainly basaltic and trachytic in composition
(for example: Kirikiti basalts, Lengitoto trachyt®lorgesailie lavas, Ol Keju Nero and Singaraini
basalts). The Kirikiti basalts occur in the Ngurumescarpment lying unconformably on the eastward
slopes of the Basement rocks. The Kirikiti basalts overlain by the Lengitoto trachyte (Baker,
1958). In the eastern part of the Lake Magadi d@hese is a central type of volcano known as
Olorgesailie, which is the highest mountain in #rea. This volcano is made up of a pile of lavas
consisting of basalts, trachyandesites, alkalinytes and nephelinites (Baker, 1958; Baker et al.,
1971). These Olorgesailie lavas are overlain byK@ju Nero and Singaraini basalts which are
correlated with the Kirikiti basalts (Baker, 1958)oreover, Baker’s field observation indicates that
the faulting in the eastern side of the Rift begfter the Olorgesailie vulcanicity. Thus, during th
Pliocene period the floor of the Rift Valley musivie been partly covered by Kirikiti basalt and
Lengitoto trachyte, Ol Keju Nero and Singarainiddesoverlying the Olorgesailie lava.

In the Plio-Pleistocene age, an extensive perioektiusion of plateau-type alkali trachytes occdirre
and covered greater part of the rift floor. Vulaatyi of the plateau trachyte ended with the foromati
of a number of small ash and scoriaceous lava d@Baer, 1958; Baker et al., 1971).

A cherty rock consisting largely of silicified besftl clays was deposited on top of the plateau
trachytes. Then during the Pleistocene time thyers of lake beds known as the Oloronga Beds were
deposited unconformably on the chert unit (Bak@58 Baker, 1986). The Oloronga Beds, which
consist of cherts, silts, clays as well as reworkeltanic dust and debris (Baker, 1986) cover the
northern and southern ends of Lake Magadi area.d€pesition of the Oloranga Beds was followed
by a series of sub-parallel faulting that resultedhe creation of the rift floor of the Lake Magad
area with several subsidiary fault troughs. In thiddle Pleistocene, lake sediments were
accumulated in the fault troughs. The lake bed®lorgesailie area are diatomaceous clays with
artifacts of Middle Pleistocene age wherea the lag@s in Uaso Nyiro depression are fine silts and
clays.

A period of further lake deposition was confinedtbhe Magadi trough and the Uaso Nyiro basin
while in other fault troughs, lacustrine gravelsl ahays were deposited (Baker, 1958). In the Magadi
trough, fine silts and clays (the High Magadi Bedgye laid down to a level 12 m higher than the
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present surface of the lake. Finally, the onsetafifaline spring activity, together with the
accumulation of mud resulted in the deposition skdes of beds of sodium carbonates intercalated
with clays forming the Evaporite series, which tifl ¢ the process of formation at the present day
(Baker, 1958).
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Figure 7 Detail geologic map of the Lake Magadaaaméier Baker and Mitchell (1976) and Baker
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233 Remote sensing and geophysical works on the Kenya rift

Some researchers used remote sensing datasetdeistamd the tectonic and geologic aspects of the
Kenya Rift. Le Turdu et al. (1999) used SPOT insage illustrate the influence of pre-existing
structures on the evolution of extensional faultstte Kenya Rift. Jutz and Chorowicz (1993)
integrated SPOT and Landsat images to map geolagichstructural units of the Kenya Rift. Vétel
et al. (2005) portrayed morphology and fault geaynet the northern Kenya Rift from SRTM and
Landsat image. Besides, Gloaguen et al.(2007) dstraded object oriented automatic fault
extraction technique and performed fractal analgsimdar datasets in the southern part of the Keny
Rift. Atmaoui and Hollnack (2003) deduced the netric extension of the Lake Magadi area by
integrating remote sensing and field data; howethezir study had limited field sites so that they
recommended further field investigations.

Geophysical in the Kenya Rift had focused on théeustanding of seismicity as well as crustal and
upper mantle structures of the Kenya Rifenry et al. (1990), Mechie et al. (1994) and Medctt al
(Mechie et al., 1997) depicted crustal structureselath the Kenya Rift by using seismic profiling
data. Mariita and Keller (2007) deduced crustal ampoler mantle structures in the northern part ef th
Kenya Rift by integrating gravity, seismic refraxtj seismic reflection, aeromagnetic, and geologic
and drilling datasets. Bosworth and Strecker (198W%) Bosworth et al.(1992) integrated field data,
hydrocarbon drilling boreholes and tele-seismi¢reprake focal mechanisms in order to characterize
the extension stresses the central part of the &&ift. For the southern Kenya Rift, Simiyu and
Keller (1998) characterized the upper crustal stmes by integrating geology, borehole data, gyavit
and seismic data, while Byrne et al. (1997) uséecton and refraction seismic profiles in order t
depict the upper mantle structure. Hollnack anch@t§1998) and Seht et al. (2001) studied the
seismicity of the southern Kenya Rift, while Reevd®89) interpreted aeromagnetic data in
southeastern Kenya.
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3. Processing and analysis of the remote sensing
datasets

Remote sensing aids geological mapping of largeasarimat could not be managed through
conventional field work. The remote sensing dataseted in this study include SRTM DEMSs,
ASTER DEMs and ASTER images. SRTM is acquired argechnology at a resolution of 90m
whereas ASTER DEM is acquired at 30m resolutiomftbe stereoscopic view provided by ASTER
bands 3N (forward view) and 3B (backward view). @gvto their diverse sensor technology and their
different spatial resolutions, the SRTM and ASTEREMBB provide complementary valuable
structural information. ASTER images cove threevelength ranges; bands 1-3 in the visible and
near infrared range (VNIR) between 0.52 and 0.86 lpands 4 - 9 in the shortwave infrared range
(SWIR) between 1.6 and 2.43 pm and bands 10-1Heithitermal infrared range (TIR) between 8.125
and 11.65 pum, with corresponding resolutions of 1836m and 90m, respectively (Abrams, 2000;
Thurmond et al., 2006). Since ASTER image has bmgctral and spatial resolution, ituseful for
discriminating lithological units and mapping gegiteal structures.

In satellite images, rocks and their constituenbharals and other earth materials have different
reflection and absorption features. For exampkmndition metals particularly iron and chlorophyill-
bearing vegetation display absorption spectra é@WMNIR bands, carbonates and hydroxyl minerals
show absorption features in the SWIR bands wheyaadz and feldspars have absorption spectra in
the TIR bands (Drury, 2001; Rowan and Mars, 2088gh spectral features are crucial in identifying
rock units and geological structures that aidseiolggical mapping.

3.1. Pre-processing of the remote sensing datasets

In image processing and data analysis, pre-protgssia crucial step. The following pre-processing
activities were performed:

Removal of bad values from the SRTM and ASTER DEMs.

Mosaicing of ASTER DEM scenes and subsetting thdysarea.

Mosaicing of SRTM scenes and subsetting the stuely. a

Co-registration of the datasets to WGS 84 zone 37S

Layer stacking to create colour composites of ASTERges. This involved re-sampling the
TIR and SWIR bands to the spatial resolution ofMhgR bands (15m).

Mosaicing of ASTER Image scenes and creating sulfsae study area.

Stretching of images to improve visualization.

VVVYVYY

VY VY
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The ASTER image scenes used were:
= AST_L1B_00301232007080055_20080704132348 5571
= AST_L1B_00301232007080046_20080704132338_5514

The ASTER DEMSs used were:
= AST14DEM_00302242007080108 20080904030332_4671
= AST14DEM_00308232006080633 20080904030332_4668
= AST14DMO_00303082003080724 20081027094344 7041

3.2 Enhancement methods

Several image enhancement techniques can be usedento improve interpretation and extraction
of structural and lithological information from tliemote sensing datasets. Some examples include
principal components analysis (PCA), derivativeD&M (slope, aspect and shaded relief), colour
composites, spatial domain filtering and integmatid different datasets. Application of PCA, colour
composites, band ratios and spatial domain filgegnhance lineaments from multispectral satellite
images and enable extraction of structural as aellithologic information (Arlegui and Soriano,
1998; Suzen and Toprak, 1998; Won-In and Charu&i®3). Moreover, application of PCA, colour
composites and band ratios enhance lithologic &ndtsral information from ASTER dataset (Gani
and Abdelsalam, 2006; Gomez et al., 2005; Qarl.e2808; Rowan and Mars, 2003; Rowan et al.,
2005). Obtaining derivatives of DEM (eg. slope,edpand shaded relief) also enhance lineaments
from SRTM (Ganas et al.,, 2005; Gloaguen et al.,72Qbrdan and Schott, 2005). Furthermore,
lithological and structural information can be exted better by fusing a DEM with multispectral
images (Gani and Abdelsalam, 2006; Owusu et aD62Thurmond et al., 2006; Van Roij et al.,
2006).

In this research, different enhancement methods bhaen used since a single enhancement technique
may not provide optimum structural and lithologi¢ormation. Colour composite, band ratio, spatial
domain filtering, PCA, derivatives of DEM (slopedashaded relief) and dataset integration were
used to enhance lithological and structural infdramafrom the ASTER datasets and SRTM DEM.

Faults and lithologies were interpreted visuallg aigitized manually from enhanced remote sensing
data sets.

3.2.1. Enhancement of ASTER images

Color composite and band ratio analysis

Colour combination enhances interpretability ofimage since the human eye can distinguish more
colours than grey. Appropriate bands of ASTER inmageere selected for analysis by considering
resolution and relevance of the bands for lithatabiand structural interpretations. For example,
colour composite images were prepared by combitiiadhands in VNIR, SWIR and TIR ranges. The
RGB composites of 6-2-1 and 2-3-12 (Figure 8) wesed since they enhanced structures and
lithologic units better than other RGB compositBsth images were pan-sharpened with a hill-
shaded image of ASTER DEM. The ASTER colour contessivere good in discriminating the
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sediments from each other and from the volcanicksodowever, they were not useful in
discriminating between the different types of volicarocks except the volcanoes due to their unique
texture.

In the RGB colour composite 6-2-1 (Figure 8 A)fift and clay appear as white whereas chert and
clay appear as light blue. Volcanic rocks appearaamus shades of brown except in vegetated areas
and where they are covered with alluviums wherg tppear as deep blue and yellow, respectively.
The RGB colour composite 2-3-12 (Figure 8 B) wasoalot useful in differentiating the volcanic
rocks in the area because they all appear as bthenavtextural difference. However, with the 2-3-1
band combination, sediments and vegetation areerbetthanced; chert and clay appear as red,
vegetation as green and tuff silt and clay as light Structures are shown as prominent ridgestim b
colour composites.
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Figure 8 RGB colour composite of ASTER bands 6{&Jland 2-3-12 (B). Both images were pan-
sharpened with hill-shade of ASTER DEM. The idaatifunits are labeled on the image where CC
represents Chert and clay.

