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ABSTRACT

In order to understand the subsurface stratigraphy and structure mdrthwest end of
the Turkana Basin, Northern Kenya Rift, we used 2-D joint inversiomagnetotelluric
(MT) and gravity data acquired along 3 profiles perpendicular tanéi@ Murua Rith-

Lapur Rift Border Fault. The regional geology is charactdriby a basement of

Precambrian age overlain by €600-m thick sandstone formation named the Lapur

1



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Sandstone of upper Cretaceous-lower Eocene in age, covered by yoidkcrand basaltic
lavas of late Eocene-middle Miocene age, known as the “Turkanaan/odt. Final
interpretation of the resistivity and density models, until 5 km dejittained by the joint
inversion approach confirms the previous general knowledge about thgrdiz
geometry of the northern part of the Turkana Basin. The main MuriLBpur Rift
Border Fault is well identified by both gravity and MT. At leasto other important
secondary faults without surface expression are also identifiedewAsmall half-graben
basin, named the Kachoda Basin, parallel to the main Turkana Baksfillesh by 1.5 km
of sediments, has been also characterized. This study also highdigbhg thickness
variations of the three main geological units that could be expéecttbe subsurface of the
Turkana Basin. For example, the sedimentary Nachukui and Kibish kemsye¢ach up to
>3 km in thickness at the eastern end of the north and centraéprdfdteral variations of
the topography of the Precambrian basement are also evidencedptQahgeological
models, which result from the combination of the obtained density aistiviég models as
well as from geological and reflection seismic data, are propdsesuch an area of
intensive and promising oil exploration, these models are essertgairia of identification

of reservoirs, source rocks and trapping mechanisms.

Keywords:

Northern Kenya Rift, Turkana Basin, Kachoda Basin, Lapur Sandstongkdiia

Volcanics”, Sub-basalt imaging, magnetotelluric, gravity, joint ineersi
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1. Introduction

The north-western part of the Kenya territory is charaadriby a wide NW-SE
oriented tectonic depression known as the Turkana Depression, locatediateiygdo the
southeast of the oil-rich rift basins of southern Sudan (Fig. 1a).r&bisn has been the
subject of a major interest for possible commercial hydrocarbanipalt (Morley, 1999;
Wescott et al., 1999; Tiercelin et al., 2004, 2012b). In the north-westerof pae Turkana
Depression near the borders of South Sudan, Uganda and Ethiopia, gravagglared in
the 80s by the Amoco Kenya Petroleum Company (AKPC) reveaidd elongate
anomalies suggesting the presence at depth of two deep, N-S orietitedrgary basins
named the Lotikipi Basin to the west, and the Gatome Basin teasie(Wescott et al.,
1999) (Fig. 1a). Because of insufficient geophysical data ané¢keof exploration wells,
the stratigraphy of these basins remained largely unknown. \tdeydeismic reflection
data was acquired in this area by AKPC (e.g. Wescott €t989) and it showed very low
vertical resolution caused by the presence in the shallow sutswfa 3.5 km thick pile
of basaltic and rhyolitic lavas of Late Eocene-Middle Miocage known as the “Turkana
Volcanics” (Bellieni et al., 1981; Zanettin et al., 1983; Morleylgtl®99; Tiercelin et al.,
2012). In the eastern part of the Turkana Depression, Project PROBEkelman et al.,
1988, 1989) and AKPC (e.g., Morley et al., 1992; Wescott et al., 1999) conthtetesive

land and offshore Lake Turkana reflection seismic campaignsithad at understanding
3
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the subsurface geology in areas with poor surface outcrop conditioesprététion of
these data allowed for the determination of the deep structure dimleséary infill of
several N-S-trending half-grabens ranging in age from Pafeodo Plio-Pleistocene,
known as the Lokichar (North and South), North Kerio, and Turkana Basinsctresiye
(Morley et al., 1999; Tiercelin et al., 2004; Talbot et al., 2004) (Fag. The Lokichar and
Turkana Basins have been tested during the 90s by two deep explomritiyroperated by
Shell Exploration and Production Kenya B.V.: the Loperot-1 welleattiiih the Lokichar
Basin, and the Eliye Springs-1 well drilled in the Turkana B&Sig. 1a). These two wells
confirmed the existence of thick alternating packages of fluviakiokdeltaic and
lacustrine sediments, of Eocene-Middle Miocene age for the LokiBhsin, and Plio-
Pleistocene age for the Turkana Basin (Morley et al., 1992, 1999). dperdi-1 well
demonstrated the presence of thick, organic-rich shales and oil sh@asdstone units
(Wescott et al., 1999). In the last 5 years, more than ten exploraglls have been drilled
by a group of oil companies (Tullow Oil and Africa Oil Corp.) in the South LokiclaairB
All these wells revealed the presence of a large number ddilngays in two main high
quality reservoir horizons, known as the Lokone Sandstone and the Auwemndstde
(Africa Oil Corporation, 2011, 2014) (Fig. 1a).

In this work, we present the results of an MT and gravity joint swer survey
devoted to understand the stratigraphy and structure of subsurfaiestefrthe northwest
end of the Turkana Basin, a sensitive area where outcrop data are limited amdeidraic
studies are either absent or encountered a sub-basalt imagingnpraibd are therefore

unable to bring accurate subsurface information (Fig. 1a and b).

Figure 1
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2. Geological setting

The roughly N-S-oriented Turkana Basin occupies the centrwraapart of the
Turkana Depression between latitudes 4° and 4.5° N, and hosts the prgseakela
Turkana, which is the largest water body of the Eastern BrandhedEdst African
Rift System (Fig. 1la and c). The Turkana Basin started mm faround Middle
Miocene (15-10 Ma) (Dunkelman et al., 1988, 1989; Morley et al., 1992; Duakley
al., 1993; Morley et al., 1999). The northern half of the basin revealsicaltyast-
facing half-graben structure bounded by a set of N-S orientethahofaults
morphologically marked by the main Murua Rith-Lapur (MRL) BordeulfF
escarpment (Fig. 2a). Geologically, the MRL Border Fault footewadl hanging wall
displays a simple stratigraphic succession with, unconformable ymgrla
Precambrian basement mainly formed by migmatites and amphsb{italsh and
Dodson, 1969) (Figs. 2a-c and 3a), an up to 500-m thick accumulation of
conglomerates, sandstones, siltstones and mudstones named the Lagsiorea
(Figs. 2a and b and 3a and b), thinning and disappearing toward the ndotbutat a
4.45° N and toward the south Kgniroliom (04 11'10° N, 35 49 41" E) (Thuo,
2009; Tiercelin et al.,, 2012) (Fig. 1d). Overlying the Lapur Sandstoeetls
“Turkana Volcanics” that widely outcrop to the west, in the Gatand Lotikipi
regions, where they reach a maximum thickness of 3.5 km (Be#ieal., 1981;
Zanettin et al., 1983; Tiercelin et al., 2012a) (Figs. 1a, 2 and 8chhd immediate
west of the MRL escarpment is a small roughly N-S orient&8, km wide, flat-
bottomed valley bounded on both sides by basalts and rhyolites beldogihg
“Turkana Volcanics”, forming the eastern faulted flank of théo@®& Basin. This

valley, known as the Kachoda Valley, opens towards the north into therSamde



118 Gulf and the Todenyang Plain to the immediate west of the Oner Relta (Fig. 1c
119 and d). Alluvial-type sediments of unknown age and thickness charactieel surface
120  of this valley.

