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ABSTRACT

In recent years, global exploration for hydrocarbon accumulations in commercial quantities has
become increasingly difficult, and as a result, exploration projects have extended into more
geologically challenging areas. Previous fields that were explored but not developed such as the
Chalbi sub-basin, in Northern Kenya, have now become suitable targets for reassessment. Sirius 1
was the first exploratory well to test the hydrocarbon potential of the Chalbi sub-basin. This study
investigates the stratigraphy and basin architecture of the Sirius 1 prospect, to establish the

implications of its structural and depositional history on its petroleum system.

Petrophysical log data from the Sirius 1 well has been analyzed to define the lithostratigraphy and
depositional environments of the formations encountered. Five major lithofacies have been
highlighted. The results from the petrophysical evaluation have been integrated with seismic data
adjacent to the well, to provide a basin scale perspective of their structural and stratigraphic setup.
There is a distinct correlation between the lithological facies observed from the well and the
seismic reflection character. The integration of well information with the seismic data aided the
interpretation of the low resolution seismic data of the Chalbi sub-basin. The results highlight two
major petroleum systems associated with different depositional environments. The seismic

interpretation also provides a new perspective on the structural makeup of the Sirius 1 prospect.

The Sirius 1 prospects lies on a series of tilted fault blocks that have had an implication on the
preservation of stratigraphic traps. The localized variation in petroleum plays and the complex
structural style of lacustrine basins such as the Chalbi sub-basin emphasizes the need for sub-basin

scale analysis in exploring the resource potential.
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CHAPTER1 INTRODUCTION

In light of the increasing difficulty to discover hydrocarbon accumulations in commercial
quantities, the petroleum industry is undertaking riskier exploration projects within geologically
challenging areas. The Chalbi sub-basin, which lies within the regionally extensive Anza basin, is
one of the areas in which operators have begun re-assessing the profitability of a previously
explored field that was unsuccessful at the time. In 2007, Africa Oil ventured into Kenya as a part
of the Lundin group and signed a contract to acquire Block 10 A within which, the Chalbi sub-
basin lies. Subsequently, in 2010, Tullow Oil then acquired a fifty per cent interest in the same
block. However, after unsuccessful exploration attempts, the license has since been relinquished
as both operators focused their interest on the Tertiary Rift petroleum plays (Africa Oil, 2013).

The Chalbi sub-basin is characterized by a lacustrine depositional system that is extremely
complex due to its structural setting. This complex basin architecture has had a significant
influence on the exploration and recovery of hydrocarbons within the basin. None the less, recent

exploration within similar lacustrine basins in the region have had significant success.
1.1 GENERAL INFORMATION

The sub-basin was explored initially, in mid-1980 to mid-1990 by Amoco where three exploratory
wells were drilled. Sirius 1 was the first exploratory well that was drilled within the basin with the
main target of interest being the Tertiary-Cretaceous sandstone reservoirs. Bellatrix 1 and Chalbi
3 were drilled subsequently after. Hydrocarbon shows were observed in all wells; however,
operators cited the major shortcoming of this petroleum system as the lack of an extensive lateral
sealing. The oil and gas shows represent a working petroleum system. With new improvements in
geoscientific analytical tools and the newfound understanding of the complex structural features
of lacustrine depositional systems, it is necessary to reassess the petroleum potential of these
abandoned prospects. Indeed, a significant number of exploratory wells in the regions that had oil

shows have proven to be successful targets for reassessment.

This study infers the depositional facies and environments of the Sirius 1 prospect from a
sedimentological analysis of strata observed along the well. The study investigates the stratigraphy
from the various lithofacies and their succession and further analysis of the petrophysical
properties of the formations. The results of the formation evaluation down the well are integrated



with adjacent seismic data to define the structural and stratigraphic architecture of the Sirius 1

prospect.
1.2 AN OVERVIEW OF METHODOLOGICAL APPROACH

This study investigates in detail the stratigraphic succession of the Sirius 1 prospect within the
Chalbi sub-basin. The stratigraphy is determined using a combination of lithological descriptions
from well cuttings and supplementary lithology information from petrophysical logs. Further
evaluation of the formations for various petrophysical properties, including, permeability,
lithofacies types, and porosity was carried out — this provided information on diagenesis as well
as potential reservoir and seal quality. These formation tops were then integrated with seismic data
adjacent to the Sirius 1 well, for a 2D seismic interpretation. The sediments in the Chalbi basin are
overlain by extensive basaltic flows that have rendered the seismic data quality poor; therefore the
tying of borehole information to seismic data provided better control for the interpretation.
Structural features have been inferred along the line, with age and stratigraphic control, thereby

giving an overview of the basin architecture and tectonic setting of the Sirius 1 prospect.

1.3 LITERATURE REVIEW

Various studies on the structural and stratigraphic history of the Chalbi area have been carried out
over the years. Many of these studies have focused on the regionally extensive Anza Graben within
which the study area lies. Dindi (1985) investigated the sub-surface structure of the Anza Graben
using an integrated data set comprising, several seismic reflection profiles, gravity, and magnetic
data over the graben as well as refraction data from the western shoulders of the Anza Graben.
Two major basins were identified which include a northeasterly dipping southern basin and a
southwesterly dipping northern basin. It was estimated that the maximum sediment thickness
ranges from 8-10 km. Greene et al. (1991) however, highlighted a specific focus on the Chalbi
desert while delineating the main Anza Rift. The study interprets seismic and gravity data to
determine the tectonic evolution and crustal structure of the Mesozoic Anza Rift. The data confirm
the general NW-SE trend of the basins within the graben as well as a small sub-basin extension
southwest of the graben in the Chalbi desert. They describe the main tectonic events associated

with the development of the Mesozoic Anza rift with initial rifting being dated back to the Early



Jurassic as a result of the separation of Madagascar and Africa. This is succeeded by a period of
thermal subsidence that allowed for the deposition of marine sediments into the Anza trough. The
next phase of development occurred after a significant hiatus when renewed rifting began in the
late Jurassic to early Cretaceous, synchronous with the rifting associated with Central African Rift
System in southern Sudan. This second phase of development marked a period of uplift and
significant erosion that is evidenced by the major unconformity between the Jurassic and
Cretaceous sediments in all basins within the graben. The Late Cretaceous to Tertiary period saw
subsidence and slight extension that allowed for further tilting in half grabens and increased

sediment accumulation.