Besides colour composite of single bands, colounpmsites of band ratios were analysed. Band
ratios 2/1, (11*11)/ (10/12) and 4/6 enhance ir@aring, silica bearing rocks and clay minerals,
respectively. However, high values of 4/6 coulddle due to vegetation. Thus, in order to assess th
distribution of vegetation in the area, image ofiNalized Difference Vegetation Index (NDVI) was
used. NDVI is equal to (NIR — RED) / (NIR + RED)high is equivalent to (b3- b2) / (b3+b2) based
on ASTER images. Ultimately, an RGB colour compmsit 2/1- NDVI - 4/6 was created. In the RGB
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colour composite 2/1-NDVI-4/6 (Figure 9 A), vegétatappears as light blue while the chert and clay
(outlined in black and labelled as CC) appear ek pnd the lake appears as green. Tuff silt ang cla
as well as alluvium and volcanic rocks appear dswhich implies that iron-bearing minerals exist i
the different rocks as well as in the alluvial coirethe area. Figure 9 B shows image of silicaeind
calculated using thermal bands (11*11)/(10/12) {ik@kski and Oliver, 2004). High ratios in the
image indicate higher silica content and appeawtste in the image; thus, the rock units in central
part of the study area have higher content ofasilbich implies the presence of acidic rocks irsého
particular areas. On the other hand, the gray tth clzlour in the image indicates lower silica carte
signifying that those areas are covered by maifierinediate rocks or vegetation. To verify if mafic
rocks exist, the airborne magnetic data has beeth aisd it is explained in section 5.1.1.
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Figure 9 RGB color composite of (A) 2/1-NDVI-4/&mp sharpened with hill-shade, CC represents
Chert and clay; (B) band ratio of (11*11)/ (10/12)

Principal component analysis (PCA)

PCA is a means of removing redundant informatic@mfrhighly correlated multi-spectral remote
sensing data (Drury, 2001) so that it enhancesogéal information and enables discrimination of
structures and lithologies.

PCA was applied on bands 1 to 9 of the ASTER imaged the result is summarized in Table 1 and
Table 2. Contributions of each band to the niriagijpal components (Table 1) show that the first
four components are mainly contributed from the RNbvands and band 4 while the principal
components 5 to 9 are mainly contributed from ti¢liS bands. As shown in Table 2, the first four
principal components (PC1, PC2, PC3 and PC4) higdehcontribution where as the remaining five
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components (PC5 to PC9) have very low contributflass than 0.1%) and their images were
dominated noise so that they were insignificantg@ologic classification.

Table 1 Contributions of each band to the 9 principal congras.

PC9

Band |Band |[Band |Band |Band |Band |Band |Band | Band
1 2 3 4 5 6 7 8 9
PC
1 0.65| 0.16| -0.69| 0.28] 0.03] 0.01f 0.00;, 0.00| o0.00
PC
2 0.68( 0.29| 0.57| -0.35| -0.05| -0.01f 0.00| 0.00| o0.00
PC
3 0.31| -0.94| 0.02| -0.14| 0.02f 0.00f 0.00, 0.00| o0.00
PC
4 0.10({ -0.09| 0.40| 0.81| -040f 0.04f 0.03] 0.01| -0.01
PC
5 0.03| -0.01| 0.12| 0.19| 048] -0.71| 0.46| 0.04| -0.03
PC
6 0.03| -0.01| 0.12| 0.20f 0.45| -0.16| -0.84| 0.02| 0.03
PC
7 0.03| 0.00f 0.12| 0.16| 0.48| 048 0.21| -0.64| 0.18
PC
8 0.02{ 0.00f, 0.08|, 0.10f 0.36f 0.43| 0.14| 0.51| -0.62
PC
9 0.01f{ 0.00f, 0.04| 0.05| 0.18] 0.22f 0.11| 0.57| 0.76
Table 2 Percentage of information contained in gaaicipal component.
Principal
components PC1 PCZ2 PG3 PC4 PG5 PC6 PC7 RC8 |
Variance
in % 73.6| 23.9| 1.91| 0.56| 0.016| 0.001| 0.001| 0.001| 0.001

RGB colour composite PC1-2-3, PC1-2-4 and PC1-3#ewprepared for interpretation of lithologies

and geological structures. The RGB colour compdaié-3-4 was found good for enhancing the rock
units and structures in the study area so thatd further pan sharpened with hill-shade of ASTER
DEM as shown in Figure 10. In the RGB colour conmgoBC1-3-4, tuff silt and clay appear as brown
yellow, chert and clay appear as pink, vegetatisrfagled blue tint and volcanic rocks appear as

green.
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Figure 10 PC134 of ASTER image pan sharpened wittsiiade of ASTER DEM, the identified
units are labeled on the image, and CC represdrdg @nd clay.

Filtering techniques

Filtering is good for enhancing linear featuresnfrsemote sensing datasets. Filtering can be
performed through frequency domain or spatial donfBonham-Carter, 1994; Drury, 2001). Owing
to their relative simplicity, spatial domain filteg operations are used by most image processing
systems (Drury, 2001) to extract lineaments fromate sensing datasets.

Spatial domain filtering operations are classifeed low pass filters, which have smoothing effect;
high pass filters (e.g. Laplacian), which have edharpening effect; and directional filters, which
enhance linear features oriented in specific divast(Bonham-Carter, 1994; Drury, 2001). Sobel and
Prewitt filters are examples of directional filtef$e Sobel filter is more commonly used than Pitewi

filter because the former has good performance aimdputational efficiency (Suzen and Toprak,
1998; Wang et al., 2004); thus, the Sobel filtesabso used in this study.
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The Sobel filter in ERDAS 9.2 has three differestriel sizes: 3x3, 5x5 and 7x7. After trying both
options, the 5 x 5 kernel size sobel filter wasnidsuitable for this study. Sobel filter simultansly
filters an image along the horizontal direction JKand along the vertical direction (Ky). The
matrixes of the 5x5 sobel filter along Kx and aldfygare shown in Table 3.

Table 3 Kernel sizes of the Sobel filter

a) Sobel kernel in the horizontal direction (Kx)

-11-2|10(2]1
21-3|10(3]2
-3(-4|10(4]|3
21-3|10(3]2
-11-2|10(2]1

b) Sobel kernel in the vertical direction (Ky)

o
o
o

N w|ofw
o

According toLevin (1999), the result of Sobel filtered imagd-[/Ss calculated using the following
equation:

SFI=SQRT (R+ Y?) oo, Equatibn

Where SQRT stands for square root, X representganidtered by Kx and Y represents image
filtered by Ky.

The Sobel filters were applied to the single ASTHEERds in the VNIR range and the SWIR range as
well as to the principal component one (PC1). Visu®C1 showed better spatial discrimination of

structures and was selected for that for structimterpretation. The Sobel-enhanced image of PC1
had noisy appearance so that it was filtered wiix% kernel low pass filter in order to reduce the

noise. As shown in Figure 11 the structures, whach represented by white linear features, are
enhanced in the Sobel filtered image of PC1.

27



Neotectonics of the East African Rift System: new interpretation from conjunctive analysis of field and remotely sensed datasets in the Lake Magadi
area, Kenya

180000 190000 200000 210000
L N L N

9798000

9830000
L

9796000

9810000 9820000
L 1

9800000
1
9800000

9798000
SR
9798000

9790000
1
9790000

9796000
9796000

9780000
L
9780000

9794000
9794000

9770000
1

jection: UTM, Zone 37 S
Spheriod: WGS 84
Datum: WGS 84

T T T
180000 190000 200000 210000

Figure 11 Sobel filtered image of PC1, the inseidated with box in (A) is zoomed in (B) and the
interpreted faults overlying the zoomed image as in (C).

3.2.2. Enhancement of SRTM DEM and ASTER DEM

Derivatives of a DEM have been demonstrated to defull in enhancing structures (Ganas et al.,
2005; Gloaguen et al., 2007; Jordan and Schott5)206us, secondary products (slope map and
shaded relief) were created from the SRTM DEM a&TER DEM.

Shaded relief

In order to enhance faults with different orierdas, hill-shading using sun elevation angle dfa%d
illumination angles of 31%(NW), @ (N), and 278 (W) were applied to the ASTER DEM and SRTM
DEM. In addition, 3D DEM visualization was appliedILWIS; the software enables to visualize 3D
of the study area by hill-shading using sun elevatingle of 45and three illumination angles 15
(NW), 00 (N) and 2700 (W). The 3D hill-shaded SRT¥M and the interpreted faults are shown in
Figure 12A and B, respectively. The different faudre clearly shown in the image and the 3D view
enables to deduce the fault throw directions aridentify the horst and graben structures in tleaar
For clarity purpose only few horst and graben whaole labeled on the image as H and G,
respectively while the fault throw directions ax shown in this figure; they are shown in Figude 1
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Figure 12 A) 3D SRTM DEM hill-shaded from threeuittination angles 3150 (NW), 00 (N) and
2700 (W); B) interpreted faults, horst and grabeerkain on the hill-shaded SRTM DEM image.

Slope map

Faults in a DEM are characterized by steep slopki&h makes slope and aspect information crucial
in identifying faults from a DEM (Gloaguen et &Q07). In the study area, steep faults are assaciat

graben and horst structures. The presence of seep faults in the area favors the use of a sloge m

for the interpretation of faults. A slope map of R DEM and a slope map SRTM DEM were

prepared and interpreted. Figure 13 shows (A) singp from the ASTER DEM (the faults appear as
bright lines) and (B) the interpreted faults reprded in gray colour. In this slope map, the N-S
structures are better enhanced owing to their stioge.
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Figure 13 A) Slope map derived from ASTER DEM; B)erpreted faults (gray colour) overlain on
the slope map.

3.3. Analysis on faults extracted from the remote sensing
datasets
3.3.1 Map and orientation of the faults

After applying different enhancement techniguestloa remote sensing datasets, the faults were
interpreted visually and extracted manually; areldbmbined results (from ASTER images, ASTER
DEM and SRTM DEM) are presented in Figure 14. 8esjrose diagram of the faults was prepared
(Figure 15) in order to categorize orientationshaf faults in the area in to sets. The rose diagrath
the fault map show that there are more than onefdaults in the study area. The fault trendshia t
area are grouped in to two main sets: NRE ENE-WSW.
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/29

Figure 15 Rose diagram of the faults extracted fASMTER images, DEM and SRTM DEM.
No. of Data = 1023, Mean Resultant strike = 011:18& numbers are labelled as reference for
estimating the strikes.

The N-Sfaults

This fault set encompasses a wide range of trades NNW-SSE and NNE-SSW) and it is the most
dominant structure in the study area forming hargt graben features which area associated with the
formation of the rift under an E-W extension. Awggastrike of these faults is N°B The N-S
trending faults are the most prominent set in tle@y& Rift that makes them easily recognizable from
various remotely sensed data. They have been sghbbidm the Kenya Rift (Atmaoui and Hollnack,
2003; Gloaguen et al., 2007; Hackman et al., 1880furdu et al., 1999).

The N-S faults deflect their orientation to NNWEEN160-176) and NNE-SSW (N15-3p forming

Z and S shaped fault patterns, respectively. SuahdS fault patterns develop when the N-S faults
intersect with pre-existing NW-SE and NE-SW struesu(Jarrige et al., 1990; Le Turdu et al., 1999).
Reactivation of the pre-existing structures hasilted in the formation of NW-SE and NE-SW
trending faults that have been observed in thd feld they are discussed in section 4.2.1.

a) The Z shapefeatures

As shown in Figure 16 A and B, the Z shape featunask orientation change of the N-S faults to
NNW-SSE. They have dextral sense of movement asatetl by the arrows in both figures. These
types of fault patterns are associated with reattm of NW-SE pre-existing structures and theyehav
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been observed in central Kenya Rift and the Lakgddaarea by Le Turdu et al. (1999), see section
6.2.
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Figure 16 A) and B) Z shaped feature showing dértevement along the NW-SE shear zone.
b) The S shape features

The S shape features show deflection of orientdtiom N-S to NNE-SSW with sinistral sense of
movement as indicated with the arrows in

Figure17 A and B. Besides, slickensides observed in thd fredicated sinistral sense of movement
(section 4.2.1). As discussed in section 6.2, Shehape fault patterns have been reported from the
central Kenya Rift by Le Turdu et al. (199)d they are associated with reactivation of NE{8%/
existing structure; however, they have not beeonted from the Lake Magadi area.
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Figure 17 A) and B) S shaped feature showing salisense of movement along the NE-SW shear
zone.
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The ENE-WSW fault set

The ENE-WSW faults are sparsely distributed in @npart of the study area. In the field, slicken-
side with strike slip movement was observed on fduist (section 4.2.1). Such ENE-WSSWucture
has been reported from the Turkana area in nortkenya Rift (Hackman et al., 1990; Vétel et al.,
2003); an E-W volcanic mountains alignment (MondMeru and Kilimanjaro) also exist in northern
Tanzania Rift (Le Gall et al., 2008). Thus, the EWESW fault set in the study area is related to
regional structures that have active role in getetacs of the rift.