121

122 Figures 2, 3 and 4

123

124 To the east of the MRL Border Fault, the subsurface stratigraphiie MRL
125 hanging wall can be deduced from the interpretation of one W-E atjeotshore
126  reflection seismic line (TVK-10) acquired by AKPC in 1985 at 4.135étween the
127  MRL escarpment and the Lake Turkana shoreline (Figs. 1d antiVesgott and co-
128  workers interpret this seismic line as showing a thick (up ®c2I$VTT) pile of Late
129  Miocene-Pliocene sedimentary rocks, conformably overlying the toMididle
130  Miocene volcanics belonging to the “Turkana Volcanics” unit (Wtset al., 1999;
131 Fig. 2). A recent interpretation of this TVK-10 seismic liféefcelin et al., 2012a)
132  (Fig. 4) suggests the presence in the hanging wall of the BRtler Fault, below the
133 “Turkana Volcanics”, of a 300-m thick sedimentary package tbatctbe interpreted
134 as the Lapur Sandstone. The “Turkana Volcanics” are in turn owehaithick (1.5
135 sec TWTT) sediments forming the uppermost part of the infithef Turkana Basin.
136  Only the upper sedimentary deposits that characterize the hanglhgf the MRL
137 Border Fault are known at the outcrop level. These deposits correspoad to
138  southwest-dipping pile of fluvio-lacustrine sediments of Plio-Rieene age (dated
139  between 4.2 and 0.7 Ma) known as the Nachukui Formation (Feibel et al., ERB9) (
140  3d). This ~740-m thick sediment accumulation is overlain at the norémerrof the
141  Turkana Basin by upper Pleistocene to Holocene sediments of fluvasedsgibe, that

142  possibly belong to the 100-m thick Kibish Formation, dated at about 0& Ksabase
6
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and outcropping largely at about 5° 25’N along the Omo River, nearkiyklabong
Range (Brown and McDougall, 2011) (Fig. 1c). Offshore seismic teffeclata
obtained by the PROBE Project indicated for the Turkana Basin a #thlak
sedimentary infill immediately overlying the thick pile of tleurkana Volcanics”
(Dunkelman et al., 1988, 1989). Near the southern end of the Turkana Basiliy¢he
Springs-1 exploration well penetrated 2964 m of fluvio-lacustrine sandsshales
similar to surface outcrops lying to the north and possibly betgnigi the Nachukui

Formation (Fig. 1c).

3. Magnetotelluric and gravity surveys

The study area is mainly located on the western faulted sithee aforthern part of the
Turkana Basin, between latitudes 4.1305 and 4.480knd longitudes 35.5890 and
35.9280 E in WGS84 system (Fig. 1). Magnetotelluric and gravity data et as
complementary field observations were acquired during one field cgmpanducted in
August 2006 in cooperation with teams from two Kenyan companies, tha lkaectricity
Generating Company (KenGen) and the National Oil Corporation of K@NQEK). We
carried out a total of 27 magnetotelluric soundings along three dvdnted profiles,
almost perpendicular to the main N-S geological strike doedtiustrated by the MRL
Border Fault (Fig. 1b). The southern profile (P1) was superimposed tna¢keof the W-E
oriented TVK-10 seismic reflection line whose track was stéhrly visible in the field
(Fig. 1b and d and 2). The median profile (P2) followed the car trackng from the
western shoreline of Lake Turkana through the Lowarengak village ttiee Lokitaung
Gorge, crossing the MRL escarpment up to the township of Lokitaugg1(s and d and
2). This profile extended 15 km further to the west, following a traoking almost E-W,

crossing through the Kachoda Valley (Fig. 1b and d and 2). To the tiethield survey

7
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was limited at latitude 4.40° N because of the bad security comglitiearby the Sudan and
Ethiopia borders. The northern profile (P3) extended toward the edisé iarea of the
Lapur Peak, from the trace of the MRL Border Fault up to the kheref Lake Turkana
(Figs. 1a, d and 2).

The MT sites were spaced at an average distance of about 1viitkrthe exception of
two stations on the median profile (between station 22 and station 23, tarvestation
24 and station 10 situated in the narrow and deep Lokitaung Gorge (Fiddell, the
distance between the two stations was much larger as it waaweis easy to find a
suitable place to record the electrical component. Data wepgirad using a Phoenix
system provided by KenGen (Fig. 5¢c-e). The electric and miagredtls were recorded in
N-S and E-W perpendicular directions.

The gravity measurements were made using a Lacoste-Rombavgneter also
provided by KenGen (Fig. 5a and b). Gravity was measured at 243 pluntsthe three
MT profiles (Fig. 1b). The measurement points were spaced atexage distance of 250
m, with the exception of the Lokitaung Gorge where this distance larger as a
consequence of the morphology of the gorge. Nevertheless, its spatiition remained
greater than the MT sites. The quality of both MT and gravity deais relatively good and

the MT data showed little noise (see Fig. 6).

Figures 5 and 6
4. Geophysical data processing
4.1 MT processing
The magnetic and electric time series were processed nphlwigitl the algorithm of
Chave and Thomson (2004), covering the period range 0.02-450 s. Because of difficult

field conditions and no remote reference (Goubau et al., 1978), dataavefelly edited



193 and only time series of good quality were processed, reducing tnéenuof robust
194  estimates and increasing some of the error bars (Fig. 6). IDWfatransfer functions are
195 of fair to good quality. The complex conjugate directions of the tewsoe computed
196  (Counil et al., 1986) to study the dimensionality of the data. Bothrielexntd magnetic
197 directions are similar, an indication of a weak effect of @& heterogeneities. Electric
198 directions for all sites are shown in Fig. 7 at two periodselmegal, they indicate a rough
199  N-S strike direction for the transverse electric TE mode,(Bayker, 2011) on the central
200 profile, although directions may vary locally, particularly withhre Lokitaung Gorge.
201 These directions indicate therefore only approximately a trues@2ike. Nevertheless, the
202  3-D modelling of the three profiles confirmed that a local 2-D @gqdn is suitable for most
203 of the sites for the first kilometres in the crust (Abdelfetta009), with a main strike
204 direction in agreement with the geological trend. The centddilg has 2 stations (23 and
205 24) within the Lokitaung Gorge (Fig. 1b and d), 5 stations on the wesigenof the
206 Turkana Basin (from west to east: 10, 11, 25, 26 and 27), and 5 statitres Kachoda
207 Valley (from west to east: 18, 19, 20, 21 and 22). Two stations, 223rghow moderate
208 static shift (Groom et al., 1989; McNiece and Jones, 2001) in the traaswagnetic, TM
209 mode in relation with the topography that was accounted for in the 2D modelling. The other
210 profiles are located on the western side only of the Turkana Bemmn,the trace of the
211  MRL Border Fault to the west up to the Lake Turkana shorelinect@east. Because of the
212 high conductivity (1Q.m) of the sedimentary infill of the Turkana Basin, no significant
213 topography effect was observed in the other stations of thegftoes. Details of the MT

214  study and modelling can be found in Abdelfettah (2009).
215

216 Figures 7

217  4.2. Gravity processing
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The first correction performed on the acquired gravity data isnteumental drift.
The second correction is the terrestrial tide, which is oflsam#litude but was considered
in order to make a complete data processing sequence. Aftetloeserrections, the free
air reduction was applied on the data to obtain the free air andfigly8), which is the
final anomaly used for the inversion. Rather than calculating tmeplete Bouguer
anomaly, we use the free air anomaly and included the topograghyl@i correction
(plateau and terrain corrections) directly in the modelling @®cé&he latter consists of
reproducing the topography of the area and, calculating itsitgraffect at the
measurement sites using a digital terrain model (DTM) ofthdied area (SRTM3, 2003).
The average density of the topography terrains was estimated basdata from the
literature (2,450 kg.n), and adjusted such that the Bouguer anomaly was de-correlated
from the topography. The density value taken into account in the daloutd the gravity
effect of the terrains is 2,450 kg.inThe gravity effect of Lake Turkana (water density

1,000 kg.m®) was also taken into account in the forward modelling.