Robert et al. (1993) infer a similar basin evolution process where they correlate strata in five main
wells drilled in the Anza trough. The study provides a detailed description of the lithofacies
encountered during the exploratory phase. They confirm the main rifting episodes of the Jurassic,
Early Cretaceous, Late Cretaceous and Tertiary period. The relationship between the Karoo rift,
the Anza rift, and the Sudan rift is highlighted; however, it is pointed out that despite both the
Anza and Sudan rift being initiated in the Jurassic, the faulting history of both these rifts is only
contemporaneous from the Cretaceous. Also, the early Tertiary history of both the Sudan and Anza

rift may have resulted from different stresses.

Robert et al. (1993) also analyse the lithological variations in sediments across the Anza,
identifying from key sedimentary structures and textures, the paleodepositional environments
especially highlighting the pre-rift, syn-rift and post-rift fill. Bosworth and Morley (1994) also
present a palaeoenvironmental interpretation of the regionally extensive Anza rift using strata
observed in well sections. They describe the Chalbi area as predominantly overlain by

Tertiary/Recent volcanic rocks that cover most of the Anza structure.

they identify a significant erosion event in the Albian-Aptian (125.0 Ma to 100.5 Ma). Their
analysis suggests that the sediments from this period have not been encountered anywhere within
the Anza. It was then inferred that this marked a period of uplift and erosion which was in contrast
to the Sudan Rift when this was a period of widespread extension and lacustrine sedimentation
that allowed for the formation of extensive rich source rocks. This study had adopted a

chronostratigraphic model that dated the total depth of sediments in the Sirius 1 well as Neocomian



(currently known as Berriasian (145.0 Ma) to Hauterivian (129.4 Ma)). However, new relative

dating from microfossils and nannofossils now dates it as Cenomanian (CoreLAB, 2012).

In addition, Bosworth and Morley (1994) presented a 3-step model of rift development within the
basin. The initial step was an early phase of complex faulting forming asymmetric half-graben
structures. The second step involved a gradual merging of the basin bounding faults forming
laterally continuous basins. The final step represents a period of late thermally induced subsidence

which is offset from previously structurally controlled sections of the basin.

Following this structural interpretation, Morley et al. (1999) presented a detailed geological and
geophysical analysis. They integrate seismic data with surface geological information to give a
regional palaeoenvironmental evolution of the basin. They also suggested the existence of a
complex structural high within the Chalbi area. Through subsidence modelling, Morley et al.
(1999) proposed that this structural high underwent significant uplift and subsequent erosion in
the early Paleogene. However, the subsidence modelling was also performed on the basis of the
previous chronostratigraphic model that dated the lower formation at the total depth of the Sirius
1 well as Neocomian (145.0 Ma-129.4 Ma).

Morley and Wescott (1999) later provided an account on the common sedimentary facies found in
the Northern Kenya rift basins. They describe a regionally similar sequence of alternating fluvial
sands and interbedded sands and shales. They, however, point out varying deposits within the
Chalbi sub-basin that are in contrast to the sediments encountered elsewhere in the Anza, where at

the base of the Sirius 1 well are lacustrine carbonates and dune deposits.

In more recent publications, Tiercelin et al. (2004) present an analysis of the petroleum potential
of the area by studying the depositional environments, diagenetic aspects and the relationship
between the source rocks and reservoirs in the northern Kenya basins. The variability in the
petroleum system attributes within continental rift basins is highlighted. More recently Rop (2013),
in a stratigraphic analysis of the Chalbi sub-basin, observed a major bounding fault structure as

well as a system of asymmetric half-grabens that make up smaller sub-basins within the basin.

In conclusion, previous studies have underlined the general structure and stratigraphy of the
regionally extensive Anza basin. A significant limitation to their studies is the size and structural

complexity of the various sub-basins. This dissertation, therefore, acknowledges the need for a



sub-basin scale study of the petroleum system elements within the Chalbi area, to better understand

its resource potential.
1.4 PROBLEM STATEMENT

A major limitation to the previous studies done on the Chalbi sub-basin is the age considerations
of the stratigraphic sections along the wells. Recent studies have revealed that there are no wells
in the Chalbi sub-basin that have penetrated the Late Cretaceous. The sediments at the total depth
of the Sirius 1 well (2637m/8652 ft.) was previously dated as Neocomian(145-129.4 Ma) but is,
however, Cenomanian(100.5-93.9 Ma). Updated subsidence models reveal a high subsidence rate
in the Late Cretaceous, in contrast to previous studies that marked this as a period of significant
uplift and erosion. Therefore, the Late Cretaceous history of the Chalbi sub-basin could be similar
to that of the Sudan rift, allowing for the formation of rich source rocks in zones that have not been
penetrated by existing exploratory wells. At the base of Sirius 1 well are lacustrine carbonates that
could evidence the existence of deeper lacustrine source rocks from the Late Cretaceous
(Brookman and Sharadin, 1988; CoreLAB, 2012).

Besides, the Chalbi sub-basin lies within a continental rift basin that comprises a complex
lacustrine depositional system. Like with many continental rift basins there is considerable
variability in the size and structural setting of the various sub-basins. It is, therefore, necessary to
adopt a sub-basin scale approach in investigating the different petroleum plays and evaluating the

resource potential of these basins.
1.5 AIMS AND OBJECTIVES

The main aim of this research is to reevaluate the stratigraphy and basin architecture of the Sirius
1 prospect within the Chalbi sub-basin and determine the geological and structural implications on
the development of its Petroleum system. To achieve this aim, the main objectives of the study

are;

1. To define the stratigraphic succession of the Sirius 1 prospect by identifying the various
lithofacies and evaluating their petrophysical properties.