3.3.2. Fractal analysis

Fault dimensions such as length and displacemenuseful for understanding evolution of fault
system. Plots of certain quantitative properties fadlts (eg., length, displacement, etc) and
frequencies or numbers of fault plot a log- log graph can be characterized by a pdawer
relationships, which can be generally expressd@hmmguen et al., 2007; Marrett and Allmendinger,
1992; Needham et al., 1996; Walsh et al., 2003\difig et al., 1996).

NI E R Equation 2

Where N is the number of faults with charactersstic (e.g., length, displacement, etc.), g is the
constant or proportionality between N and L, and Ehe scaling component or fractal dimension of
the distribution of N with respect to L.

The value of D is an indicator of the contributiohsmall size (cm to mm size) faults to tectonic
extension in a given area (Marrett and Allmendind®92; Walsh and Watterson, 1992; Yielding et
al., 1996). A value of D less than one implies tihat contribution of small size faults to extensisn
negligible, whereas value of D equal to or gretttan one implies that the contribution of smatksi
faults is higher than that of large faults (Mariaattd Allmendinger, 1992).

Faults interpreted from remote sensing datasetsoajpate real world faults so that fractal analysis
(eg. length versus frequency on logarithmic scaba) be done on their displacement and length.

Then, fractal dimension (D) of the study area caniétermined using Equation 2.

In this research, fractal analysis was applied aultflength and fault displacement in order to
understand tectonic significance of the interprétedts.

Fault length

Length versus frequency of the faults extractedhfARSTER image, ASTER DEM and SRTM DEM
were plotted on histogram as well as on logarithsomle.

As shown in the histogram plot of the fault lengénsus frequency (Figure 18), the dominant faults i
the area range from 0.7km to about 2.5km long. auezage length of the extracted faults is 1.61km.

34



Neotectonics of the East African Rift System: new interpretation from conjunctive analysis of field and remotely sensed datasets in the Lake Magadi
area, Kenya

The log-log plot of fault length versus fault freqey (Figure 19) in the length range of 1.6 km@o 1
km can be fitted with a straight line, which imglithat, in the study area the frequency distrilbutib
faults with lengths greater than 1.6 km has a #ldwthaviour. However, the frequency distributién o
faults shorter than 1.6km do not seem to have edrdehaviour, although the results could be
attributed to under-sampling effects (Walsh et2003). However, in this research higher resofutio
datasets (ASTER DEM and ASTER image) that coul@aegmall details were used so that under-
sampling is possibly not a reason for the non-&dalsehaviour of the frequency distribution of fault
shorter than 1.6 km. Rather, it is likely that sHaults merged or connected with each other tonfor
longer faults during growth of the rift. Thus, aws function was fitted to the linear portion oketh
plot giving a fractal dimension D value of 3 witl2 Rqual to 0.93; the fitted function is indicated b
the solid line in the figure. The large value of(iz. greater than 1) implies that short faults.¢<1
km), compared to longer faults (>1.6 km), possitye higher contribution to extensional tectonics
of the rift in the study area. This implication weerified in the field by the observations of minor
scale faults and the recent rupture, which are go@agiples active tectonics in the area.
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Figure 18 Length versus class frequency of fadltas® combined result (from the ASTER images,
ASTER DEM and SRTM DEM).
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Figure 19 Logarithmic plot of fault length verdusquency and the fitted line
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Fault throw

Six topographic profiles about 10km apart from eatiter were drawn on the ASTER DEM (Figure
20) that run from west to east perpendicular tikestof the dominant fault set. Topographic section
along profile 2 is shown in Figure 21 as an examjoigographic sections of all the profiles are iput
the Appendix (see Figure 49 and Figure 50). Inpteeluced sections, the horsts and graben in the rif
are clearly shown where the grabens are labele@ &s the all the sections. Fault throws were
estimated from the faults intersecting the topoli@gections and the data of amounts of fault throw
and frequency were plotted on a histogram and g#dg graph.
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Figure 20 Locations of the six topographic profilesthe ASTER DEM underlain by hill-shade of
ASTERDEM.
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Figure 21 Topographic section (distance versusagilav) along profiles 2 derived from the ASTER
DEM. The section runs from west on the left to emsthe right, G represents graben.

The histogram of the fault throws (Figure 22) shaket the dominant amounts of throw ranges from
15-75m, with an average throw of 46m and the mejuent throw is 35m while the largest throw
along the profiles reaches 295m. However, estimaitesplacements considered to be conservative
because erosion has already removed the upper ghatte faults and that sediments have been
deposited in the grabens there by covering therdvwe of the faults in the study area.

The Log-Log graph of the fault throws versus fduo#tquency (Figure 23) has a linear component
except in the small displacement range of less 8@m, which could be due to under-sampling
because the spatial resolution of the data set wsee not favourable in estimating smaller throws.
Hence, a power function was fitted to the linedtgra of the plot as indicated by the solid linghe
figure and the fractal dimension derived was 2. & equal to 0.91. The high value of D implies
that small fault throws (i.e., <30 m) in the aread significant contribution to tectonics of thi.ri
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Figure 22 Fault throw (from six profiles along ASRIDEM) versus frequency
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Figure 23 Logarithmic plot of fault throw (from sprofiles along ASTER DEM) versus frequency
and the fitted line

3.4. Discussion

In this chapter lithologic and structural infornwati has been extracted from the remote sensing
datasets after applying different enhancement nastho

In order to extract optimum lithologic informatiooplour composites of: the ASTER image bands,
the principal components and the band ratios weetl.u By combining results of the different
enhancement methods, the sediments in the studywaee discriminated from each other and from
the volcanic rocks. The discriminated sediment$uthe chert and clay and tuff silt and clay. Thus,
lithologic boundary of these units obtained fronre t(ARSTER images can be used for updating the
existing old geological map of the study area bykeBa (1958) which was prepared through
reconnaissance survey. However, the ASTER imagaadlidhelp in discriminating the volcanic rocks
so that band ratio (11*11)/ (10/12) was used asrsel indicator of silica content of the volcanic
rocks in the study area. The silica content imdgved that rocks in central part of the study area
rich in silica while the rocks in the flanks of th& and in some horsts at the central part hawve |
silica content. Hence, airborne magnetic data veasl wo further classify the volcanic units (section
5.1.1).

Structural information was extracted from the ASTiERge, ASTER DEM and SRTM DEM. The

faults extracted from all the datasets were contbized rose diagram of the faults gave two main
trends: N-S and ENE-WSW. The N-S faults are thetrdominant structures in the area. They show
deflections to NNW-SSE and NNE-SSW forming Z andh@ped fault patterns, respectively. The Z
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and S fault patterns develop when the N-S faultsrsect with pre-existing NW-SE and NE-SW
structures. Reactivation of the pre-existing stuites has resulted in the formation of NW-SE and NE-
SW faults in the study area which have been obdearvéhe field (section 4.2.1). Both fault patterns
have been reported from the central Kenya Rift;jl@evhrevious works on the Lake Magadi area have
reported only Z patterns. However, this researchfband an S shape pattern on remote sensing data
and its corresponding sinistral fault was obseiuetie field (section 4.2.1).

Therefore, the over all structures deduced fronrémeote sensing data are the two main trends (N-S
and ENE-WSW) visible in the rose diagram and tleetieated dextral NW-SE and sinistral NE-SW
structures which were observed in the field andrepeesented in the remote sensing data sets with Z
and S shapes, respectively.

On the other hand, fractal analysis was done ogtteaf the extracted faults and on fault throw of

faults intersecting six profiles. The fractal dim@m D obtained from the throw and length are 2 and
3, respectively. These large D values signify #stadrt faults (<1.6 km) and faults with small throws

(<30m) possibly have higher contribution to extensi tectonics of the rift in the study area. This

implication was verified in the field by the obsations of minor scale faults and the recent rupture
which are good examples active tectonics in tha.are
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4. Field data collection and analysis

Field investigation was conducted in the study ane&eptember 15 - 30, 2008. In addition to the
magnetic and resistivity surveys, structural antiologic field data were collected (Figure 24).
Structural data were taken on minor scale faultsabse the large scale and steep faults were
inaccessible. The structural data collected con®étstrike and dip of faults as well as trend and
plunge of slickensides when ever and where evesetoe found.
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Figure 24 locations of photos taken in the fielgtéds for photo.
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4.1. Rocks

The lithologies observed in the field consist ofcamic rocks that occur in the horst and sediments
that fill the graben. The volcanic rocks which commst part of the study area are fine-grained with
abundant felsic minerals and mafic minerals thak gt intermediate colour. Thin section and

chemical analysis by Baker (1958) showed that thieanic rocks are trachytes; however, mafic

volcanic rock was also observed in north eastemh @athe study area. On the other hand, the
sediments include fluvial to lake deposits (siiychnd chert). The clay and chert occur togethdr an
in some places as intercalations (Photo 1). Thecksiy unit in the area has variable colour ranging
from white, green to yellow (Photo 2) suggestingatson in chemical composition or source parent
material.

Photo 1 Laminated clay overlain by chert.

Photo 2 taken looking SW; green and white silt daposit in a small graben.
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4.2. Faults and other structures

The structural data collected from minor-scale tawere analyzed using rose diagram in order to
group them into set of certain trends and thenaplectonic significance of each set as well as
reconstructing paleostress from the faults andkestisides in order to understand extension histbry o
the study area.

42.1. Thedifferent sets of structures

Rose diagram is good means of representing stfikaubts so that sets having similar strikes are

grouped together. As shown in Figure 25 , the $aoltserved in the field are trending into N-S, NW-

SE, ENE-WSW and NE-SW directions. The N-S and ENEWVstructures are in general agreement
with the two main trends in the remote sensinglteggaection 3.3.1). The NW-SE and NE-SW faults

observed in the field are reactivation of pre-eémgsistructures and which are represented with Z and
S fault patterns in the remote sensing data, r¢ispécas discussed in section 3.3.1.

N

135

Figure 25 Rose diagram showing strike of differfandt sets collected from the field, number of data
is 41.Thenumbers aré@beledas reference for estimating the strikes.
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The N-Sfault sets

This fault set includes N-S, NNE-SSW and NNW-SSéndiing faults with an average strike of
N100E. As mentioned in section 3.3.1, these faalésthe most prominent and dominant set in the
Kenya Rift. In the field this fault set was seerbe cut by all set of faults making them the dides
fault set in the area. As shown in photos 3, 4 Bnithey form steep escarpments and extend for long
distance. These steep faults are the result of alofaulting which is manifested in the horst and
graben structures in particular and rifting in gahéhat has been created in the area.

Photo 3 N16E fault, photo taken looking SW.

Photo 4 N18E fault escarpment, photo taken looking NE
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Photo 5 Photo taken looking ESE showing fEL€ault escarpment nd west of the fault is a grabe
filled with sediments.