Figure 8

5. Joint inversion formulation
5.1. MT and gravity inversion method

The forward solution for MT is obtained with a 2-D finite differenalgorithm
(Tarits, 1989). The objective function F(r) of MT combines the MTfimand a

regularisation term:

2
+

0 TE_,C
zg -z n7TE

TE
ojj

0 TM_,C
zy ™Mz ™

™
oij

2
F) - st 3 | laast o
where Z is the 2-D MT impedance. The indices O and C areatesglg the observed
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and calculated impedances for both transverse electric (TE) iftioelehorizontal
electric field parallel to the strike) and transverse magi€M) mode (the horizontal
magnetic field parallel to the strike) (e.g. Simpson @itrBa005). The values nst and
np are the number of sites and the number of periods respectiveljerine is the

standard deviation for each mode. The smoothness fungtis&ined by
— 2
Sy =Y Yia(ri— 1)) (2)

where N is the number of parameters, r the log-resistivity, anid a damping
coefficient. The 2-D model is bounded on both sides by one-dimensional (1-D)
structures. The layered 1-D earth model is extended about 3-4 skim fdephe
highest resistivity in both right and left sides to avoid the effiéour 2-D structures
(e.g. Doucet et Pham, 1984).

The gravity model response is calculated at the earth suitface the gravity
attraction generated by all rectangular prisms (e.g.keBja 1995). The objective

function ks(d) for the gravity data is defined by

0_aC)\?
Fo =34 (229) 425t @

where N is the number of data points, is the standard deviation of measured gravity
data. § and § are the observed and the computed gravity anomalies, respectively.
The gravity smoothness function S computed using Eq. 2 where the parameter r is

now the density contrast.

5.2. Joint inversion formulation
Let a couple of model parameterandd. We define a multiple objective function

Q(r,d) of the form

11
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{min{Q (r,d) = Eyp (1) + Fe(d)}

subject to d = (r) ()

The functiony is a condition function (CF) coupling the parameter r and d. The CF
may be included in the inversion as a deterministic relationshipeba parameters
(e.q., Tiberi et al., 2003) or a geometrical constraint (e.gla@al et Meju, 2007).
Here we investigate a solution based on a CF combining georhetrsdraint and a
relationship between the parameters r and d. We named this @foraetrical
condition function (GCF). We use the GCF to build the starting modei(d) from a
model g obtained independently. This GCF assignsalues according to a given rule

in regions or domains defined by the geometrical features sedr&iom the modelr
Once the inversion started, the parameters are free tonitdnip the fixed domains
and no longer guided by that rule.

Figure 9

First we obtain a preliminary resistivity model (PRM) This was achieved with the
minimisation of (Eq. 1). The geometrical features in modelnamed domains,
correspond to regions in the PRM where the resistivity valugshsatess than one
order of magnitude and to the regions delimited by strong ikatyistontrasts. The
density model glwas set constant in these domains and defined according to low
(high) resistivity correspond to low (high) density. The extreme values aduhalhigh
density are defined from geological knowledge or previous studidgisame area
and from the surrounding, for instance 2,750 k§for a Precambrian basement and
2,000 kg.n? for Nachukui Formation. Then, the intermediate density values are
obtained by linear relationship between density ang Iagistivity values. With this

starting density model, the gravity data were introduced in thesiovealgorithm and

12
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the EqQ. 4 is used for the total objective function.

The minimisation routine used to achieve this work is based on pestegescent
technique derived from Beiner (1970) (see also Fischer and Ledi@81), and based
on downhill simplex method (e.g., Press et al., 1992) and thereforeonhayind a
relative minimum of the objective function. The derivatives of thecfion are not
calculated, hence the function itself is called and all diffees in the parameters
space are stored until the descent is found. The algorithm caéistomdorward MT
and gravity solutions each iteration.

We run the first stage of the inversion (stage 1). During the nsatian of Q(r, d),
density values were free to change but the PRM domains defined alsowtillar
enforced, that is the density remains constant within the domaing ®melative
minimum for Q is found, the conditions on the density model are chambediensity
values could vary within a domain where it was previously constant astand

minimization (stage 2) is carried out.

In practice, in our MT and gravity formulation, we adopt a common iforengrid
based on 2-D prisms to run the joint inversion (Fig. 9). The MT irmergrid is
defined on the basis of the data distribution and the frequency mggeHig. 9). The
gravity inversion grid is mapped on the MT inversion grid. Henceetieethe same
number N of density cells and resistivity cells (Fig. 9). Afceationed, we run the
joint inversion in two steps. First, the density values were grouped large
homogeneous domains (piece-wise) defined by the PRM so that therrafralbasity
values sought is a small number (< 20 parameters) comparedliteNlensity values
in this initial density model are determined by the GCF. Stayeconstrains the

gravity inversion with a fixed geometry obtained from the prelimyifdT inversion.

13
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In stage (2) we relax the constraint of fixed large domains ofogenmeous density.
We let the density value to evolve in all cells within the domamshe number of
density values (N) required becomes equal to the number of viggistlues (N).

This last step is important to check whether the density modehebtat stage 1 is

robust, and to improve the final gravity and MT fits.

6. Density and resistivity models

Abdelfettah (2009) has tested the MT inversion and the MT-gravity jongrsion
techniques on synthetic models and on real data. For the Turkana Bdsii/Addelfettah
2009), resistivity and density models obtained from the joint inversiotihé three profiles
are represented in Figs. 10, 11, 12 and 13 down to a depth of 5 km.

The resistivity models are characterized mainly by timegor units (Figs. 10a, 11a, 12a
and 13a).

- A shallow conductive unit with resistivity values, less tha®21@;

- Resistive units with resistivity values higher than Q;

- Between these two units, a third unit with intermediate tregysvalues between 10 and

100Q.m (Figs. 10a, 11a, 12a and 13a).

Figures 10, 11, 12, 13

The density models obtained in this study (Figs. 10b, 11b, 12b and 13b) shoWwethat t
central and southern profiles have similar characteristith fvigs. 11a, 12a and 13a). In
contrast, the northern profile (Fig. 10b) shows some differencesms tof thickness of the
observed geological units compared to the southern profiles, espatitily eastern part
near Lake Turkana shoreline. These differences may be peribyited to the presence of

a local three-dimensional heterogeneity located at depth betwseprofile and the central
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profile as revealed by a complementary 3D MT inversion (Abdaliet2009; Fig. 4.10).
The central and southern profiles show a good correlation between tiagowa of

resistivity and density values. Usually, a lower density corresptmasconductive unit
while a higher density corresponds to a resistive unit. Thetivéty values and particularly
high-density contrasts highlight the complex structures of the Tarl&asin and the

Kachoda Valley, respectively.

7. Subsurface structure of the Turkana Basin
7.1. Northern profile (P3)

The resistivity model obtained for the northern profile (Fig. Kbeyws an upper limit
(L1) between a very conductive geological unit (€L&h) and a more resistive zone where
resistivity values vary between 10 and @0n. This limit is located at a depth of 1.4-1.5
km on the western part of the profile, under station 13 near thedfdhe MRL Border
Fault. This layer may be interpreted as the base of the knowmesddry unit the
Nachukui Formation and its upper Pleistocene-Holocene coverage (Kibrsmation)
(McDougall et al., 2005). This result may confirm the presenckisnnbrthern part of the
Turkana Basin of a more significant sediment thickness than the oerwed$urther south
(740 m for the Nachukui Formation). However the L1 limit is not vaelfined in the
density model which shows significant lateral variations seemingly clautroy faults.