2. To determine the structural makeup of the Sirius 1 prospect and infer the various
implications of the proposed basin architecture on its petroleum system by integrating the

stratigraphy with 2D seismic data.



1.6 JUSTIFICATION

The East African rift basins were highly underexplored; however, recent discoveries in the Kenyan
Tertiary Rift and the Ugandan Albertine rift prove that there is a high petroleum potential in the
rift basins of East Africa. Several petroleum systems have been identified suggesting the existence

of diversified petroleum plays in the region.

The Sirius 1 well was an exploratory well that had some notable oil shows. However, it was
plugged citing the lack of an extensive lateral sealing. A recent analysis of the East African
reservoirs and seals described the sandstone reservoirs found within the Sirius 1 prospect as having
one of the best reservoir quality in the region (CoreLAB, 2012). Therefore, the Sirius 1 prospect
makes a suitable target for reassessment. Other abandoned exploratory wells in the region that had
oil shows have proven to be successful targets for reevaluation. The critical study of the Sirius 1
prospect with improved analytical tools has provided new insight on the stratigraphy and structural

setting of the target reservoirs that lie within the Chalbi sub-basin.



CHAPTER 2 THESTUDY AREA

The Sirius 1 prospect is part of the Chalbi sub-basin and is well defined within exploration Block
10A. Section 2.1 to 2.4 below highlights its location and exploration history, stratigraphy and

tectonic history.
2.1 LOCATION AND EXPLORATION HISTORY

Chalbi sub-basin is situated in Northern Kenya within Exploration Block 10 (Figure 2.1). It is
located between longitudes 36° 45’ E and 38° E, and latitudes, 2° 11° N and 4° 7’ N.
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Figure 2.1: Location of the study area. The map shows the four exploratory wells that were
drilled in Bock 10A. The well-marked in red (Sirius 1) highlights the well selected for this study.



The Chalbi playa and Koroli deserts define the major depositional centers within the basin that are
bound to the northeast by the Huri Hills and the southwest by Mt. Kulal, volcanic centers. The
Chalbi playa, the Koroli desert, and the volcanic hills, therefore, make up the major physiographic
provinces of the Chalbi sub-basin. The Chalbi playa is an inland drainage basin that is covered by
a bare mud surface which experiences seasonal flooding. It is often dry with salt coated mud flats
and sandbars. The playa is bordered to the northeast and southwest by deflated dunes. The Koroli
desert rends N-S and runs sub-parallel to the Chalbi sub-basin. The Sirius 1 well lies within the
Koroli desert. The Mt Kulal and Huri hills form part of the shield volcanoes that lie over the
extensive basaltic plateaus. These volcanic hills extend northwards and southwards, towards

Kalacha and Kargi respectively. (EarthView, 2008; Nyamweru and Bowman, 2010)

Exploration in the Chalbi area began in 1988 with the drilling of the Sirius 1 wildcat by AMOCO.
It was drilled to a total depth of 2637 m (8652 ft.) targeting Tertiary/Cretaceous fluvio-deltaic
sands that overly a rotated fault block. Drill stem testing was performed on five prospective
intervals. The first two tests produced a low salinity fluid, the third test produced a trace of
paraffinic crude with a high pour point, and the final test produced brackish water saturated heavily
with natural gas. The well was however plugged and abandoned due to a possible lack of an
extensive lateral seal (Brookman and Sharadin, 1988). Bellatrix 1 (Figure 2.1) was drilled three
months later, to a depth of 3479 m (11,414 ft.), targeting the same Tertiary/Cretaceous reservoir
sandstones that were interpreted to overly the same rotated fault block of Sirius 1. There were no
significant intervals of recoverable hydrocarbons observed. The well reports recorded a calculated
water saturation of between 80-100 % in all porous sandstone intervals. Bellatrix 1 was then

plugged and abandoned also citing the lack of an extensive lateral seal (Brookman, 1988).

Chalbi 3 was drilled in 1989 targeting the Tertiary/Cretaceous Sandstone reservoirs in a more
basinal position. It was drilled to a total depth of 3643 m (11953 ft.). The sediments at the bottom
of the well have been dated as Upper Turonian — Campanian (93.9-72.1 Ma). There were
hydrocarbon shows at various intervals; however, there was no indication of significant
hydrocarbon accumulations. The well report described these shows as very weak to fair in quality
(NOCK, 1989).

The Paipai 1 well was drilled in 2012 during the recent exploration activities by Tullow, which

marked their first exploratory well within the Chalbi sub-basin. The primary objective was to drill
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to the basement which was initially estimated at 4100-4500 m, with the Lower Cretaceous
sediments being the prime targets and the Upper Cretaceous sediments as secondary targets. The
well reached total depth at 4250m — palynological analysis dated the sediments at depth as
Maastrichtian to Late Campanian with the age of the lower 130 m being unknown due to low

palynofloral recovery (Tullow, 2013a, 2013b).
2.2 GEOLOGY AND STRUCTURAL SETTING

The Chalbi sub-basin lies within the northern extent of the regionally extensive Anza Graben,
which is a well evolved Cretaceous to Paleogene continental rift that generally trends NW-SE. The
post-Cretaceous rifting history of the Anza graben is contemporaneous to that of the Sudan rifts.
There is no surface expression of this structure, and as such, it was first observed from gravity and
magnetic data (Dindi, 1994; Morley et al., 1999). Figure 2.2 below illustrates satellite gravity data
over the region which distinctly delineates this NW-SE trending feature. The Lagh Bogal fault is
the main northeastern bounding fault of the Anza Graben. The Chalbi sub-basin is bound to the
west by the East African Rift System, that has had a significant influence on the surface geological
cover of the basin. Intense volcanic activity during the initiation of the EARS led to the

development of volcanic centres that emplaced extensive volcanic flows over the Chalbi basin.