The NW-SE structure

This set has average strikeNf4(°E and it was observed in the field to cross-cutNE® faults in the
southern (Photo 6) and in the northern part oflthke Magadi area. They have dextral sense of
movement which is marked with Z-shaped fault pagén the remote sensing datasets (section 3.3.1).
The NW-SE faults are reactivation of pre-existingea zone and has been reported in the Lake
Magadi area (Atmaoui and Hollnack, 2003; Le Turtale 1999), in central Kenya Rift (Le Turdu et
al., 1999; Vétel et al., 2005) and in northern Tama Rift (Le Gall et al., 2008) and in the Gulf of
Suez and northern Red Sea (Jarrige et al., 199@jr ©ccurrence in different parts of the EARS and
the Red Sea region shows that they are regionedlygtent structures.
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=y

Photo 6 N14€E trending breccia of quartz vein cutting the Naslf, photo taken looking SE

The ENE-WSW set

The ENE-WSW set includes trends ranging from N616 B1000E. This set includes faults (Photo 9
and Photo 10), quartz veins (Photo 7) and dyke®t(PB). The ENE-WSW set cross-cuts the
dominant N-S faults (Photo 7) and the ENE-WSW tsetfi is cut by the NE-SW fault set (Photo 20).
As shown in Photo 9, the ENE-WSW set has horizasitekensides which indicate an E-W strike slip
movement; however, sense of slip movement indisat@re not observed on this fault set.

Such ENE-WSWstructure has been reported from the Turkana araarthern Kenya Rift (Hackman
et al.,, 1990; Vétel et al., 2003); an E-W volcammuntains alignment (Monduli, Meru and
Kilimanjaro) also exist in northern Tanzania Rife(Gall et al., 2008). Besides, Jarrige et al.(3990
reported E-W structures in the Gulf of Suez andheon Red Sea. Thus, the ENE-W3a\MIt set in
the study area is related to regional structurashhve active role in geo-tectonics of the rift.

Atmaoui and Hollnack (2003) have reported the ENEWV fault set from the Lake Magdi area;
however, they did not report slickensides from thet and neither did they explain tectonic
significance of the fault set.
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Photo 7 taken plan view where head of the hammiettgpsouth; an EW quartz vein cutting the N-S
vein

— i X T 4

Photo 8 a mafic dyke oriented N5 N cross cutting the clay on the right and wesgh trachyte on
the left, photo taken looking east.
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5 ;

Photo 10 taken looking N2B, the fault plane oriented N1&72 SSW is cut by the N2E fault.
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The NE-SW fault set

The NE-SW fault set has strikes that range from°E28 N60E with an average of N4& so that
strike of the set is taken as NE-SW. The NE-SWtfsell was observed to cut all set of faults ané roc
types in the area (Photo 11, Photo 12, Photo 1&t0PI8, Photo 19 and Photo 20) which makes it the
youngest fault set in the area. Slickensides wipluage of 45 to 48 were observed in the field (Bho
13 and Photo 16) that enables to categorize th&WEset as oblique slip type of fault with a sirabtr
sense of movement as shown in Photo 15. This mhifdult set is marked with S-shaped fault
patterns in the remote sensing datasets (sectsoh)3.

Such oblique fault striking NE-SW has not been reggbfrom the Lake Magadi area. However, it has
been reported from other parts of the rift systBor. example, a sinistral fault set striking N30
N60° exists in the central and Northern Kenya Rift (klaan et al., 1990; Le Turdu et al., 1999;
Vétel et al., 2005), in northern Tanzania Rift &ell et al., 2008), in the Ethiopian Rift (Kurzadt,
2007) and in the Gulf of Suez and northern RedJaedge et al.(1990) which was interpreted to have
exploited pre-existing structures; besides, a NESVENE-WSW transform fault model has been
postulated for the East African Rift System by K&1887). Therefore, this fault set is widely
perceived and significant in geo-tectonics of fffte r

Photo 11 taken looking SE, breaks in the hill duehe NE-SW fault sets cutting the N-S fault set.
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Photo 12 a N4&E/78 SE fault cutting the NfB fault, it was taken looking NW. The gray box
represents a place where slicken sides was obsasvelsown in Photo 13.

»’ ’

0 13 taken looking

t plane.

Phot NW, showing slicken sidet0f648] on the N4PE/7€ SE faul
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Photo 14 taken looking SW showing NEOfault, the white box represents a place wherectbes
cutting relation of the two set of faults was olveer (see Photo 15).

Photo 15 taken looking NW, plane NE4S6 SEwith slickensides (zoomed in Photo 16) thés
N10°E fault. The sinistral sense of movement is indidatith black half arrow.
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Photo 18 head of the hammer points NE; photo shpaisinistral N6E fault (with filling) cutting
the N-S (N356E) fault.

53



Neotectonics of the East African Rift System: new interpretation from conjunctive analysis of field and remotely sensed datasets in the Lake Magadi
area, Kenya

Photo 19 taken Iooing N, it shows of lfs:uNd’E/ 4N (left) cross cutting the
N10°E/7CE (right). Baking effect was observed in the clggliow in colour) contact with fault
implying that the N5EE fault set is younger than the clay rock.

Photo 20 the NZ& structure cutting the N18B structure, photo taken looking NE. The RELGault
set is indicated with the white arrow.

4.2.2. Tectonic significance the different fault sets

The existence of four set of faults (oldest noride® faults, dextral NW-SE, strike slip ENE-WSW
and youngest sinistral NE-SW) having differentetynd different relative ages signify that theag h

been geodynamic change in tectonics of the rift toald have resulted in the formation of the four
fault sets. This tectonic phenomena is explainedtgerson’s theory of faulting (Anderson, 1951).

Anderson’s theory states that orientation of thiagipal stresses: maximursX), intermediateq2)
and minimum §3) relative to the earth’s surface determines yipe of faults that can be created; a
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normal fault is formed wheal acts vertically on top of the earth’s surfacele/sirike slip faults are
formed when thelandc3 are oriented horizontal to the earth’s surfacguife 26 a and b).

Applying Anderson’s theory to the study area, tlkéeesion direction is deduced. Finding an old
normal fault in the study area implies that ateigsly stage the rift experienced normal faultinghwi
ol acting vertically on top of the earth’s surfacel a3 acting horizontally along E-W (Figure 26 a)
that resulted an E-W extension. Then as a resuljeoftectonic change in the riidl changed
orientation from acting vertically on top to actihgrizontally along N-S whiles3 remained E-W
(Figure 26 b) which means an E-W extension was ta@ed. The geo-tectonic change reactivated
the pre-existing structures in the rift creatingtdal NW-SE, strike slip ENE-WSW and sinistral NE-
SW faults.

Therefore, to accommodate the geo-tectonic chamdased during its life span, the rift has changed
its strike and style while maintaining an E-W exdien direction. The E-W extension explains the N-
S normal faulting, the dextral NW-SE fault, thelstrslip ENE-WSW fault and the sinistral NE-SW

oblique fault movement in the area. In order toifyethe extension direction in the study area,
preliminary paleostress analysis has been doné @ndiscussed in the next section.

X\ 02

Figure 26 Anderson’s fault model a) Normal faultemo1 acts vertically on top of the earth’s
surface an@3 acts along E-W, 1 acts along N-S while3 remained E-W.

42.3. Paleostressanalysis

Paleostress analysis is relevant to faults thae halickensides or to fracture without slip lines
(Angelier, 1994, Delvaux and Sperner, 2003). I3 tl@isearch, paleostress analysis was accomplished
using window version of Win-Tensor program follogithe procedures explained in Delvaux and
Sperner (2003).

Win-Tensor is a paleostress analysis program dpeeldoy Dr. Damien Delvaux of the Royal
Museum for Central Africa, Tervuren, Belgium. Theogram has two options: Right Dihedron
Method, which is an interactive approach, and RmtaOptimization Method that accounts for
angular deviations between the observed slip lamesthe modelled shear on each plane.

Using both methods, the state of paleostress ofsthdy area was reconstructed from the faults
collected in the field. The results of the Dihedidathod (Figure 27) and the Rotation Optimization
Method (Figure 28) show that trend of the minimuampression is 880 which indicates an E-W
extension direction.
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@ o1=40/345
& 62 =46/194

E| 3 = 15/088

Figure 27 Lower hemisphere Schmidt stereo-plot shgwaleostress analysis result of fault planes
and slickensides using Right Dihedron Methetl; 2 ands3 are maximum, intermediate and
minimum principal stresses, respectively.

@ o1=40/345
& 62 =46/194

E 63 = 15/088

Figure 28 lower hemisphere Schmidt stereo-plot $hgwaleostress analysis result of fault planes
and slickensides using Rotation Optimization Methdd 62 ande3 are maximum, intermediate and
minimum principal stresses, respectively.
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In order to see if there was a change in the daeodf extension with time, stress analysis was
performed on the younger NE-SW oblique slip faelt slone. However, the direction remains E-W.
This result implies that the extension directiorthia area has not changed from the commencement of
the rift that lead to the formation of N-S faulfs 1o present. This result supports the analysisenmad
section 4.2.2.

This finding bridges the gap in suggestions on teetenic extension of the rift that has been
forwarded by different authors. Bosworth and Steeckl997) advocated a NW-SE neo-tectonic
extension from their work on central Kenya Rift ¥ehAtmaoui and Hollnack (2003) argued an E-W
to ESE-WNWneotectonic extension for the Lake Magadia by assuming the NW-SE dextral
movement is localized. However, both views did reatlize the existence of the sinistral oblique slip
NE-SW fault nor did they consider contribution bétstrike slip E-W.

4.3. Discussion

This section summarizes the lithologic observatiand discusses the structural field data analysis
and finding. Lithologic field observation showedaththe volcanic rocks in the area are mainly
trachytes with some mafic outcrops while the sedisare found deposited on the grabens.

The structural field data were grouped into setsasfain trends using rose diagram. The main sets
are normal N-S, dextral NW-SE, strike slip ENE-W3W4 sinistral NE-SW trending faults. The N-S
and ENE-WSW structures are in general agreemeft tivé remote sensing results (section 3.3.1).
While the NW-SE and NE-SW faults observed in tleddfiare reactivation of pre-existing structures
and they are represented with Z and S fault patterthe remote sensing data, respectively.

Crosscutting relationship among the different faaits show that the N-S faults are the oldestdault

in the area since they are cut by all set of faaitd the reactivated NE-SW faults are the youngest
faults. All the fault sets have been reported fdifferent parts of the EARS in general and from the

Kenya Rift in particular. However, the sinistral MV fault has not been reported from the Lake

Magadi area.

The presence of four set of faults (oldest norme& Rwlts, dextral NW-SE, strike slip ENE-WSW
and youngest sinistral NE-SW) having differentesyand different relative ages signify that thexs h
been geodynamic change in tectonics of the rift toald have resulted in the formation of the four
fault sets. This tectonic phenomenon is explainediderson’s theory of faulting. At its early stage
the rift experienced normal faulting under E-W @sien; then the rift encountered geo-tectonic
change that reactivated pre-existing structureaticrg dextral NW-SE, strike slip ENE-WSW and
sinistral NE-SW faults under E-W extension. Thislgsis suggests that the rift maintained an E-W
direction of extension throughout its life span ahd E-W extension was verified by the paleostress
analysis. Further more, the paleostress analyssspggformed on the younger NE-SW oblique slip
fault set alone in order to check if there was ange in the direction of extension with time.
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However, the direction remains E-W implying that theotectonic extension of the Lake Magadi area
is E-W.