We seem to observe the signature of faults in both the density @istivity models. The
major MRL Border Fault to the west end has a surface expreasd is clearly expressed
in the density model (Fig 10b). Two secondary faults: the FON Faudltieaeast of the
profile between sites 13 and 14, and the F3N Fault between sites 18 aedm identified
in the resistivity model but are less clearly in the densibdel. The structures in the
middle part of the profile in the density model could be interdrete the signature of

15



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388
389

faults: the FIN Fault between sites 14 and 15, and the F2N Fawuédresites 15 and 16.
The traces of these two last faults are not so clearlyathag the resistivity model but
seem constrained by the density distribution. The FON and F3N faultelhas the F1N
and F2N faults have no surface expression.

Towards the east, the limit (L1) appears at a shallow depth, 1.2-1ihéer site 15,
and reaches'1 km depth midway between sites 16 and 17, at the eastern end of tlee profi
when approaching the Lake Turkana shoreline. These variations in de@tls@observed
in the density model where the highest negative density contrasken from East to
West. This thickening is in agreement with the general dip to #st of the sedimentary
beds of the Nachukui Formation as it is observed at the surface @engorthwest
shoreline of Lake Turkana. The fact that the resistivity disiobus not strongly marked
by the FN1 and FN2 faults suggests that the material has no significativitgstontrast.

At the eastern end of the profile, immediately east of the, B8N(L1) limit is no longer
visible, and the thickness of the identified sediments reaches a value of 2.5 km, iy poss
higher. Another limit, named (LO), can be observed both in the dansitiel and within
the very conductive unit but poorly constrained by the data. If reabuid be interpreted
as being the upper limit of a known large salt-water wedge (®hnson et al., 1987)
associated to Lake Turkana (Fig.10).

A weakly defined second limit (L2) is suggested in the lowet pérthe fairly
conductive package but again not well identified in the density model.rdndel3, (L2)
occurs at a depth of ~2 km, and is found at a depth of ~1.8-1.9 km und&8.site the
east, (L2) is visible at a depth of ~1.4 km near the F3N Fault. F@¥htoward the east,

(L2) is no longer visible.

In terms of lithostratigraphy, the layer between L1 and L2 coulthteepreted as the
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volcanic pile known as “Turkana Volcanics”. At the western end ofptioéile, near the
MRL Border Fault, this layer shows a thickness of about 0.6-0.7 km sitdel3 that
remains relatively constant toward the east. Then, from sité décreases toward the east
until crossing F3N, and reaches a thickness of ~0.4-0.5 km betweedGitesl 17. The
high resistivity value and no density contrast between sites 1@7asdggest intrusion of
volcanics in the sediments which are not outcropping probably becausereecbyethe
recent Pleistocene-Holocene coverage.

At a greater depth>2 km), the model under station 13 and up to the western side of
station 17 shows a high resistivity unit with values exceedingtdfQ) excepted between
sites 16 and 17 where the mean resistivity value is arourfd.r80 The top of this high
resistivity unit corresponds to the limit (L2). Geologically, thist would correspond to
either the Lapur Sandstone or the Precambrian basement. Thedelet#rcation of the
Lapur Sandstone, which is stratigraphically interbedded betweéf thieana Volcanics”
and the Precambrian basement (Fig. 3c), is difficult becaue dbw resistivity contrast
existing between the strongly consolidated sandstones and the myeRyecambrian
basement (Fig. 3a), which both may have high resistivity valuesddition, the depth of
investigation (>2 km) and the relatively weak thickness of the L§puadstone in the area
of the northern profile, evaluated at 100-120 m at the Lapur Peaic€lin et al., 2012)
make their detection even more challenging. Under the Lapur Sandatuher
Precambrian basement, another limit (L3) can be identified. ifhisdeparates a resistive
part (that corresponds to the basement and/or the Lapur Sandstonejatlictive part,
which could correspond to a zone of intense fracturing to explainntliease of the
conductivity values.

The density model (Fig. 10b) shows only some vertical variations cafvipato the

resistivity variations, which can relate to the presence oMRé& Border Fault and the
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other secondary faults, FIN, F2N and F3N present in the centralagtetrepart of the
profile. The upper limit of the LS and/or the Precambrian basemeamkenh by the (L2)

boundary appears relatively flat between sites 13 and 16, whedasnis a slight dip to
the west between sites 16 and 17, delimited by the faults F2N and F3N. Inatyeshat of

site 17, this limit disappears. The thickness of the Lapur Sandsesms relatively
constant (~100 m) from west to east, and does not exceed 120hm morthern part, as
observed in the Lapur Peak cliffs (Figs. 2 and 3).

To the east of F3N, under the site 17 and eastward (Fig. 10a),lthand (L2) limits
previously described are no longer visible. Very weak resistwatyes (<12.m) can be
found from the surface down to a depth of 5 km. The density contnastéive and does
not exceed 70 kg.M One sub-horizontal density contrast limit, named (LO), is identified
at ~1 km depth and may represent the upper limit of a wide stdt-weedge (Fig. 10).
Although the MT data have been processed in 2-D, the rapid changedtures from
profile P3 to P2 and the absence of the limits (L1-L2/L3) underlsi and eastward could
suggest the resistivity model in P3 is biased by lateral 3flatians in depth. In fact, the
data do not exhibit strong 3-D distortion as revealed in Figure 7natie 3-D inversion
presented in Abdelfettah (2009).

These high conductivity and negative density contrasts could be the result afSecerat
the northwest end of the Turkana Basin of an important thickness (>2.6flgajliments
belonging to the Plio-Pleistocene/Holocene Nachukui and Kibish Famsaor even older
sediments. This thickness value is of the same order than the tisiekradsserved on the
PROBE seismic lines as well as on the Eliye Springs-1. Weilils significant sediment
thickness could be explained as resulting of a major subsidenceiatesgoto a high
sedimentation rate along the F3N Fault, which thus could be consatetkd main border

fault of the Turkana Basin activated during at least the PlioaedePleistocene/Holocene
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periods, compared with the main MRL Border Fault and the other secondary faults.

7.2. Central profile (P2)

The central profile crosses from the east the littoral/alupiain forming the western
side of the Turkana Basin, then the MRL Border Fault escarpmentha Lapur Range
through the Lokitaung Gorge, and ends to the west on the western diue Kachoda
Valley (Fig. 1).

The density and resistivity models presented in Fig. 11a and 11b shodar $gatures
mainly a horizontal contrast defining the (L1-L3) limits. Ongondiscrepancy between
density and resistivity models is around the depth of the limit (L2), which iseoriagMT
but not well resolved by gravity. The resistivity model showsearctontrast whereas the
recovered density model is more homogeneous. Perhaps in this ared utkena
Volcanics” are less fractured as in the other places (in northern profile?).

At least three secondary faults can be identified in this m@&dtpl 11). The major MRL
Border Fault is clearly visible at the western end of the profile. Betwies 11 and 25, the
F1C Fault, and between sites 25 and 26, the F2C Fault, are identifiedeapdeted as the
cause of the down lift of the three geological units identifrethis location. A third fault,
named F3C, is visible between sites 26 and 27. The F2C and F3C Rautts correlated

with the F2N and F3N faults identified in the northern profile (Fig. 10).