The basin is therefore characterized by a thick layer of Neogene extrusives that overlie a thick
succession of sedimentary sequences of the Cretaceous to Paleogene period. These extrusives of
the Chalbi basin have rendered seismic data acquisition within the Chalbi basin difficult because
the basaltic layers mask the signals of the sedimentary units below them. However, the existing
seismic data can be reprocessed to improve the images or additional geophysical information from

gravity, and magnetic data can be used to aid the interpretation of this low-resolution seismic data.
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Figure 2.2 The above satellite gravity map is showing the regional rift structures. Despite the lack
of surface expression of the Anza rift, it is well highlighted by the linear trending gravity low in
the Anza graben. This map was created from satellite gravity based on the models presented by

The Chalbi sub-basin has a general flat lying topography with the highest elevations marked by
the volcanic centres southwest and northeast of the basin. A below illustrates the geology of the
basin. Since there are no distinct surface expressions of structure, the general architecture of the

basin is illustrated using satellite gravity data (Figure 2.3 B).
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Figure 2.3 A (left) and 2.3 B (right); 2.3 A shows the Geology of the Chalbi sub-basin. The geological map was combined from a
series of 4 sheets; 1. Geology of the area N.E of Marsabit, 2. Geology of the Loiyangali Area 3. Geology of Sabaraei, 4. Geology of
Allia Bay, 5. Geology of North Horr. Please refer to Appendix 1-5 for their respective legends. 2.3 B illustrates the Satellite gravity
map of Chalbi sub-basin. The gravity data was obtained from https://topex.ucsd.edu/cgi-bin/get_data.cgi as an XYZ database. The
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Quaternary to recent sediments are mainly distributed within the depositional centres; however,
there still exists an underlying Neogene succession of volcanic extrusives (Charsley, 1987; Key et
al., 1987, 1988; Ochieng and Wilkinson, 1988; Wilkinson, 1988). These Quaternary sediments
comprise lacustrine and fluvio-deltaic accumulations of Lake Chalbi and the paleo Omo River
basin. The emplacement of Pliocene volcanics over the basin created a substantial load that is
proposed to have caused a shallow, southeast trending flexural subsidence that guided the course
of the Omo river towards the Indian Ocean. The resultant flexural basin allowed for the deposition
of the recent fluvial sediments in the Chalbi basin. The lacustrine sediments of the Chalbi desert
accumulated during a period of enhanced precipitation in the Latest Pleistocene and Earliest
Holocene, that resulted in the formation of Lake Chalbi within the flexural depression. The
alternating sequences of fluvial and lacustrine Quaternary sediments within the flexurally created
basin was therefore mainly controlled by varied climatic conditions (Bruhn et al., 2011).

The gravity map (Figure 2.3 B) highlights a significant gravity low in the region underlying the
Chalbi desert. This depositional centre comprises a thick succession of sediments that were
deposited during the Cretaceous to Paleogene period. Rock cuttings from the exploratory wells
drilled in the area show an alternating sequence of fluvio-deltaic and lacustrine sediments. Section

2.3 below provides a detailed description of this stratigraphy.
2.3 STRATIGRAPHY AND DEPOSITIONAL HISTORY

The stratigraphy and depositional history of the sediments within the Chalbi sub-basin has been
mostly inferred from lithological observations of cutting and cores obtained from the exploration
wells. Palynological analysis of microflora and microfauna provided biostratigraphic age control.

It is presented here in order of the oldest to youngest strata (CoreLAB, 2012);

2.3.1 Cenomanian (100.5-93.9 Ma)

The Cenomanian strata of the Chalbi sub-basin mainly comprise interbedded sandstone, shale, and

limestone. This marked a period of increased subsidence with increased sand supply that resulted
in the formation of thick lacustrine shale and sand lobe successions (CoreLAB, 2012). This is also
evidenced by the palynological analysis of samples from this section which implies a lacustrine
environment for the shale units, floodplain deposition for the brown shales and fluvio-deltaic

deposition along lake margins for the sandstone sequences (Robert et al., 1993).
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2.3.2 Turonian-Coniacian-Santonian (93.9-83.6 Ma)
The Turonian was characterized by a high sand supply to the Chalbi sub-basin. The Sirius 1

Turonian sandstones have an extremely low gamma response that suggests intensively reworked
sands. The beginning of the Turonian may have therefore been dominated by fluvial deposition.
Following this deposition, there was a gradual decrease in subsidence rates in the Coniacian to
Santonian. This decrease in subsidence rates has been attributed to a significant Santonian
inversion event that influenced most of the African region. The sediments comprise an alternating
sequence of shales and sandstones with minor occurrences of limestone (CoreLAB, 2012). There
is an increasing component of shale in an upward trend. The shale is medium to light grey,

suggesting an oxidising depositional environment, possibly a shallow lake (Robert et al., 1993).

2.3.3 Campanian-Maastrichtian (83.6-66.0 Ma)

The sedimentary fill of this age suggests an extensive transgression over the Chalbi sub-basin and

the Anza at large. These make up the larger percentage of shale and sandstones that were
encountered within the exploration wells. They comprise immature, fine-medium grained, poorly
sorted sands that have an upward coarsening trend. The sediment texture suggests that transport
occurred over shorter distances possibly from rift shoulders that were closer to the depositional
centers (Robert et al., 1993). The sandstones of this sedimentary fill are less quartzose than the
older units. The shales are fissile, medium-grey to black with minor occurrences of coal observed

in Bellatrix 1. There are also some minor occurrences of fine-grained limestone.