Different suggestions on neo-tectonic extensiothefKenya Rift have been forwarded by different
authors. Bosworth and Strecker (1997) advocatBilVaSE neo-tectonic extension from their work
on central Kenya Rift by assuming the NW-SE striedwas direction of extension while Atmaoui and
Hollnack (2003) argued an E-W to ESE-WNW neoteda@xtension for the Lake Magadi area by
assuming the NW-SE dextral movement is localizemydver, the NW-SE structure occurs in all
parts of the Kenya Rift. Both views did not realthe existence of the sinistral oblique slip NE-SW
trending faults which were created under an E-W\emsibn to counterbalance the NW-SE faults.
Therefore, the finding of sinistral oblique slip NEWV faults bridges the gap in suggestions on neo-
tectonic extension of the rift that has been fooearby different authors.
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5. Processing and analysis of geophysical datasets

The geophysical datasets include airborne magdate, ground survey magnetic data and resistivity
imaging data. All datasets were used for surface anbsurface structural and lithologic
interpretation. The airborne magnetic data coveesvihole study area and its surrounding while the
ground surveyed magnetic data and resistivity imgaglata have limited coverage since they were
collected from selected sites in the study area.

5.1. Magnetic data

Magnetics is a technique that measures the maghelic of the earth. Subsurface structures and
anomalous geological bodies can be identified Wl help of magnetic survey. Owing to their
magnetic minerals, many geological formations ha&sociated magnetic field. Generally,
metamorphic and igneous rocks show variable magmpetperties where as sedimentary rocks are
usually non-magnetic.

Magnetization in rocks is classified in to inducadd remanent magnetization (Reeves, 1989).
Induced magnetization (Ji) is the result of thespre day geomagnetic field. It is expressed askhi =
where Ji = magnitude of induced magnetisation, Fhagnitude of earth’s magnetic field, k =
magnetic susceptibility of the rock. Remanent mégagon (Jr) is not related to the present day’s
earth magnetic field; rather it is acquired by #agth’'s magnetic field that existed when the roelsw
formed (Dobrin and Savit, 1988).

Magnetic data can be collected via airborne teckenmy ground surveying. In this research, both
aeromagnetic and magnetic ground survey dataseesused.

5.1.1. Aeromagnetic

A pre-processed aeromagnetic grid was obtainegautbset of total magnetic intensity (TMI) for the
study area was created. Then analytical signal apgdied on the TMI and depth of the magnetic
sources was estimated using 3D Euler deconvolution.

5.1.1.1 Data source and pre-processing

The aeromagnetic dataset used is part of the AfrMdagnetic Mapping Project (AMMP) which
compiled airborne magnetic data covering most parfrica (Barritt, 1993). The airborne survey
covering the study area was conducted in 1987 bypagnie Générale de Géophysique (CGG) with
line spacing of 2 km and flight direction of 9W-E) at a flying height of 2896 m above sea level
The magnetic data was processed by AMMP that irdulévelling correction and regional field
removal and then creating alkm by 1km cell sizematig grid with a projection system of AMMP
grid.
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TMI map

Total magnetic intensity (TMI) grid and analyticagnal grid of the Lake Magadi area are shown in
Figure 29 A and B, respectively where the studwnaseaepresented with rectangular box. In both grid
maps, the magnetic highs and lows are shown withamd blue colors respectively. However,
outlining lithologic units on the TMI map was difilty due to the asymmetrical shape of the
anomalies so that the analytical signal map wad tedithologic interpretation.

5.1.1.2 Data enhancement and analysis

Magnetic anomalies are the result of different ggal features located at variable depths and the
anomalies are interpreted depending on their wag#hs (anomaly widths). Short wavelengths are

the result of shallow sources where as long wagthenare the result of deep sources (Grauch, 2002).
Therefore, image enhancement is essential in sapg@nd amplifying the subtle anomalies caused

by different sources that may not be visible inttital magnetic grid.

In this research analytic signal was used to im&rihe lithologic units since it is good in outiig

the contacts between rocks (Parsons et al., 20@6)eover, downward continuation and vertical
derivative that enhance shallow magnetic sourcediip and Savit, 1988; GETECH, 2007; Kis and
Puszta, 2006) were attempted. However, the devesintroduced too much noise (possibly because
magnetic data was recorded at a high flying hea2896 m) so that they are not shown here.

Analytic signal map

The absolute value of analytic signal is definedh&ssquare root of the squared sum of the vertical
and the two horizontal derivatives of the magngélcl (Nabighian, 1984; Roest et al., 1992).

|AS(x,y)| = SRT [(dT/dxj + (dT/dy)*+ (AT/dZ)]..cecvvverercerrene. Equation 3

Where AS(x,y) is the amplitude of analytical sigaapoint (x,y) and T is the total magnetic field
point (X,y).

Regardless of the ambient magnetic field and somm@gnetization directions, analytic signal shows
maxima on the magnetic contrasts and over the nbagseurces; thus, position of the maxima
outlines of magnetic sources (De Castro et al.72BETECH, 2007; Roest et al., 1992).

Updating the geological map using analytic signal map

Analytic signal map of the total magnetic grid tbe Lake Magadi region (Figure 29 B) and for the
study area (Figure 30 B) were created in Oasis. Ma@s produced symmetrical signal of the
anomalies and clearly outlines the litholigic urass magnetic highs and lows where the signals have
formed zones.

The analytical signal maps were compared with thistieg regional and local geological maps in
which good matching were observed. For example|aiwemagnetic signal in south western part of
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the area has been reported as basement rock (tpiard schist) and the high signals coincide with
basalt rocks and volcanoes (mainly basaltic) inrdggon (see the labels in Figure 29 B). Moreover,
the local analytical signal map (Figure 30 B) sh@gesd matching with the local geology (Figure 30
A). For example, the basalts (Kardiya basalt @hdlepsi basalt) and the volcanoes (Lenderut,
shanamu and Olorgesailie have high signals.

After verifying the analytical signal map using tkikown geologic units, it was used to classify the
undifferentiated units and update the existing ggichl map of the area. Geologic works in the
southern Kenya Rift by Baker and Mitchell (1976)daBaker (1958) indicate that the rift had
encountered basaltic and trachytic volcanic episadsulting in a basaltic and trachytic rocks ia th
area . Based on this fact, by referring the exgstirological maps and the ASTER image as well as
by considering wavelength of the anomaly and takielg observation in to account, interpretation of
the analytical signal was made. Short wave wavéteagomalies are caused by shallow sources or
surface outcrops while long wavelength anomaliescaused by deep seated anomalies.

Owing to its constituent minerals (mafic mineralsdaoxides of iron), basalt shows magnetic

property. Thus, in the study area basalt correspavith the high magnetic signal which appears as
red to pink colour in the analytical map Figure BO The Lenderut volcano has high value of

analytical signal which is interpreted as basaltith name assigned Lenderut basalt. The rocks of
Olorgesailie volcano and Shanamu volcanoe have begorted as trachyte and basalt by Baker
(1958); however, there was no further classificatb the units. Based on the magnetic interpratatio

(Figure 30 B), south eastern portion of the Oloages volcano is basalt. Besides, the Shanamu
volcanoe has high magnetic signal which is intagat@s basalt. Thus, the basalts in Olorgesaitie an
Shanamu volcanoe are assigned Olorgesailie bad&lere as the long wave length signals (red
colour) around Lenderut volcano, Shanamu volcamb@lorgesailie volcano could be due to basalts
occurring on subsurface.

The sediments in the area are not thick (maximum 49 calculated by ground magnetic survey and
30-60m from borehole data (Baker, 1958)) and thegupon few grabens so that their effect on the
airborne magnetic intensity is not significant. identhe low magnetic signal in the map is integutet
as trachyte which has low content of mafic minerals
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Figure 29 A) Color shaded TMI of the Lake Magadiarand (B) Color shaded analytical signal map
of the Lake Magadi area, labeled units are fronstexg geological map. In both maps, the lake and
the study area are represented in white coloumatidrectangular box, respectively.
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5.1.1.3 Depth estimation using 3D Euler deconvolution

Determining depth of a magnetic source is impor&sgect of magnetic analysis since it provides
surface and subsurface information of the rocksuaitd the geologic structures under investigation.
Different depth estimation methods exist; for exen§D Euler deconvolution (Reid et al., 1990), the
3-D analytic-signal technique (Roest et al., 19929, enhanced analytic-signal technique (Hsu et al.
1996) and Source Parameter Imaging'$®iethod (Thurston and Smith, 1997).

In this study 3D Euler deconvolution was used owingits multi depth solution capacity and
availability of the algorithm in Oasis and it isemmonly used method (Mushayandebvu et al., 2001,
Reid, 1995). 3D Euler deconvolution is independ&#ninagnetic field direction, dip or strike of the
magnetic feature and it is insensitive to the diogcof induced and remnant magnetisation vectors
(Reid et al., 1990). The equation of Euler's honmagy relation is written as:

(X=x) dT/dx + (y-y) dT/dy + (z-3) dT/AZ=N(B - T)..coccrrrrereeeeeeeer et Equation 4

Where (%, Yo, %) is the position of a magnetic source whose toédd T is detected at (X, y, z). The
total field has a regional value of B. The degrébamogeneity N may be geophysically interpreted
as a structural index (Sl), which is a measurdefraite of change with distance of a field.

The 3D Euler deconvolution involves calculation tbé three orthogonal derivatives of the total
magnetic field along x, y and z directions, chogsan appropriate square window size that is applied
to the data grid of total magnetic field & the thrderivatives, setting structural index and unaefya

of solutions then finally solving {xyo, z) with in the window. The window moves through ol
whole data grid.

Window size, structural index and solution uncertias are set by user. Window size is a function of
the grid cell and it must be set in such a way ithatcludes large variations but it does not skipall
details. Structural index which relates to source type (ecgntact, dike, and point) is set by
considering geological knowledge of the survey amsawell as structure that the interpreter is
intending to represent; some magnetic models aeil 81 values are summarized in Table 4 The
structural index can be determined by observingctustering of solutions for different Sl valueer f

a particular feature, the correct Sl yields a tiglhster (Dewangan et al., 2007). Solution unceties

of depth (z) and location (X, y) of the source eatulated as a percentage of the modeled depth by
inversion of the data while solving the Euler's ation. The uncertainty values are used for
evaluating the depth model solution; solutions viih uncertainty value are eliminated.

Table 4 Structural index and corresponding magrseticce models (Reid et al., 1990; Thompson,
1982)

Structural Index magnetic source
(s model
0 Contact
0.5 Fault
1 Sill/dyke
2 Pipe
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3 Sphere

3D Euler deconvlolution applied on the study area

In this research, the standard 3D Euler deconwiutias used for the depth estimation with a depth
error of less than 15%. Considering the 1km resmiudf the dataset and the anomaly width observed
in total magnetic intensity map that reach aboutni®n average, window size of 10 was found
appropriate for this study. The depth estimatios &wpplied by varying structural index values. The
best Euler clustering solutions for the window 33210 was obtained using Sl of 1 and 0.5 resulting
depth range of 2m to 2.4km (Figure 31). The Estdutions form linear feature along N-S, NW-SE,
ENE-WSW and NE-SW as labeled on the figure. Sunali alignment supports the presence of four
sets of faults in the area which were obtained floenASTER datasets and SRTM (section 3.3.1) and
observed in the field (section 4.2.1). The deptigeaextends from surface to about 2.4km deep which
imply that the faults are acting as conduits toltbesprings in the area.

As shown with white arrow labels in Figure 31, tdgnment of Euler solutions coincide with the
change of orientation of the N-S faults, which nsattke NW-SE and NE-SW faults that substantiates
the Z and S fault patterns discussed in sectionl 3.3
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Figure 31 TMI pan-sharpened with hill-shade of ZRTDEM the Lake Magadi is represented in
gray colour. 3D Euler was applied with Sl equal tand 0.5 and window size of 10.