The density model obtained for the Turkana Basin for the centralep(Pf) (Fig. 11b)
shows almost similar structures as those observed in thévigsiswodel (Fig. 11a). A
negative density contrast ~200 k&' ia visible in the eastern part from the surface down to
~0.9 km depth, and possibly represents the (L1) limit. The density vatrease smoothly

from this depth to reach a positive density contrast of ~200kgtra depth of 1-1.1 km at
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465 the centre-east of the profile (under site 26). This limit couldhtb@uted to the (L2)
466  boundary. A negative density contrast of 50 Kijean also be observed under sites 10 and
467 11, that could correspond to a thin sedimentary layer (<150 m thick)p#sble the (L1)
468 limit. Below (L1), a positive density contrast of about 150 kgisvisible at a depth of
469 ~1.2 km under site 11, and at ~1.7 km depth under site 10 (Fig. 11b). In ¢érms
470 lithostratigraphy, the limit (L1) may correspond to the base oN#xehukui Formation at a
471 depth of ~100-150 m under the sites 10 and 11, immediately east of MRlerBFault
472  (Fig. 11).

473 Four faults are well identified along the (P2) profile: thamMRL Border Fault, and
474  three synthetic faults named F1C, F2C and F3C. At a distance offibknthe western
475 end of the profile (between sites 11 and 25), the (L1) limibusd at a depth of ~0.5 km,
476  immediately west of the F2C Fault. To the east and at a déstdnes km from the eastern
477 end of the profile, the limit (L1) appears almost horizontal (ustter 26) and reaches a
478 depth of ~0.8 km immediately to the west of the F3C Fault. The (b#), Iwhich is
479 defined as the base of the “Turkana Volcanics”, is identified b@ldyat a depth of ~1.2
480 km under site 26. It finally reaches a depth of ~2.2-2.3 km under site@7the Lake
481 Turkana shoreline. The limit (L3) is partially visible below (L3j,the east end of the
482  profile, at the depth of ~3.7-3.8 km under site 27.

483  The resistivity and density models obtained for this profile (Fighate different features
484 in comparison to the northern profile. The conductive layer observed eaitern half of
485 the profile and interpreted as the Nachukui and Kibish Formations nisethihan in the
486 northern profile (1.3-1.4 km), (Fig. 11a). Under sites 10-11 and westwagd |alyer
487  vanishes. Another difference with the northern profile can be obsetrtleel @astern end of
488 the central profile, from site 26 eastward to the lake shordkig 11a), where the

489 conductive layer continues monotonically toward the lake. Finalhe ftTurkana
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Volcanics” in P3 seem thicker in P2 with no clear evidence of the Lapur sandstone.

In some places, the intermediate density/resistivity valuesdreisible (e.g., Fig.
11). This behaviour could be explained partly by the fact that @rgkng structures such
as columnar jointing, colonnades and tores affect the basaltic f\bvike “Turkana
Volcanics” (Fig. 3d). Several metres or tens of metres wigdeesd and thick sills also
intrude the “Turkana Volcanics” pile (Fig. 3f). Several metiieick beds of strongly
brecciated lavas also separate the main massive lava flows.typgs of structures may
induce discontinuities within the pile of lavas that may explairrekegively low average
resistivity values
7.3. Southern profile (P1)

The resistivity and density models for the southern profile and thteirctural
interpretation are presented in Figure 12. They reveal again an equauctive and low
density layer, here about 2 km thick over a more resistive and rderesium. The
resistivity and density contrast values are on average les$sathprofile P2. The signature
of three faults may be identified along the profile: the MRItd®r Fault at the western end
of the profile, the F2S Fault at the centre of the profile undesitee 04 and 06, and the
F3S fault near the eastern end of the profile between sites 08 and 09.

The resistivity model suggests a limit (L1) at a depth of 1.7-1.8 km at therwesid of
the profile, below site 1 and site 2. This limit is interpdetes the base of the Nachukui
Formation. Towards the East, this limit is shallower (at ~1.2—1.4&pth) under sites 4
and5. The bottom of the upper low density layer is deeper than the limit L1 in thiwitgsis
model (Fig 12ab) suggesting that this limit is probably deeper ithdicated by the
resistivity.

Under site 5 (Fig. 12a), a resistive heterogeneity, visible leetwd 00-150 m depth
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515 down to 600-700 m depth within the Nachukui/Kibish Formations, has no signatarenin
516 of density contrast, which suggests that it is an artefact.

517 A possible interface (L2), supposed to be boundary between the “Tuvkdcenics”
518 and the Lapur Sandstone and/or the Precambrian basement (Fig.mested in Figure
519 12a while Figure 12b (the density model) suggests that thisdounit be in fact L1. The
520 resistive body beneath sites 6-9 has a density contrast slpgisitve which would agree
521  with either highly fractured volcanics or the Lapur sandstone or Hegistward, this limit
522 is not clearly identified in the resistivity model. Precambiasement might form the base
523 of the resistivity model, especially under sites 05 to 09.

524 Our interpretation suggests that the thickness of the Plio-®erst/Holocene
525 sediments in southern profile is larger than in profile P2. The depthsofimit between
526 the sediments and the “Turkana Volcanics” decreases eastwaolgyit a system of
527 normal faults including the main MRL Border Fault and the F2S E8f8 Faults. The
528 chrono-stratigraphy visible at the MRL Border Fault suggestsvitiaanics overlying the
529 Lapur Sandstone should be present but not distinct in our results (Fig. 12).

530 The significant thickness (2 km or more) of the Plio-Pleisto¢toletene sediments, as
531 suggested by the seismic interpretation, is clearly revealédth resistivity and density
532 models immediately to the east of the F3S Fault, and can be exteffdbore Lake
533 Turkana as observed in northern profile (Fig. 10). This interpretaticsioge to that
534 proposed by Tiercelin et al. (2012a; Fig. 15, p. 62) achieved on theITDWe&ismic line,
535 which suggests the presence in the MRL hanging wall of an iemggptle of sediments,
536 probably underlain by the “Turkana Volcanics”, and a sediment ggechkacluding the
537 Lapur Sandstone.

538

539 8. Subsurface structure of the Kachoda Valley
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540 The resistivity and the density sections for the Kachoda Vake&ys(1b and d) are
541 presented in Figure 13. The models are more complex and on avesegeesistive and
542 dense than for profiles P1-P3. In Figure 13a, we identify the possdrature of several
543 faults. On the West side of the profile, we defined F1W betwees 5& and 19; and F2W ,
544 located under site 20 and which may reach a depth of >5 km. In trex oéihe profile,
545 F3W between sites 21 and 22 is uncertain. To the East, FAW is bsiteé2B and F5W
546  beneath site 24, also reaching a depth >5 km.

547

548 To the West, between sites 18 and 19 from the surface to ~1.5 km eveechs upper
549  conductor over a resistive bedrock. We interpret this limit (namédalslthe base of the
550 surface sediments probably intermingled with dikes and sillsa(ls® of the positive
551 density contrast) overlying the “Turkana Volcanics”. The sedirtagmetr thins eastward and
552 reaches 1 km depth under site 20. W. The resistivity values fooface down to (L1’)
553 limit do not exceed 1@.m (Fig. 13). Below the (L1’) limit, the resistivity values ga&n
554 between 20 and 70-8Q.m. We hypothesize that the limit (L2) marking the transition
555 between the “Turkana Volcanics” and the Lapur Sandstone and/or thamPremn
556 basement, is identified under limit (L1’), This limit (L2) seendentifiable in both
557 resistivity and density models between the Lokitaung Gorge lamddstern end of the
558 Kachoda Basin (beneath sites 21 and 22, Fig 13a).

559 The stratigraphic contact between the Lapur Sandstone and the “Turkésanivs”
560 outcrop on the right bank of the Lokitaung Gorge immediately wesatbst24 at lat. 04°
561 16’ 04” N and long. 35° 47’ 34" E (Figs. 2c, 13c). Thus station 24 is locatedtlgion the
562 Lapur Sandstone while station 23 is located on the overlying “Tui{at@nics”. From
563 the resistivity model (Fig. 13a), the resistivity values b#ndeese sites are greater than 50

564 Q.m while the density contrast is slightly negative. This observatitimes the difficulty
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in distinguishing the Precambrian basement from the Lapur Sandstdmethadsrmations

are characterized by high resistivity values.