The sedimentary fill suggests a sand-rich, braided fluvial channel environment that prograded into
shallow, marshy, floodplain lake shales (CoreLAB, 2012).

2.3.4 Paleocene (66.0-56.0 Ma)
The sedimentary fill of this period is thin and lacking, marking a period of erosion. They comprise

the red beds that overlie the Upper Cretaceous sequences and contain oxidised red shale and
sandstone. The deposition may have occurred during a period when the basin lacked extensive
deep lakes (Robert et al., 1993).

2.3.5 Eocene-Oligocene (56.0-23.03 Ma)

The sedimentary fill of the Eocene is consistent with sand-rich, fluvial, braid plain facies type units

that are compositionally immature and have variable sorting. It was therefore, deposited during a

period of renewed rifting. There may be some few occurrences of green and brown shales with
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low organic content indicative of floodplain and shallow lacustrine environments. There was
continued persistence of the sandy fluvial facies in the Oligocene; however, these sediments are
more compositionally mature with little to no shale. They are medium to coarse-grained fragments
that are made up of quartz arenites and sub-feldspathic arenites with some clasts coated with red

mud.

2.3.6  Miocene to Pliocene

The Miocene marked a period of erosion characterized by a thin sandy fluvial deposit. It is overlain
by thick volcanic flows that are as a result of the intense volcanic activity associated with the
adjacent East African Rift System. They comprise basalts with minor interbeds of sandstones.
Several oxidised zones within the basalts can be observed implying the emplacement of several
flows with minor hiatuses in between. As a result of this volcanic activity, younger intrusions are
also found in the older sedimentary strata. A notable example is an intrusion at the total depth of

the Sirius 1 well of Miocene age.

2.3.7 Quaternary

Proximal fluvial and alluvial fan facies of the Quaternary period overlie the Pliocene volcanics.
The load created from the extensive volcanic flows caused shallow subsidence that altered the
course of an adjacent river and allowed for the formation of a shallow lake. There is, therefore, an
alternating sequence of fluvial and lacustrine deposits that were mainly controlled by climatic
conditions (Bruhn et al., 2011).

Note: The stratigraphy and depositional environments described in Section 2.3 above was derived
from lithological descriptions of samples obtained in the first three exploratory wells. The figures
below present the lithological analysis of the samples in each well as reported in the lithological

logs.
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Figure 2.4 Stratigraphy and lithological descriptions of samples from Sirius 1. The lithological
descriptions and succession was compiled from publications, and the well completion report, that
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Figure 2.5 Stratigraphy and lithological descriptions of samples from Bellatrix 1. The lithological
descriptions and succession were compiled from publications, and the well completion report, that
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STRATIGRAPHY OF SIRIUS 1
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Figure 2.6 Stratigraphy and lithological descriptions of samples from Chalbi-3. The lithological
descriptions and succession was compiled from publications, and the well completion report, that

17



STRATIGRAPHIC CORRELATION
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Figure 2.7 Stratigraphic correlation of Sirius 1, Bellatrix 1 and Chalbi 3. It can be observed that the sediments are generally thicker in
Chalbi 3 which occurs in a more basinal position. However, Sirius 1 contains older sediments at depth due to its proximity to the basin
margin. The map inset illustrates the location of the three wells.
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24 TECTONIC HISTORY

The tectonic history of the Chalbi sub-basin is described by the structural evolution of the
regionally extensive Anza rift within which it lies. The Anza rift is part of a NW-SE trending
continental scale Central African Rift System (CARS), that extends from the Sirte basin in Libya,
to the Mesozoic basins of Chad and Sudan through to the Lamu Embayment in Kenya (Bosworth
and Morley, 1994). Three main tectonic events have influenced the structural history of the graben:

2.4.1 Karoo Rift

Initial rifting in the Anza graben began in the Early Jurassic during the Separation of Madagascar
and Africa which led to the formation of a failed triple junction associated with the Karoo Rift.
This was succeeded by a period of thermal subsidence that resulted in a marine transgression from
the Southeast that deposited marine sediments into the Southern Anza trough (Greene et al., 1991).
This rifting episode is not known to have extended into the Northern Anza region since no marine
sediments have been encountered. The structural history of the Northern Anza segment is therefore
believed to have initiated with the subsequent tectonic event associated with the formation of the
CARS in the Cretaceous (Bosworth and Morley, 1994).

2.4.2 Central African Rift System

The Central African Rift System formed as a result of the opening of the Atlantic Ocean during

the separation of Africa and South America. The CARS links the Cretaceous tectonic evolution of
the Sudan rift and the Anza rift. Initial rifting in Sudan however, had begun in the Jurassic, and
the extension of the CARS into Anza started later in the Cretaceous. Therefore, the faulting history
of the Sudan rift and the Anza rift are only contemporaneous from the beginning of the Cretaceous
period (Robert et al., 1993). The subsequent formation of the East African Rift, delinked the
faulting history of the Sudan and Anza Rift with the structural styles during this episode in both
basins appearing to have developed from different stress regimes. Moreover, active rifting in the

Sudan Rift seems to have seized before the middle Miocene.

2.4.3 East African Rift
The East African rift influenced the post-Oligocene structural history of the Chalbi sub-basin. This

led to the formation of inversion faults and intrusions into the sedimentary strata and the

emplacement of thick, extensive volcanic flows over the Chalbi sub-basin.
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In summary, the structural evolution of the Anza rift is best described by the 3 step model presented

by Bosworth and Morley, (1994), which includes;

1. An early phase of complex faulting with the formation of asymmetric half-grabens that
have varied tilt directions along the general strike. The stratigraphic sections have
significant rotations along low angle faults. These are especially characteristic of the Chalbi
sub-basin.

2. Merging of major basin bounding faults that reduced the half-graben architecture of the
sub-basins forming more laterally continuous basins.