5.1.2. Ground survey magnetic data

The ground magnetic data collected from the stuga avere corrected for diurnal and regional
magnetic effects and then the magnetic data waaneeld using analytical signal. Finally, depth of
the magnetic sources was estimated using 3D Eatmrolution.

5.1.2.1 Data collection

The magnetic ground survey was conducted on tves $iigure 32 and Figure 33) using the magnetic
field equipment G856 proton precession magnetomeéter sites are located in northern part of Lake
Makadi which is seismically active arellagnetic profiles in both sites were run W-E whish
perpendicular to strike of the dominant fault sethie area.
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Figure 32 locations of magnetic survey sites, zaoof the ground survey magnetic sites is shown in
Figure 33.

A) Therupturesite

As a result of the seismic activity in the areaerd rupture has occurred in this site. On this, sit
twelve parallel magnetic profiles were carried dltofiles spacing was 25m and magnetic reading
was taken every 10m.

B) South of therupture

This site is located about 2ksouth of the recent ruptur@hree parallel magnetic profiles were
conducted having line spacing of 25m and with méigmeading taken every 10m.
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5.1.2.2 Corrections
Diurnal correction

Short period variations (diurnal and magnetic s&rof magnetic field with time must be monitored
and subtracted by suitable procedure. Diurnal tiana occur during local daylight hours and they
are direct or indirect consequence of solar winils vespect to rotation of the earth (Roux, 1980).

In order to monitor the diurnal variation, basetietes were established for each site. Magnetic
readings at the base stations were recorded haluniyng the survey dates. Ultimately diurnal
correction was made to all the magnetic datasetallahe sites using the respective base station
readings.

Removal of International Geomagnetic Reference Field (I GRF)

In magnetic measurements, the recorded value issuine of local magnetic field caused by the
lithologic units and regional magnetic field of tearth. Measurements taken in such locality show
anomaly from the undisturbed earth’s magnetic figldthe vicinity; size of the anomaly vary
depending on the depth of burial, degree and direcif magnetisation as well as orientation (strike
& dip) of the geologic unit in relation to the diteon of the earth’s field at that locality (Rou980).

In order to map local variations in magnetic fieldributable to the local geology and get the local
magnetic anomaly, the global magnetic field mussiatracted from the magnetic data. The removal
is done through International Geomagnetic Referdnekl (IGRF) which is mathematical model of
the magnetic field of the earth (Dobrin and Sal&88). IGRF is a function of date, elevation and
location which is updated every five years basedhagnetic observation stations in different part of
the world. IGRF correction is made by subtracti®RF value of each point calculated by recent
IGRF model from the measured magnetic value.

In the study area, IGRF of each point (considetitegymagnetic survey date, location and elevation of
each point) was calculated using the IGRF2005 meddbedded in Geo-soft Oasis montaj. The
calculated IGRF value was subtracted from eachtpoin

5.1.2.3 Data analysis

After setting projection of the database to WGS8dez37S, grids of the corrected magnetic datasets
were generated using the minimum curvature griddmgthod with a resolution of 10m. The
magnetic grids were enhanced using different erdrarats (eg analytical signal and vertical
derivatives) with best result obtained from thelgiizal signal. Depth estimation of the magnetic
sources in the sites was accomplished with 3D Eideonvolution by varying structural index.
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200500 201000 201500

Figure 33 Zoom in from Figure 32 to show the maignairvey sites; A) rupture site, B) south of
rupture.

A) TMI and analytical signal of therupturesite

Total magnetic intensity grid was generated witidl gell size of 10 m (Figure 34 a). In order to see
distribution of the rock units and structures ie #gite, analytical signal was applied on the TMI as
shown in Figure 34 b. The volcanic rocks on westarth eastern part of the graben are represented by
high signals while the sediments (clay and chellihg the graben are shown with low value of
analytical signal. Spots of high signals also appeathe graben which is possibly due to noise
because the signals have small wavelengths, wkiddiss than the line spacing used in the survey.
The N-S fault structures observed in the field ¢aHines) and the surface rupture (black lines) are
represented as linear feature between the magdmgtis and lows on the analytical signal map. The
result of ground magnetic data was integrated trighresult of resistivity imaging from the rupture
site (section 6.1.2).
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Figure 34 colour shaded maps of a) TMI and b) aiealysignal of TMI; the rupture and the faults
observed in the field are respectively indicatethwblid lines with dotted lines in both maps.

Photo 21 the surface ruptre observed in the fredath is indicated with the white arrow.

3D Euler deconvolution

Furthermore, depth of the magnetic sources wasnattd using 3D Euler deconvolution with a

window size of 5 and depth error of less than 1B¥ferent structural indexes were experimented,

the best clustering of the Euler solution was atgdiwith S| value of 2. The depth estimates show
that the magnetic source in the site occurs indéygh range of 13 to 41meters (Figure 35). Thus,
thickness of the sediments in the site has maxithickness of 41meters.
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Figure 35 Euler depth solution overlying the atie§y signal of TMI; Sl is 2 and window size is 5.
The rupture is indicated with solid lines and thelfs with dotted lines.
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B) TMI, analytical signal and 3D Euler deconvolution of South west of therupture

Total magnetic intensity map having a resolution16f m was generated (Figure 36 a) from the
corrected magnetic data. Analytical signal map wasdentify the rock units in the site. The
analytical signal map depicts the graben and i dggnal sediments distinguished from the high
signal volcanic rocks. The N-S fault structures ahhivere observed in the field to separate the
volcanic hills from the graben on its western amadtern sides are represented as a linear feature
between the magnetic highs and lows.

3D Euler depth estimate was applied with a windae ®f 5 and depth error of less than 15% by
varying the structural indexes. The best clusteahBuler solution was obtained with SI value dj 0.
giving a depth range of 12 to 49 meter (Figure R6Tie result shows maximum thickness of the
sediments in the site is 49 meter.
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Figure 36 colour shaded maps of a) TMI and b) aiwalysignal of TMI overlain with Euler solution
Slis 0.5 and window size is 5.
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5.2. 2D Resistivity imaging

Resistivity is a fundamental property of rocks (Doband Savit, 1988) so that resistivity
measurements can provide useful subsurface stalcamd lithologic information. Resistivity
technique has been widely used in groundwater,ogédl and engineering investigations. In this
research, resistivity imaging (tomography) techeighas been used lithologic and structural
investigation. The tomography technique involves @irangement of collinear and equally spaced
multiple electrodes on the surface. It lays mukieerode arrays and automatically records profiling
plus sounding simultaneously providing 2D imagé¢hef subsurface.

5.2.1. Data collection

Resistivity data was collected in the rupture gfégure 37) using the resistivity imaging equipment
SYSCAL R1 PLUS SWITCH-72. The rupture area is thens as the ground magnetic data were
collected (section 5.1.2).

The SYSCAL equipment combines profiling using Wenagay and sounding using Schlumberger
array. The equipment has 72 electrodes that wédeolat equally to the left and right of a survey
center line with 5m spacing such that a survey koeers 360 m length and 50 m depth of
penetration. After configuring the electrodes, gregram installed in the equipment was setup to
automatically execute the survey. In order toéase the depth of penetration, a “roll-along” was
used. During roll-along, the already recorded diatten the 72 electrodes were kept in the memory of
the equipment and 18 electrodes were moved fromendef a profile line to the other end where the
profile was extended so that the total profile tangaches 450 m and a 65 m depth of penetration is
achieved.

71



Neotectonics of the East African Rift System: new interpretation from conjunctive analysis of field and remotely sensed datasets in the Lake Magadi
area, Kenya

185000 190000 195000 200000 205000 210000 215000

I o
S o
8 1]
2 o
a3 (32}
£ @
@ )
1= o
8 1]
3 1)
0 (el
o N
8 oo}
o >
= o
g : g
g & 5
o | ' I
< ‘ln ¢ Y
Olorgesailie
volcano
o - . S
3 ﬁ(v S
© “ -0
8 3
> ’ v.b' 3
o £ o
= o
= o
El S
o -
3 %
° (o}
=1 o
51 o
3 1)
v e
2 o
£ )
o >
=1 o
<] 1]
4= o
1] )
3 o
3 [ee}
o (o3}
8 )
= [=
2 o
8 F©
o (o}
5 ~
o (e}
8 o
8 o
1= o
S S
2 g >
5 N~
o [}
8 o
= o
3 IS]
3 o
ol [ee]
5 ~
@ S
S o
S ' 7 5 o
8 7 ; 118
2 § Projection: UTM, Zone 37 S| [ ©
2 4  Spheriod: WGS 84 o
5 Datum: WGS 84

- T T
185000 190000 95000 200000 205000 210000 215000

Figure 37 Location of the resistivity survey sitegdture area), zoom in of the site is shown in Fégu
38.
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Figure 38 resistivity profiles (P1 and P2) taketthie rupture site and the surface rupture is indita
with white lines.
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5.2.2. Data analysis

After downloading data from the imaging equipmentat laptop, the measured apparent resistivity
data were filtered in order to remove bad signahe resistivity data were analyzed in Earth Imager
in order to create cross-section for calculatedasg resistivity and inverted resistivity using a
smooth modeinversion method that is stable and robust.

In this area, two profiles (P1 and P2) intersectagh other (Figure 38) were surveyed. In addition,
the P1 crosses the recent surface rupture. Thes@ai®on of the two profiles and the intersectién o

the P1 with the rupture are shown in Figure 38iadttated with arrows in

Figure39 and

Figure 40. The main aim of these two survey prefieas to deduce subsurface behavior of the
rupture (indicated with arrow at 108m and 150m i) Bnd to explore if there are other possible
hidden ruptures in the area. The rocks observatidrarea include highly fractured volcanic rocks,

chert and clay.

Profile one

This section was carried out along p1 (Figure 38) entersects p2 at 262 meter. The two profiles
were made to intersect in order to compare thelteesdBoth profiles resulted in similar thickness
estimate based on the low resistivity data at thiersection. The intersections of the P1 with the
rupture, indicated by black arrows in Figure 33Qwlabrupt changes in resistivity. In particulae th
rupture at point 150 m of the P1 intersecting thdase rupture suggests that the rupture persists a
further depths and it is labeled as rupture zon@rithe other hand, the intersection of P1 with P2
(indicated with dotted arrow) show abrupt changeesfstivity value which continues to a subsurface
depth of greater than 66m implying that there isther rupture in the area and it is labeled asunept
zone 2. The presence of N-S to NNE-SSW trendingasarand hidden ruptures which persist at
further depth signify that the site is active résgl intense rupturing under E-W neotectonic
extension.

Thickness of the low resistivity material (chertdaczlay) along the profile reaches 17m. The depth
estimates in P1 are in agreement with the depimats from p2 and with depth estimates from
ground magnetic data (i.e. 13 to 26m, see sectibi2)5 In the first 135m length of the P1, the leigh
resistivity value toward the surface correspond$ e fractured volcanic rock that was observed to
be outcropping (with thin soil cover in some caseghe site.
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Figure 39 inverted resistivity section along pmfine on the rupture site. Iteration = 5, RMS =
5.03%, Electrode spacing = 5m

Profile two

As shown in Figure 38, P2 intersects with P1; tbmtpof intersection is at 325 meter as marked with
the arrow in Figure 40. The intersection suppdrésdxistence of the subsurface rupture (rupture zon
2) mentioned in discussion of P1.