This profile is very heterogeneous. The structures seem dedtrbly the faults
identified in Figure 13a. In particular, the 1.5-1.6 km thick sedinéitit of the Kachoda
basin can be compared to a part of the Plio-Pleistocene/Holoceneegsedifill existing in

the nearby Turkana Basin.

9. Subsurface geological models

From the density and resistivity models obtained in this studyetisas the available
information as outcrops and known chrono-stratigraphical data, we propsseea of
conceptual geological models along the three profiles of the TurBasan and the

Kachoda Basin (Figs. 10d-13d and 14).

Figure 14

The proposed geological model for the northern profile is illledrain Fig. 10d. As
identified by the density and the resistivity models, and by gealbdata collected at the
outcrop level in the Lapur Range, the main MRL Border Fault islglescated and its dip
is confirmed. Two other faults, FON and F3N, are suggested in thenweand eastern
parts of the profile, as well two other faults, FIN and F2N, éutat the central part of the
profile. These faults have no surface expression and thus may hdecedsas inactive
today. The main MRL Border Fault bounds the Plio-Pleistocene and Holseeimaent

infill of the Turkana Basin to the west, i.e. the Nachukui and Kibisim&tons. This

sediment infill (corresponding to the lowest resistivity and densiiytrasts) does not
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590 exceed a total thickness 6fl.5 km at the western end of the profile and decreases in
591 thickness to about 1 km toward the east, at 2.5 km to the wes$keofake Turkana
592  shoreline, on the western side of the F3N Fault. To the east &3Id Fault, towards Lake
593 Turkana, the thickness of these sediments reaches up to 3-5 km. Belsev Rlio-
594 Pleistocene/Holocene (and possibly older?) sediments should lie uheafR Volcanics”
595 unit. However, the density model does not show values in agreement vaigmies| unless
596 the later are strongly fractured or very thin. According to field obsens(Tiercelin et al.,
597 2012a), the “Turkana Volcanics” should be underlain in the area of the Paak by a
598 maximum of 0.100-120 m of Lapur Sandstone (Figs. 2a and 3a). The thickness of the Lapur
599 Sandstone may vary accordingly to the topography of the top of the bdserhe
600 basement should lie below the Lapur Sandstone and from the MRL Baaéer Fhe low
601 density observed in the whole section excepted at the westerndesiggests however
602 that the material below Plio-Pleistocene and Holocene sediment loewdediments rather
603 than Turkana volcanics. The thickness of the sediments is simildéinet thicknesses
604 observed on the PROBE seismic lines as well as on the EliyiagSir well. This
605 significant sediment thickness could be explained as the resultnafj@ subsidence
606 associated to a high sedimentation rate along the F3N Fault, whish could be
607 considered as the main border fault of the Turkana Basin actidateag at least the
608 Pliocene and Pleistocene/Holocene periods, compared with the mainBdier Fault
609 and the other secondary faults. Alternatively, the northern profaeds near the
610 acknowledged interfering rifteetween the Miocene to actual rift and older rift system
611 running from the Anza into the Muglad-Melut systems (Fig.1). Accatiar of Pliocene
612 and Pleistocene/Holocene sediments over cretaceous-holocene unitexgiaid both the
613  resistivity and density distribution beneath sites 13-17 (Figure)lUals interpretation is

614  supported by recent gravity and magnetic surveys carried outhe/@utkana Depression
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(Hutshinson et al., 2010).

On the eastern part of the profile, close to the Lake Turkanalistegrthe resistivity
and density models do not show clear vertical contrast that couldeldetaslistinguish
sediments from the volcanic rocks, or any other interface belovinet@xception of the
limit (LO), which is characterized by a clear contrast in the densityel, with nevertheless
a poor contrast in terms of resistivity. This limit could cqexl to a wide saline water
intrusion (e.g. Johnson et al., 1987), which is limited to the west bly3NeFault. In this
part of the profile, more than 3 km of Plio-Pleistocene/Holocemeolder?) sediments
identified.

At the bottom of the models we identified two structures (ABnoh Figs. 10a-b at the
depth of 3-4 km and 2-3 km, respectively. These structures aredimispace, conductive
and low density. Partial fusion of the basement is unlikely becauseshallow and the
density is small (negative contrast of 120 k& for B and 180 kg i for A). If the
hypothesis of sediment accumulation through the conjunction of the EARreradrift in
the Turkana depression is correct, these structures could bessalaldepocenters. Their
signature is similar to gravity and resistivity structuisdepocenters observed in other
regions but deeper (e.g. Hautot et al., 2007).

The proposed geological model for the central profile (P2 and Kackeogegsented in
Figs. 11d, 13d and 14. East of the escarpment toward Lake Turkana, TheBOiEbr
Fault seems to have a clear signature in both the resistidtylansity models. A major
west-dipping structure (between sites 11 and 25) can be observad htsth models East
of the MRL Border Fault. The resistivity and density values obdafoethis structure are
similar to those for the MRL fault region. The resistive bodgngath sites 10 and 11)
outcrops is from the “Turkana Volcanics” unit (Tiercelin et al. 201Zhus, this structure

could be interpreted as a large volcanic intrusion, possibly aweidanic dyke or a large
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sill, both structures being well represented in the area of tiperLRange (Fig. 3f)
(Tiercelin et al., 2012a) (Fig. 11d). East F2C (Figure 11a), thistirety and density
models support the stratigraphic sequence observed on the escarpoeet 26) unlike
for the northern profile. We observe a variation in thickness of the- Pl
Pleistocene/Holocene sediments and the “Turkana Volcanics” fromO-®K&m to ~0.8 k
for the Plio-Pleistocene/Holocene sediments then remains réfatioestant eastward of
F3C. The thickness of the “Turkana Volcanics” unit varies from ~0.%Hh.5A maximum
thickness of ~500 m of Lapur Sandstone could be present downward from2jhevith
the same dip as the “Turkana Volcanics” (Fig. 11d), but cannot bdycienaged in this
study.

The Kachoda Basin is well identified at the western end ofeht&al profile (Figs. 13d
and 14). The upper part of the basin infill is characterized by sedénwith a maximum
thickness of ~1.5-1.6 km (possibly the same sediments as those of & B&sin?). Below
this pile of sediments is a package of “Turkana Volcanics"{hto&ness of which remains
uncertain because the (L2) limit is not precisely defined ingitof the model. However,
a thickness value of >2 km is expected under the sites 21 and 22. thed8rurkana
Volcanics”, a maximum thickness of ~0.5 km can be expected for dparLSandstone
under site 24 and immediately to the west, as it is in the area of the LokZaugg (Thuo,
2009; Tiercelin et al., 2012a) (Fig. 2b). If the Lapur Sandstonesexgighe subsurface of
the Kachoda Basin, it will show lateral variations of thicknesmling to the changing
morphology (of topographic or tectonic origin) of the top of the baserBemiveen the
Turkana and Kachoda Basins, no obvious geological interpretation canlbreglrovided.
A strong thinning of the Lapur Sandstone can be envisaged belowatift®da Basin. In
the nearby Gatome half-graben (Fig. 1a), the presence of €vas:Paleogene sediments

is suggested by seismic reflection data but cannot be related directlyLmpiineSandstone
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(Wescaott et al., 1999; Tiercelin et al., 2012a).