3. Late thermal subsidence that is offset from the previous structurally influenced basins, that

caused renewed rifting and extension.
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CHAPTER 3 MATERIALS AND METHODS

The main datasets used in this analysis include petrophysical logs and 2D seismic lines as well as

supplementary information on lithology and stratigraphy from well reports and literature.
3.1 PETROPHYSICAL DATA

The primary interest of this study is the Sirius 1 exploratory well which is a vertical well that was
drilled to a depth of 2640 m (8652 ft.). The Sirius 1 well is shallower than the other exploratory
wells; however, it remains the only well to have drilled into older formations within the Chalbi
sub-basin. There are regular observations of gas at depth from 1150 m (3773 ft.). There are several
occurrences of rich oil prone shales between 1520 m-1650 m with TOC values of 3.5 %. There
were some notable oil shows between 1438 -1874 m, where there is an Upper Cretaceous claystone
unit with TOC values ranging from 1-4.6% (CoreLAB, 2012). The TOC percentages of source

rocks encountered in Sirius 1 indicate that the general potential is excellent.

Several downhole geophysical logs have been made available for this study. These include Caliper
log, electrical logs, natural radiation logs, artificial radiation logs, and Acoustic logs. These are
highlighted in Section 3.1.1-3.1.5 below;

3.1.1 Calliper log
The calliper log measures the shape and diameter of a wellbore. These are analyzed in comparison

to the size of the drilling bit to determine zones that are washed out (Javid, 2013). The calliper log
provides information on the lithology types and also allows for a correction of borehole
environment effects on the petrophysical logs.
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Figure 3.1: Response of calliper logs to the interaction between the drilling mud and various
lithology ( Adopted from (Javid, 2013))

3.1.2 Electrical logs
Electrical logs determine the resistivity of the formations. Porous formations can either contain

conductive brine or nonconductive hydrocarbons. As current is induced into the formation,

hydrocarbons hinder its flow, resulting in an increased resistivity.

The electrical logs used in this analysis include the micro-resistivity log (MSFL), and the induction
logs (ILD, ILM). The micro-resistivity log measures the resistivity of the mud-cake and the
formations closest to the well-bore (shallow resistivity) which are the flushed zones. The induction
logs measure the resistivity of the formation deeper into the formation, that is, the medium and
deep resistivity which gives the true formation resistivity. Figure 3.2 below illustrates these

electrical measurements at the different depths of investigation.
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Figure 3.2 Electrical measurements at different depths of investigation, where Rxo, Rium and Ry
are the shallow, medium and deep resistivities, respectively (Ellis, 2007)

Therefore, in addition to identifying the hydrocarbon bearing formations, these resistivity
measurements are crucial in distinguishing between permeable and impermeable zones. The depth
of invasion of the mud filtrate alters the resistivity reading between the shallow, medium and deep
formation zones as illustrated in Figure 3.2 above. A noticeable difference between the resistivity
of the formation zones close to the wellbore and the formations zones further from the wellbore
indicates a permeable formation (Javid, 2013). Figure 3.3 below illustrates an example of a typical
electrical log response to water and hydrocarbons as well as a shale formation. The water and
hydrocarbon bearing zones have a separation of electrical curves which describes their permeable

nature.
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Figure 3.3 A case example of a typical electrical log response over permeable, hydrocarbon and

NOTE: Another common electrical log is the spontaneous potential log (SP) which measures the
potential difference between a surface electrode and movable electrode that is inside the wellbore.
However, the SP log was not used in this analysis since the available log seemed anomalous. It
was also noted from the available completion reports (Brookman and Sharadin, 1988), that there

was indeed a faulty connection in the logging unit.

3.1.3 Natural Radiation logs

The radioactive decay of rocks produces a gamma ray that can be detected by basic radiation
detectors. The gamma-ray measurement is used for a rudimentary interpretation of lithology and

the estimation of the volume of shale within the formations. The log does not specifically react to
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the shale concentrations; however, it responds to the shale/clay related radioactive isotope
concentrations. Figure 3.4 below illustrates the gamma response to shaly and non-shaly
formations. The gamma log is typically plotted with the calliper response on the same panel, and
a similar trend would be observed. This is because, shale formations are usually impermeable and

tend to wash out thereby increasing the diameter of the borehole.
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Figure 3.4 Gamma ray response to shaly and non- shaly formations. The gamma ray log is usually
plotted together with the caliper response. A similar trend between the shaly and non-shaly

formations would be observed.Adopted from (Ellis, 2007)

There are advanced detectors that can measure the differential energy of the incoming gamma ray,
distinguishing between, Potassium, Thorium and Uranium counts. The resultant log is referred to

as the Spectral Gamma Ray (SGR). SGR logging is essential because Uranium has no relation to
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clay minerals and as such any fluctuations that result from an increased Uranium content could
provide incorrect estimations of the shale volume. Therefore, the SGR curve is used to produce a
Computed Gamma Ray curve (CGR) which is a curve that is corrected for Uranium concentrations
and is only a sum of the resulting Thorium and Potassium counts (Ellis, 2007). Figure 3.5 below
illustrates this decomposition. In this example, the GR fluctuations seem to correspond to the
Uranium fluctuations which would have otherwise presented as a misleading interpretation of a

shaly formation.
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Figure 3.5 Decomposition of a gamma-ray signal. The gamma-ray curve comprises the total
counts of K, Th and U whereas the CGR curve contains the total counts of K and Th only. In this
example, the natural gamma ray signal seems to correspond to Uranium fluctuations. This
illustrates the importance of computing a Uranium reduced CGR curve as it would otherwise
present a misleading interpretation of a shaly formation.
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The differential concentrations of Thorium and Potassium also allow for the identification of
sandstone types, distinguishing between sandstones that are either clay-bearing, arkose,

micaceous, greywacke, greensands or heavy-mineral bearing sands.

For this analysis, the various gamma-ray logs provided include the GR, SGR, CGR and the

differential concentration logs of Potassium, Thorium and Uranium.