The thickness of the low resistivity material alotigs profile reaches 22m. This depth is in
agreement with the depths estimated from the greoagnetic data ranging from 13 to 26 m along
this profile (section 5.1.2). The occurrence otfused chert and clay explain the top low resistivi
unit in the site. The relatively higher resistiviayit in the profile is associated with the fraeir

volcanic rock.
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Figure 40 inverted resistivity section along pmfilvo on the rupture site. Iteration = 5, RMS =
5.19%, Electrode spacing = 5m
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5.3. Discussion

This section discusses the results obtained fraratialysis of aeromagnetic, ground magnetic and
resistivity datasets. Analytical signal and 3D Eutkeconvolution were used for analyzing the
magnetic datasets. For the resistivity data, smowitiel inversion method in Earth imager was used
to produce 2D inverted resistivity section.

The analytical signal applied to the airborne maéigradata was useful in outlining the lithologic tsi
The magnetic analytical signal map was crosschegkigd existing regional and local geological
maps in which it showed good matching. However, Itheal geological map is old and it was
produced by reconnaissance mapping so that it hddferentiated units in some places. Based on
previous works (that showed the area is mainly Ibasal trachyte), interpretation from the ASTER
image and field observation, interpretation frone tinalytical signal was used for updating the
existing geological map. For example, the high netigrsignal rocks in the Olorgesailie volcano and
Shanamu volcanoe were classified as Olorgesaibalhahe Lenderut volcano was assigned basalt
since it has high analytic signal. The 3D Eulerateolution was applied to deduce surface and
subsurface depth information of the rock units #megeologic structures in the study area. The 3D
Euler solution points showed alignment along N-8/ISE, ENE-WSW and NE-SW suggesting the
presence of four set of structures that trend altbwegalignment of the Euler solutions. This result
agrees with the result of remote sensing datasetsion 3.3.1) and the field data (section 4.2.1).

The ground magnetic data collected from the ruptinea and 2km south of the rupture were analyzed
using analytical signal and 3D Euler deconvolutibhe analytical signal of both sites was good in
differentiating the sediments (chert and clay) fribv volcanic rocks and in delineating the struesur

in the area. 3D Euler result gave depth estimatébensediments ranging 13 to 41m in the rupture
area and 12 to 49m for the site south of the reptwea which area in agreement with borehole data
of the sediments in the area that range 30-60mgiB41058).

The resistivity data from the rupture area enabbecharacterize subsurface nature of the ruptude an
to suggest the presence of another rupture in ribe. 8oth ruptures continue to a depth of greater
than 66m. The presence of N-S to NNE-SSW trendinfase and hidden ruptures which persist at
further depth signify that the site is active réisigl intense rupturing due to an E-W neotectonic
extension. Thickness of the low resistivity uniatttcorresponds to chert and clay from the two
resistivity profiles range between 17-22m whichirisagreement with depth estimated by ground
magnetic data.
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6. Dataset integration, discussion and rift
development model

6.1. Dataset integration and discussion

The datasets used in this research were integnatecder to check if the structural and lithologic
information extracted from the different datasaigelate with each other. The integration was made
among the remotely sensed datasets and betweendfi¢h and the remotely sensed datasets that
include ASTER DEM, earthquake epicentre and airbanagnetic data, ground magnetic data and
resistivity data. The conjunctive analysis was donérc GIS software package by overlying the
different datasets on each other after projectiegitto the same coordinate system.

6.1.1. Field and remotely sensed datasets

The remote sensing datasets showed two main sétaltd: N-S and ENE-WSW. The N-S set has
wide range of trends that include N-S, NNW-SSE BINE-WSW. This fault set are the dominant
structures in the area; in some parts of the sardg, they deflect to NNW-SSE and NNE-WSW
forming a Z-shape and S-shape patterns, respectvach are due to reactivated NW-SE and NE-
SW trending structures. The Z-pattern associatéld avidextral NW-SE structure is demonstrated in
Figure 41 and Figure 42 A and B which is supplemerity the NW-SE alignment of the 3D Euler
depth solutions in the same figures. The S-pattepnesenting a sinistral NE-SW structure in the
ASTER DEM is shown in Figure 43 and it is suppletednwith the NE-SW alignment of the 3D

Euler depth solutions in Figure 41 with examplevahan Figure 43 and in the field photos 11 and 19
showing NE-SE faults (refer to section 4.2.1 urdEFSW set).

The second set of fault extracted from the remetesiag datasets trends ENE-WSW. As shown in
Figure 41, some of the Euler depth solutions algmalong ENE-WSW. Figure 44 is an example

that demonstrates how the two datasets complenesit ether. Alignment of the Euler depth

solutions along ENE-WSW (Figure 44 A) agrees wite ENE-WSW trending faults extracted from

the ASTER image, ASTER DEM and SRTM DEM (FigureB)4

Therefore, integration of the field observation &mel remotely sensed datasets has revealed faur set
of faults in the study area: normal N-S, dextral ¥, strike slip ENE-WSW and sinistral NE-SW.
These faults sets played significant role in degwelent of the rift (section 6.2) and in seismicity o
the area. In addition, the presence of these fetsr &f faults that goes as deep as 2.4km haveedreat
conducive environment for the movement of grounéwand its interaction with hot subsurface fluid
resulting hot-springs in the area. The high fradiatension value (2 to 3) analyzed under section
3.3.2 implies that the short faults (<1.6 km) amadlts with small throws (<30m) have significant
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contribution in the area. Thus, the presence oftdaalts and faults with small throws coupled with
the big faults having different orientation actsagtable conduits for the hot springs.
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Figure 41 the Euler solution data and the epiceotehe earthquake swarms overlying on the hill-
shade of ASTER DEM.
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Figure 42 (A) and (B) showing NW-SE structure rdgdaby the presence of Z shape feature in the
ASTER DEM and by the clustering of 3D Euler deptkuson along the NW-SE trend. The dextral
sense of movement is indicated by the arrows.
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Figure 43 show NE-SW structure revealed by thegmes of S shape feature in the ASTER DEM in
and by the clustering of 3D Euler depth solutioongl the NE-SW trend; the sinistral sense of
movement is indicated by the arrows. Field obsé@wmgbhotos 11 and 19 showing NE-SE faults (see
section 4.2.1 under NE-SW set).
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Figure 44 ENE-WSW faults from A) the alignment dd Euler depth solution, B) the combined
results of ASTER image, ASTER DEM and SRTM DEM. &ands for field photo 7 shown in
section 4.2.1 under ENE-WSW set.

In the integrated datasets (Figure 41), interseaifothe NW-SE and NE-SW structures with the N-S
structures coincide with the clustering of the lequiake swarms in the northern part of the Lake
Magadi. This implies that the clustering is assteclavith the intersection of the N-S structures and
the reactivated NW-SE and NE-SW structures. Thesréactivation of the pre-existing structures
may have contributed to the clustering of the eprdke swarms in the northern part of the Lake
Magadi area. This result supplements the existimdetstanding proposed by Seht et al.(2001) that
the clustering and the shallow hypocenter deptmedih the earthquake cluster are associated with
the presence of lower crustal magmatic intrusiocesithe crustal intrusion may have reactivated the
pre-existing structures in the area.

6.1.2. Ground survey geophysical datasets and field data of therupture area

The surface rupture that was reported from nortipar of the Lake Magadi area by Seht et al.(2001)
was observed during field observation of this redealhe ground magnetic survey and 2D resistivity
profiling taken from the site show good matchingl drave characterized subsurface nature of the
rupture. The N-S to NNE-SSW trending surface ruptamd the normal fault®bserved in the field
(white lines) and the resistivity profiles (P1 aP#) are overlain on the analytical map of the gdoun
magnetic data (Figure 45). The resistivity crossieas of P1 and P2 are shown in section 5.2.2.

In the analytical signal magnetic map, the fieldetyed normal faults and surface rupture form a
linear pattern between magnetic lows and magnéttshOn the other hand, the resistivity profile P1
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crosses the surface rupture (Figure 45). As digtligs section 5.2.2 and shown in Figure 39, the
surface rupture penetrates to a subsurface degteater than 66m, which is labeled as rupture zone
one. Profile one also intersects with profile twieiglre 45). In the magnetic signal map, the
intersection of P1 and P2 is marked with abrupnhgkeaof magnetic signal value and forms a linear
pattern. In both the resistivity profiles (P1 an®),Pthe intersection is marked with low resistivity
values (Figure 39 and Figure 40) that penetratesstabsurface depth of greater than 66m. Therefore,
by combining the information obtained from the megmdata and the resistivity imaging profiles, a
second rupture which is marked as rupture zoneg2i(& 39 and Figure 40) is proposed in the site.

The presence of N-S to NNE-SSW trending ruptureghvpenetrate to a subsurface depth of greater
than 66m as verified by the geophysical datasatpled with the clustering of the earthquake swarms
in the area (Figure 41) signify that the presem¢m@sion direction is E-W.
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Figure 45 resistivity profiles (P1 and P2), theface rupture and normal faults observed in thalfiel
(white lines) overlaying the analytical ground megn map of the rupture site. For resistivity cross
sections of P1 and P2 refer section 5.2.2.

6.1.3. Airborne magnetic data and ASTER image

The existing geological map in Figure 46 A was updao Figure 46 B based on the information
extracted from the ASTER images, the airborne miagdata and the field observations.

Different colour composites of: the ASTER image dmnthe principal components and the band
ratios were used to analyze the rock types in tea,aand the images were useful in discriminating
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the sediments as explained in section 3.2.1. Ttheschert and clay unit in southern part of thed_ak
Magadi area has been updated based their speigmakiee combined with field observation of the
unit. Besides, the Tuff and clay unit in the sowids updated. The ASTER image, however, was not
useful in differentiating the volcanic units excepiica index was used to generally asses distdhut

of the silica rich and silica poor volcanic unitghich indicated that the central part of the stadyis

rich in silica while the flanks of the rift are poo silica.

To further discriminate the volcanic units, airb@magnetic data was used. The interpretation of the
magnetic data is explained in section 5.1.1. ThEe@$i basalt and benmoreites, an intermediate rock
(Baker etal., 1976) were classified in to two separunits where the high magnetic signal was
assigned as basalt and the low magnetic signakamdreites. The Pliocene Ologesaile volcanics
(mainly basalt and trachyte) covering the shanamal @logesaile volcanoes were separated in to
Ologesaile basalt (high magnetic) and the remainmi¢s to Ologesaile volcanics (lower magnetic).
On the other hand, the Lenderut volcano showed s$igyial so that it was assigned to basalt.

The area was exposed to basaltic and then to tiackgicanism (Baker, 1958; Baker et al., 1971).
Even though, the basaltic flows were formed eatlen the trachytic flow, the basalts outcrop on
flanks of the rift which is due to the normal fandy; it threw down the trachyte in central parttloé

rift while exposing basalts in eastern and westmks of the rift as well as in few horsts in the
center.

181000 190000 199000 208000 217000 181000 190000 199000 208000 217000
1 1 1 1 1 1 1 1

T o e 8 — T o

§ é _....JOU § §_ : A §

o4 Y A o 3 3

(V2] ﬂ H ') 0 ©

Q J: XN & R
[e)} / YR (o))

o o

. | A :
o o

N I N N

') - ] % 8
(&3} Olorgesailie || ©

volcano

o o Q o

g g 3] g

© ro - ~—

3 - B

o o

g S gl g

o O S S

o o o) o

[ve} 0] bo>) &
[e)] (o))

o o Q o

g g 3] g

o o > >

[ o ~ ~

N~ N~ o) o
» »

o o Q o

S Alg &l 8

S J kO 2 Q

© © I~ ~
N~ “ N~

[e)) = [o)) (e} (]

L i Lenderut [ *\ | o

o : I v

/. « PrOJectlon_: UTM, Zone 37 S, [.”, x\/:ia:ox « x §

bow * Spherlod: WGS 84, M oM oM X W W X ":

[ Datum: WGS 84 o< B >

L 1 I T T T
181000 190000 199000 208000 217000 181000 190000 ~ 199000 208000 217000

82



Neotectonics of the East African Rift System: new interpretation from conjunctive analysis of field and remotely sensed datasets in the Lake Magadi

area, Kenya
Legend of A Legend of B
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Figure 46 A) existing geological map of the studyaaB) updated geological map of the study area.