The proposed geological model of the southern profile (Fig 12d and l4ntsrese
stratigraphy similar to the central profile with a thickedio-Pleistocene/Holocene sediment
cover (2-2.5 km). (Fig. 12d) The thickness value of the “Turkana Vasars difficult to
assess because neither the resistivity or the density modelcéawtransitions between
the volcanics, a possible Lapur sandstone layer and the

The conceptual geological model presented in Fig. 14, mainly for thieesouirofile, is
generally in agreement with the recent re-interpretationhef TVK-10 seismic line
(Tiercelin et al., 2012; Fig. 15) in terms of geometries, depthshackhesses of the Plio-
Pleistocene/Holocene sediments, the “Turkana Volcanics”, Lapur $aedsand
Precambrian basement.

The rapid structural changes in the resistivity and density mdaeh the central profile
to the northern profile is supported by the recent gravity and meagueveys carried out
over the whole Turkana depression region (Hutchinson et al., 2010). The dundiy
suggests that the imaged substratum is filled by sediments doannléast 5 km. The
resistivity model completes the picture with a clear lingtween highly conductive Plio-
Pleistocene/Holocene sediments and more resistive, probably older (cretdualacase?)

sediments maybe to be related to the Gatome Cretaceous?-Paleogenetsedime

10. Hydrocarbon implications

Following our study in the northwest part of the Turkana Basin, the higlésntial
area in terms of oil exploration can be found in the northern prafdeg the shoreline of
Lake Turkana, where the presence of ~3-5 km of sediments of Blgideene age topping
probably older sediment is imaged. This thick sedimentary pile roataio alternating

sequences of potential source rocks and reservoirs, as it isstencthe oil-rich Lake
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Albert Basin in the western branch of the EARS. Also, in thebye8outh Omo Block in
Southern Ethiopia, the Sabisa-1 well (~10 km immediately north of markake) recently
drilled by Tullow Oil and Africa Oil Corporation reached a tatapth of 1810 metres and
encountered “reservoir quality sands, oil shows and heavy gas showdingdea olil
prone source rock and a thick shale section”. Below the recent ~2kimesg
accumulation in the North Turkana Basin the locally thick pile of K&na Volcanics” if
present seems very thin but still could act as a seal for therlyimgy Lapur Sandstone,
which demonstrates good reservoir qualities based on results oftponesisurements (3-
25%) (Thuo, 2009). The interfering rifts of the Turkana depressiorsfiihson et al. 2010)
may be at the origin of a thick pile of possibly creataceous-holosedinents. Thus,
considering the regional oil potential, e.g. the nearby South Suddieldd, and the
promising South Lokichar Basin, the North Turkana area appearsrexgoa of major
interest for oil and gas exploration in the Eastern Branch of the EARS.

More effort must be devoted combining seismic and non-seismic teelsrtigget more
information about the existence in the Turkana region of good qualigyvoes and
trapping mechanisms as well the identification of mature soookes necessary to support

a working petroleum system.

11. Conclusions

The major results of this study in terms of subsurfacetstrel and stratigraphy of the
North Turkana Basin can be summarized as follows:
1) The resistivity and density models provided by MT and gravityt jmiversion have
clearly confirmed the half-graben geometry of the northwest end of thkafauBasin, with
the identification, in addition to the main MRL Border Fault, of threen synthetic faults

(F1, F2 and F3) which today have no surface expression. Taking into atceuthick
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sediment accumulation (>3 km) in their respective hanging whks,F3 Fault and the
MRL Border Fault can be considered as being the main bordes tduhe North Turkana
Basin at least for the Mio-Pliocene period for the MRL Fault, fandhe Plio-Pleistocene
period for the F3 Fault. This may suggest a migration of ritbtecs from west to east
since Middle Miocene (initiation of the MRL Border Fault).

2) Characterization of a newly defined half-graben basin locatdtetonmediate west of
the Turkana Basin, named the Kachoda Basin, in terms of structureubsdrface
stratigraphy. The main conclusion for the Kachoda half-graben igrésence within the
basin of a 1.5 km thick pile of sediments that may represent a stratigraphic eguo?ahe
Plio-Pleistocene/Holocene Nachukui and Kibish Formations, both depasited hearby
Turkana Basin. The Kachoda sedimentary infill may relate tota sf major transgressive
phases of Lake Turkana within the Kachoda Basin during the Plio-Pleistocena aildsare
periods. Underlying these sediments, a maximum of 1.5 km of volcarks belonging to
the “Turkana Volcanics” has been identified.

3) Important lateral variations in the thickness of the “Turkana Volcaniost west to east
and from south to north along the three profiles are also clearly evidenced.

4) The stratigraphic contact (L2) between the “Turkana Volcardos the underlying
Lapur Sandstone and/or Precambrian basement is partly identifiiee different profiles.
The presence of the Lapur Sandstone in the Turkana Basin, and in dhedKaBasin,
nevertheless, remains unresolved because the difficulty to sepamtgeophysical
response of the Precambrian basement and Lapur Sandstone.

5) Strong lateral variations in thickness of the Plio-PleistoeadeHolocene sediment and
possibly older sediments to the North infill of the Turkana Basin thehukui/Kibish
Formations), from west to east and from south to north. From 1.5 kmwaethend of the

northern profile to >3 km at its east end, in the hangind @fathe F3C Fault, almost
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offshore Lake Turkana

6) Additionally, the proposed models also help to resolve ambiguitegsin previous
interpretations. In particular, the reflection seismic method pusly used in the Lotikipi,
Gatome, Turkana and Lokichar Basins has demonstrated difficultet@rmining the
thickness of volcanic rocks below a thick sediment pile, asagdlinaging the stratigraphy
and structures below thick piles of volcanic rocks (the well-known sudltb@saging

problem, e.g. Ziolkowski et al., 2003) (e. g., Wescott et al., 1999; Tiercelin et al., 2012a).
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880 North Kerio and Turkana Basins - have been identified using grawiy seismic
881 reflection methods. In the Lokichar Basin, in addition to the Loperogll(drilled in
882 1992), and the Ngamia-1 well (drilled in 2010) (indicated by a blacladdta black
883  star, respectively), several other highly promising exploratidis\ave been drilled
884 recently in the South Lokichar Basin (modified from Ebinger amahiin, 1995;
885 Morley et al., 1999; Wescott et al., 1999; Tiercelin et al.,, 2004; Afi@il
886  Corporation, 2011, 2014). The white box/black arrow indicates the study(bjea.
887 Block-diagram of the study area, showing the MT and gravity meaasmtesites
888 along the three profiles P1 (southern), P2 (central) and P3 (nQrttf&RTM30
889 (Shuttle Radar Topography Mission of 30 m resolution) is usedagsography model
890 and the vertical exaggeration is about 9 times (900 %). The numgberso the MT
891 stations. (c) Regional map of the Lake Turkana Basin, showing ouwceag of the
892 Plio-Pleistocene “Omo Group” deposits, that include the Nachukun&won in the
893 northwest part of the Turkana Basin. The sediments of the Kibighdaon type-
894  section outcrop further north, on the right bank of the Omo River. The 2.9-¢m de
895 Eliye Springs-1 well is indicated east of the town of Lodwsarabsmall rig. Older
896 sedimentary deposits (Paleogene to Pliocene) outcrop at the sswumek of the
897 Turkana Basin (redrawn from Feibel et al., 1989; Morley et al., 19%@®ougall et
898 al., 2005). (d) Topographic map (scale 1:250,000) of the northwest partTairkena
899 Basin, showing the Kachoda Valley, the Lapur Range and the Mutluddis that
900 bound the northwestern half of the Turkana Basin (i.e. the Murua Rith-lRiftur
901 Border Fault). Geological/geophysical cross-sections, seimgs and geographic

902 sites cited in the text are indicated (from East African Topographic Map, 1972).
903
904 Fig. 2. Interpretative geological cross-sections perpendicular to theemestl-S-
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trending faulted side of the North Turkana Basin, based on the geologagl
established by Walsh and Dodson (1969), seismic lines interpret@fi@seott et al.,
1999; Tiercelin et al.,, 2012a) and fieldwork. The three geophysical radile
superimposed on these geological cross-sections, respectively: thersqubfile P1
(which is also superimposed to the trace of the TVK-10 seisnmecalcquired by the
Amoco Company), the central profile P2, and the northern profiled3h& southern
profile, the interpretation of the TVK-10 seismic line in thediag wall of the MRL
Border Fault is deduced from Wescott et al. (1999). On the 3 dealogyoss-
sections, the continuous grey line represents the geophysical grafie the x-axis
represents the distance (km) from the western shore of LakenBurkhe dashed
boxes delineate the study areas where the conceptual geologalsnisee Fig. 12)

will be considered.