3.1.4 Artificial radiation logs

In contrast to the electric logs that primarily provide information on the concentration of fluids in
the formations, artificial radiation logs are nuclear measurements that can provide information on
both the matrix of the rocks and its fluids. This is determined using neutrons and gamma rays. The

resultant logs include the density and neutron log.

3.1.4.1 Density log

Gamma-ray spectroscopy can determine the main elemental composition of a formation by the
basic principle that, after an atomic nucleus is placed into an excited state by a nuclear reaction, it
emits gamma rays of different energies that can distinctly identify the associated atom. The
gamma-ray transmission and scattering are also affected by the bulk density of the rock matrix.
The key interactions considered in this study include the compton scattering and the photoelectric
effect. The compton scattering effect is the main basis by which the bulk density of the formation
is determined. This is the resultant effect of the interaction between the individual electrons and
the gamma rays. As an incident gamma ray meets an electron, the gamma-ray is scattered at a
varied angle with the scattered energy being disseminated to the electron. The reduced energy of
the gamma rays due to this effect is a function of the bulk density and the ratio A/Z (atomic number
to atomic mass). Since the ratio A/Z is constant for most elements, the compton scattering effect
is directly dependent on the bulk density making this tool an effective method of determining this
parameter (Ellis, 2007).

The photoelectric effect is an additional measurement to the bulk density determination and is
commonly termed the ‘Lithodensity’ log. It is a result of the interaction of a gamma-ray with an
atom. As an incident gamma-ray that is strong enough attenuates energy to a bound electron, the
electron is expelled and replaced by an electron that was less stiffly bound, and an associated
fluorescence x-ray is emitted. The energy of the x-ray depends on the atomic number of the

element. Different rock matrices have varied atomic numbers and as a result, have varied
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photoelectric absorption properties. Therefore, the photoelectric effect can be utilized as a direct

determination of lithology.

3.1.4.2 Neutron log

Neutrons also have various scattering and absorption properties in different mediums. The main
interactions of interest are those in which the energy or speed of the neutrons is reduced. The
reduction of neutron energy is more efficient in nuclei that have a mass similar to that of the
neutron, that is, Hydrogen. In hydrogen, the complete neutron energy can be dissipated in a single
collision. The sensitivity of this scattering effect with hydrogen is the main basis of the neutron
porosity tool. Hydrogen occurs in formations as either hydrocarbons or water, and these fluids
occur in pore spaces. Therefore, a simple correlation between the hydrogen effect on neutron

energy and formation porosity is established (Ellis, 2007).

3.1.5 Acoustic log
In acoustic/ sonic logging, an elastic wave is triggered into the wellbore formation and its travel

time recorded. The acoustic tool determines the slowness of the compressional wave and the
interval transit time. The result is a sonic velocity curve that varies with formation. The velocity
of the acoustic wave is influenced by several lithological factors including the matrix type, grain
size, cementation and density. Acoustic logs, therefore, provide information on the lithology type

and character, identifying between consolidated and unconsolidated formations.

Besides, the primary porosity of the rock matrices is highly responsive to the sonic tool. Therefore,
when compared to the total porosity measured by the neutron log, it is possible to determine the

secondary porosity of the formation which is usually characteristic of fractured zones (Ellis, 2007).

The sonic log is also used together with the density log to create a synthetic seismic trace along
the wellbore for a seismic to well tie process. This results in a time-depth relationship between the

time domain seismic data and the depth domain well data.

Table 3.1 below summarises the measurements done by each log and their respective units.
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Table 3.1 Measurement units for the petrophysical well logs (Ocean Drilling Program, 2004)

LOG/CURVE MEASUREMENT UNITS
CALI Calliper IN

GR Natural gamma ray GAPI
SGR Spectral gamma ray GAPI
CGR Computed (Th+K) Gamma Ray GAPI
POTA Potassium %
URAN Uranium ppm
THOR Thorium ppm
MSFL Shallow resistivity ohmm
ILM Medium resistivity ohmm
ILD Deep resistivity ohmm
RHOB Bulk density g/lcm®
PEF Photoelectric factor barns/e”
NPHI Neutron Porosity %

3.2 2D SEISMIC LINE

During the initial exploration phase of the Chalbi sub-basin, extensive seismic work was carried
out where 535 km were vibrated. Figure 3.6 below shows the seismic coverage in the Chalbi sub-
basin. However, due to the extensive volcanic flows, the seismic data quality and resolution are
limited. In this analysis, the seismic lines were overlaid on gravity data to assist in interpretation.
In the analysis of the Sirius 1 prospect, the adjacent seismic line, TVK 50 was selected. TVK 50
was selected due to its proximity to the Sirius 1 well as well as its relatively better quality. It was
sampled at 4 milliseconds and the processing sequence is highlighted in Table 3.2 below.
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Figure 3.6 Seismic coverage of the Chalbi sub-basin in Block 10A.
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Table 3.2 The processing sequence of TVK 50. The processing sequence was obtained from the

detailed description of the purpose of each step in the processing sequence.

PROCESS PURPOSE
1. De-multiplexing To organise the data in a successive trace
format
2. Resampling The seismic data was acquired at 2ms, and

was therefore resampled at 4 ms to reduce the
size of the data while still maintaining the

high frequencies.

3. Trace header generation To label the headers with geometry
information
4. Spherical divergence Spherical divergence is the attenuation of the

energy of a wave with time. A type of
scaling/gain correction is applied to account

for this amplitude decay with time

5. Trace editing To remove noisy traces and bad data

6. Equalisation A sliding window of 300ms was used to
compute an average amplitude which was
then compared to a reference level to
determine a gain for each sample in the trace.
This amplifies the weak traces relative to the

strong ones.

7. CDP Gathers To arrange the traces by a common midpoint

8. Floating datum static This applies a time correction for differences

in elevation creating a smoothed surface.