6.2. Discussion of rift development model

Existing model for the central and southern Kenya Rift

Based on the observation of Z and S fault pattemsemote sensing data, Le Turdu et al. (1999)
proposed a conceptual rift development model fercntral and southern parts of the Kenya Rift (
Figure 47). For the central part of the Kenya Rigy showed that the Z and S patterns were created
due to the interference of the N-S faults with exésting structures trending NW-SE and NE-SW.
Moreover, Le Turdu et al. (1999) observed Z-shafsedt patterns in the Lake Magadi area, and
proposed a NW-SE structures. However, S-fault patdave not been reported from the Lake
Magadi area.
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Figure 47 A) Conceptual tectonic development mddethe central and southern part of the Kenya
Rift, after Le Turdu et al. (1999) showing the nati-S, the dextral NW-SE (N130-190and the
sinistral NE-SW (N20-30) structures created under E-W extension; B) Rdsgram showing
orientation of the structures and the corresponsdirgss fields.
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Updating the model of Lake Magadi area

In this research, both Z and S fault patterns éa#tbn of the prominent N-S normal faults) were
observed in the remote sensing datasets that wigref presence of a dextral NW-SE and sinistral
NE-SW structures, respectively. Besides, a striigefault trending ENE-WSW was observed in the
remote sensing datasets. The N-S, NW-SE, ENE-WS§\WN&SW faults were observed in the field
and in the airborne magnetic data. All the fauts secur in different parts of the EARS as discdsse
in sections 3.3.1 and 4.2.1. The four set of fagtgmal N-S, dextral NW-SE, strike slip ENE-WSW
and sinistral NE-SW) having different styles antfedent relative ages were created under an E-W
extension which is explained by Anderson’s faultdelo(4.2.2); the E-W extension direction is
verified by paleostress analysis (section 4.2r8addition, the neotectonic E-W extension direct®n
supported by the presence of N-S to NNE-SSW trendénent ruptures in the study area.

Therefore, by taking Anderson’s fault model intec@ant and by reviewing the existing models for
study area, the rift development model of centrahya Rift proposed by Le Turdu et al. (1999) is
extended to the Lake Magadi area with modificatidime NE-SW structures were not represented in
the model (Figure 47) on the southern part of teeya Rift; however, field observation and remotely
sensed datasets of the current research have edvisal presence of NE-SW (N30-600) structures in
the Lake Magadi area. Hence, the model is modifieatder to incorporate the NE-SW structures on
the southern part of the Kenya Rift as shown iruFég!8 .

During commencement of the rift, Normal faults geented with 1 in Figure 48 ) were created under
an E-W extension resulting horst and graben stradgtuthe Lake Magadi area. Later, a geo-tectonic
change occurred in the rift; as a result the styléaulting changed from normal fault to strikepsli
The strike slip movement created a dextral NW-SEirike slip ENE-WSW and a sinistral NE-SW
while the extension direction was maintained al&dg/ (Figure 48 ). At the present, the extension
direction continues to operate along E-W creatifhg&to NNE-SSW trending ruptures.
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Figure 48 Conceptual tectonic development modéh@iKenya Rift, modified after Le Turdu et al.
(1999) in order to incorporate the NE-SW (N3®)&8ructures for the Lake Magadi area. B) Rose
diagram showing orientation of the structures dmedcorresponding stress fields.
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7. Conclusons and recommendations

7.1. Conclusions

The present understanding of the Kenya Rift, egfigciin the southern Kenya Rift, indicates two
plausible neotectonic extension directions E-W EEBVNW and NW-SE. The results of the present
research, which aimed mainly at contributing tes thresent understanding of neo-tectonics in the
Lake Magadi area, are presented below in relabaath of the specific research objectives.

In this research, conjunctive analysis of field amehotely sensed datasets were carried out in toder
contribute to the understanding of the neo-tectertension of the Lake Magadi area.

7.1.1. Characterizing the surface and subsurface structures

7.1.1.1. Do the field and remotely sensed datasets support the E-W to ESE-
WNW or NW-SE extensional neotectonics in the southern Kenya Rift?

Processing and structural analysis of ASTER deataset SRTM DEM, field data and airborne
magnetic data reveal four fault sets in the stuéw dhat trend: 1) N-S (N-S, NNE-SSW, NNW-
SSE), 2) NW-SE, 3) ENE-WSW and 4) NE-SW.

» In the first set, the N-S faults are dominant drel/tdeflect to NNE-SSW as well as to NNW-
SSE forming Z and S patterns, respectively. Thend & patterns observed in the remote
sensing data are due to interference of the N-Bsfawth pre-existing NW-SE and NE-SW
structures, respectively. Reactivation of the pasteng structures has resulted in the
formation of younger NW-SE (set two) and NE-SW (f&eir) faults that crosscut the N-S
faults in the area.

» The Euler depth solution of the airborne magnetitadchlso gave similar result where the
Euler points showed clustering along N-S, NW-SEEBNSW and NE-SW.

» All fault sets have been verified in the field wharormal N-S, dextral NW-SE, strike slip
ENE-WSW and sinistral NE-SW fault sets have beeseoled. Crosscutting relationship
observed in the field indicates that the N-S norfaalts are oldest and the sinistral NE-SW
faults are youngest.

» Even though the NE-SE fault set has been reported #ifferent parts of the EARS, it was
not reported from the Lake Magadi area so that & new finding of this research.

The existence of four set of faults (normal N-Sxtold NW-SE, strike slip ENE-WSW and sinistral
NE-SW) having different styles and different refatiages signify occurrences of geodynamic
changes in the neo-tectonics of the rift that @@dhe four fault sets under an E-W extension which
is explained by Anderson’s fault model.
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» At its early stage, the rift experienced normalltiag wherecl was acting vertically on the
earth’s surface and3 acting horizontally along E-W which means an Eelkection of
extension.

» Then as a result of geo-tectonic change in the «ift changed orientation from acting
vertically on top of the surface to act horizontalong N-S whiles3 remained E-W; thus,
the direction of extension remained E-W.

» The geo-tectonic change reactivated the pre-egigtructures in the rift creating a dextral
NW-SE, strike slip ENE-WSW and sinistral NE-SW fguunder an E-W direction of
extension.

» Preliminary paleostress reconstruction of the fidita also shows that the neo-tectonic
extension direction of the study area is E-W.

The finding of sinistral oblique slip NE-SW fauktssupports the E-W extension in the area; it also
explains the existence of NW-SE fault set. The gash sinistral oblique slip NE-SW fault was
formed by reactivation of pre-existing NE-SW stwres under the E-W extension in order to
counterbalance the dextral NW-SE faulting. Thus,fthding solves the puzzle that some researchers
were associating the dextral NW-SE faulting witle tiW-SE extension direction and the E-W to
WNW extension advocates of Lake Magadi area haea lassuming it as local feature regardless of
its occurrence through out the whole Kenya Rift.

Significance of the four fault setswith respect to earthquake and hot-springsin the study area

Earthquake:

= [ntersection of the N-S, NW-SE and NE-SW to ENE-WSWUuctures coincides with the
margin of the cluster of the earthquake swarmbémiorthern part of the Lake Magadi.

= This implies that the clustering is associated kit intersection of the N-S structures and
the reactivated NW-SE and NE-SW to ENE-WSW striesur

= Thus the reactivation of the pre-existing structurey have contributed to the clustering of
the earthquake swarms in the northern part of #ieslMagadi area.

= This result supplements the existing understangimagposed by Seht et al.(2001) that the
clustering and the shallow hypocenter depths baniat earthquake cluster are associated
with the presence of lower crustal magmatic intsnsivhere the crustal intrusion may have
reactivated the pre-existing structures in the.area

Hot-springs:

= The presence of four sets of faults have createdwive environment for the movement of
groundwater and its interaction with hot subsurfihzie resulting hot-springs in the area.

= The high fractal dimension value 2 from the fabltow and 3 from the fault length imply that
the short faults (<1.6 km) and faults with smalotlis (<30m) have significant contribution
in the area.

= Thus, the presence of short faults and faults wittall throws coupled with the big faults
having different orientation and subsurface cordtran that go as deep as 2.4km serve as
suitable conduits for the hot-springs in the Lakagsldi area
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7.1.1.2. What is the implication of recent surface rupture on neotectonics of the
southern Kenya Rift?

Processing and analysis of ground magnetic anstinasi datasets characterized the subsurface
nature of the rupture and suggest the presencehef bidden rupture in the area.
s The 2D resistivity imaging of the ruptures showkdttboth ruptures penetrate to a depth of
greater than 66m signifying that the ruptures vietense.
+ Besides, field observation of the surface ruptimaws that the rupture aligns along N-S to
NNE-SSW signifying that the present extension diogcis E-W.
% The clustering of earthquake swarms also supperEthV neotectonic extension in the area.

7.1.2. Lithologic investigation of the study area

Regional and local geology of the Lake Magadi sskaw that lithologies of the area are mainly
basalts and trachytes with Precambrian basememispging either flanks of the rift. However,
existing geological maps are old which were pregdrg reconnaissance survey so that they need
updating.

* The ASTER images were useful in discriminating sediments of the area so that
considering the field observation, lithologic boanglof the chert and clay unit as well as the
tuff and clay unit were updated.

* Besides, basalt which has high magnetic signdlerstudy area was differentiated from other
volcanic units using aeromagnetic dataset.

* The OITepsi basalt and benmoreites unit was classif to two separate units where the
high magnetic signal was assigned as basalt anldéhmagnetic signal as benmoreites.

% The Pliocene Ologesaile volcanics (mainly basaft &lachyte) covering the shanamu and
Ologesaile volcanoes were separated in to Ologedadlsalt (high magnetic) and the
remaining units to Ologesaile volcanics (lower netar)

% The Lenderut volcano showed high magnetic signahat it was assigned to basalt.

Therefore geological map of the study area was tepdbased on field observations, ASTER
images and aeromagnetic data. The area was expodmsaltic and then trachytic volcanisms
respectively with age so that the occurrence oéliasoutcrops on the surface is attributed to the
normal faulting in the rift that brought the badalthe surface.

7.2. Recommendations

Although the results of the present study are nmedni, very limited time was available for
collecting structural data in the field. Thereféuether field structural data is recommended ineord
to substantiate or revise the interpretations basdtie reconstruction of the paleostress conditain
the study area. Moreover, field checking of platest were not visited during this research is
required in order to verify and modify, if necessahe updated geological map presented in this
study.
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Further geophysical investigation (for example, i@Sistivity imaging) of the ruptures may help in
guantifying them which could contribute to the ursianding of the extension in the area. Besides,
searching other ruptures in different sites ofdhea could be worth to consider.
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Figure 49 Topographic section (distance versus elevatiangprofiles 4-6 derived from the ASTER
DEM. The section runs from west on the left to easthe right, G represents graben.
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Figure 50 Topographic section (distance versusadilav) along profiles 1-3 derived from the ASTER
DEM. The section runs from west on the left to easthe right, G represents graben.
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Figure 51 measured resistivity and calculated apypaesistivity pseudo sections along profile ohe o
the rupture area.
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Figure 52 Measured resistivity and calculated agparesistivity pseudo sections of profile two of
the rupture area.
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