Fig. 3. (a) General view from the east (Todenyang Plain) of the 1600 mLgur
Range, showing the Lapur Sandstone (LS) overlying the Precambasement

(marked by the yellow bold dashed line) between 04°20’ and 04°3 the region

of the Lapur Peak (Figs. 1d and 2a), the Lapur Sandstone is about 100-120 m thick and

forms the upper part of the Lapur Range, which corresponds to the NRith+Lapur
Border Fault escarpment that bounds the Turkana rift basin to thevaestitOn the
photo, the trace of the MRL Border Fault is marked by a yetlashed line. The two
peaks that dominate the LS cliff on the far horizon correspond to outofdpsas
belonging to the « Turkana Volcanics » (TV), overlying the LapuadS@ane. See Fig.
1b and d for the location of the P3 profile across the Todenyang @aMiew of the
middle and upper parts of the Lapur Sandstone to the immediate afottre
Lokitaung Gorge, at about 15 km south of Lapur Peak (see Fig. 2a.dndH} area,
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the Lapur Sandstone is 500 m thick and overlies the Precambrian dodstrat
outcrops a few kilometres to the north (see (a), yellow bold dasied (c) Detailed
view of the stratigraphic contact (indicated by the yellow dadine) between upper
beds of the Lapur Sandstone and the lowermost flows of the “Turkananicdt,
visible on the right bank of the Lokitaung Gorge at 04°16’ 04 N; 35°47" 341 &;(
see Figs. 1d and 2b for location). (d) Fluvio-deltaic sediments betpng the Plio-
Pleistocene Nachukui Formation that forms a large part ofrifie of the North
Turkana Basin. (e), (f) Large cooling structures such as columinéing (e) and tores
(f) are well developed within the basaltic flows of the “Tur&arolcanics”, and may
explain the observed low average resistivity values. (g) Wide veldakies and thick
sills are abundant in the area of the P2 and P3 profiles (Lokitaorge, Kerral area
and north of Lapur Peak) and in the Keniroliom area south of the Plepifefij. 1d).
The (f) picture presents a view of a 10-m wide N60°-trending it®phiyke
crosscutting the upper beds of the Lapur Sandstone in the Keraa(s&e location
Fig. 1d). This dyke (marked by the black boulders on the photo) is dated 20.83 +
Ma (from Tiercelin et al., 2012a). Larger dykes (up to 70 mkaosvn in the northern

part of the Turkana Basin as well as in Southern Ethiopia (Ebinger et al., 2000).

Fig. 4. Re-interpretation of the TVK-10 seismic line (from Tiemoedit al., 2012a),
presenting the possible presence in the hanging wall of the MiRieB Fault, below
the “Turkana Volcanics” (marked at top by a bold dashed line ahése¢ by a dotted
line), of a 300-m thick sedimentary package that can be interpastdatie Lapur
Sandstone (marked at base by a dashed/dotted line). The “Turkdcens” are in

turn overlain by hundreds of metres of fluvio-lacustrine sedimer®i@fPleistocene

age forming the uppermost part of the infill of the Turkana Bésen the Nachukui
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Formation).

Fig. 5. MT and gravity field experiments showing the used matettalecord datas.
a) and b) gravity data acquisition using Lacoste-Romberg gravimsté?hoenix
datalogger used to record MT time series. d) and e) showed eall tosrecord

magnetic field and probe used to record electrical field, respectively.

Fig. 6. Resistivity and phase fits recovered from magnetotelluriastmements.
Symbols stand for the observed data and continuous lines for model. (ae@ppa
resistivity and (b) phase fit for MT sites for the threefitgs responses, where a good
fit was obtained between observed and computed apparent resistindigshases,
especially in the small periods where the information for shalkwbsurface
concerning this study could be obtained. Red and blue colours represéiM toed

TE modes, respectively. The error bars are the 68 % confidence interval.

Fig. 7. Maximum electrical field direction (MED) at each sitetla¢ period T=0.5 s
(yellow) and 50 s (red). The width of the pie wedge is two standiavdtions. The
length of the pie wedge is a function of the ratio between thénmiax and minimum
impedance tensor. Larger values indicate well-defined maximwuotriebl field
direction. SRTM 30 m (Shuttle Radar Topography Mission, 30 m of resolugon)

used in the background.

Fig. 8. Gravity data fit. Symbols stand for the observed data and continumessfdir
model responses. Free air anomalies obtained for the northern, egntrabuthern

profiles.
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Fig. 9. Model parameterisation and geometrical constraint defined doys@®F. The
resistivity parameters are grouped in a limited number of tan{aere 3 domains).
The horizontal and vertical lines represent the 2-D grid. Thenpeteramr; andmd,

are the resistivity of the'fjblock and the density value df klomain, respectively.

Fig. 10.(a) Resistivity model, and (b) density model obtained by MT andtgraint

inversion for the northern profile (P3) (Fig. 1b). The dashed linessemtréhe major
resistivity and density contrasts or uncertain fault extens{ohshe major resistivity
and density visible in the obtained results as well as majdtsfa(d) The final

conceptual geological model proposed for this profile.

Fig. 11.(a) Resistivity model and (b) density model obtained by MT and tgrpmnt
inversion for the segment of the central profile located in th&aha Basin (eastern
part of Profile 2 on Fig. 1b). The dashed lines represent the majstivigs and
density contrasts or uncertain fault extensions (c). This held téinddleconceptual

geological model showed in (d).

Fig. 12.(a) Resistivity model, and (b) density model obtained by MT andtgraint

inversion for the southern profile (P1) (Fig. 1b). The dashed lines espriee major
resistivity and density contrasts or uncertain fault extens{ahshe major resistivity
and density visible in the obtained results as well as majdtsfa(d) The final

conceptual geological model proposed for this profile.

Fig. 13.(a) Resistivity model, and (b) density model obtained by MT andtgraint

inversion for the central profile (P2) in the Kachoda Basin (wegiart of the profile;
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Fig. 1b). The dashed lines represent the major resistivity andtydeositrasts or
uncertain fault extension. (c) the major resistivity and denssiplei in the obtained
results as well as major faults. (d) The final conceptual gealbgodel proposed for

this profile.

Fig. 14.Conceptual geological models proposed for the central profile includihg bot
Turkana and Kachoda basins. These conceptual models are derivedesstigity
and density models obtained in this study, as well as the avaimd®gical

knowledge provided mainly from the fieldwork.
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Highlights
1) Confirm the Turkana half-graben basins geomatiy organization at depth.
2) Delineate the “Turkana Volcanics” unit as wedlleorizontal/vertical variations

3) Characterize the depth and topography of therhast in the Northwest Turkana and Kachoda
basins.

4) Characterization of the new Kachoda half-grafmsin, thickness of its sedimentary infill;
presence and thickness of the Turkana Volcanidsath units; uncertainty in terms of presence of
the Lapur Sandstone at depth; variations of basetapagraphy.

5) MT and gravity data used in Turkana to surpasgbor quality of seismic.