9. Predictive deconvolution To predict and deconvolve a latter part of a
seismic trace by using data from an earlier

part of the seismic trace.
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10.

Velocity analysis

To compute the velocity that flattens a
reflection hyperbola during stacking, which
returns the best result possible.

11.

Automatic static

To account for the changes that result from,
near surface low-velocity layers, weathering
velocity and elevation. This correction is
applied using statistical methods.

12.

Velocity analysis

Applied step 10. again

13.

Automatic static

Applied step 11. again

14.

NMO Correction

To correct the time on traces that are offset to

zero-offset time.

15. Mute To zero out the seismic wave arrivals there
not primary p-wave reflections
16. Stack 60 Fold To attenuate both random and coherent noise

by mimicking a zero-offset section

17.

Flat datum static

To shift the stacking velocities from the
floating datum ( smoothed surface elevation)

to a flat datum (sea level).

18.

Predictive deconvolution

Applied step 9. again

19.

Wave equation migration

This is a depth migration that accurately
positions the reflectors that are dipping

steeply or crossing

20. Filter To enhance the arrivals based on apparent
velocity using a bandpass filter
21. Equalisation Reapplied step 6.
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3.3 METHODOLOGY AND WORKFLOW

3.3.1 Petrophysical evaluation

3.3.1.1 Quality Control of well data and corrections
A comparison of the bit size and calliper log was made to note the zones of mud-cake build up and
the zones of borehole washouts. Schlumberger corrections were then applied to correct for the

borehole environment effect on the petrophysical log.

Also, the matrix setting of the neutron porosity log was limestone, it was therefore measured in
limestone units which displays a slightly lower porosity when used in a sandstone formation. The

neutron porosity log was then shifted to sandstone units.

3.3.1.2 Identification of Permeable and Impermeable zones

The permeable and impermeable formations were identified by comparing the resistivity logs.
Overlapping curves indicated no permeability where-as separated curves implied an invasion of
drilling fluids which directly signified a permeable zone. Another permeability indicator was the
calliper log where washout zones suggest impermeability and mud-cake buildup translated to

permeability.

3.3.1.3 Lithology identification

The principal rock matrix type is a shaly sandstone. The volume of shale was initially established
using the computed gamma-ray log (CGR) which is corrected for the erroneous effects of uranium.
The gamma-ray is assessed to determine the minimum and maximum shale reading using a
frequency plot. Once the minimum and maximum points have been determined, a GR index (lgr)

for each data point along the well is determined using the equation;

Iop = YLo6 — VmMmIN 31

Ymax — VMmiIN

The GR index is then converted to VVolume of Shale (Vsn) using Larinorv’s chart ( Figure 3.7),
(Ellis, 2007).
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Figure 3.7: Larinorv’s chart for conversion of Igr to Volume of shale

This measurement is done to identify formation zones with the least shale content which as a result
have a higher possibility of hydrocarbon accumulations.

A representation of the sandy component of the rock matrix was determined based on calculating
the quartz mineral in the formation. It is important to note that the calculation of the volume of
quartz was not done to represent the complete sandstone formation since the Sirius 1 sandstones
may contain some quantities of dolomite and volcanic fragments as observed in the physical rock
samples from cuttings. However, since quartz makes up a significant percentage of the sandstone
matrix, it was calculated to distinguish the possible sandy formations from the shaly formations.
The volume of quartz was determined using the Photo electric Factor (PEF) log which is a direct
lithology identifier (Ref: Section 3.1.4.1). However, due to a minor effect of porosity on this log,
the photoelectric coefficient of the rock matrix is used instead (Ross, 1987). This is determined

using the following equation;

PEF X RHOB — Vg % Ugy

= 3.2
MAT 1 — PHIE — Vg,
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Where;

Uwmart- Photoelectric coefficient of the rock matrix
PEF- Photoelectric factor

RHOB- Density log (g/cm?®)

Vs~ Fractional volume of shale (barns/cm?)

Usn- Photoelectric absorption of shale (barns/cm®
PHIE- Fractional effective porosity

A cross plot relationship between the photoelectric absorption coefficient of the rock matrix and
the apparent density of the rock matrix as illustrated in Figure 3.8 below, is used to determine the
mineral components in either a two or three mineral model. For this analysis, a two mineral model

of quartz and dolomite was used.
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Figure 3.8 Cross-plot relationship of the photoelectric factor and matrix densities of various
mineral matrices (Ross, 1987)

The lithology interpretation was compared to the lithology as logged during drilling. Although the

physical samples remain the most reliable way of describing lithology, the accurate assignment of
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samples to correct depths may be erroneous, and therefore the petrophysical determination of

lithology is a good supplementary method.

The lithology log from physical rock descriptions was created from the mud logging notes in the
well completion report. The various lithology percentages at various intervals were clearly

outlined, and for this analysis, a visual representation of the same was created (Figure 2.4).

Five main lithofacies were then selected based on both their petro-physically derived lithological
properties and the physical sample observations. The main consideration was the shale to sand

ratios which could suggest varied depositional environments.

3.3.1.4 Estimation of Porosity

The interval 4727-4874 ft. (1440.8-1485.6 m) was selected for porosity estimation since it
presented as the best possible reservoir zone. Therefore, the porosity calculations were done to
establish the reservoir quality further. Since the formation is a shaly sandstone, and the shale
correction in the density log is minimal, the porosity was derived from the density log instead of

the sonic log.

The effective porosity is derived from the density log using the expression below (Ross, 1987);

RHO,, — RHOB RHOy, — RHOgy
) = voux ( )

PHIE = (
RHOMA - RHOFL RHOMA - RHOFL

3.3

Where;

PHIE- Effective porosity
RHOwma- Matrix density
RHOFgL- Fluid density
RHOsH-Shale density

Vsu- fractional volume of shale
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For this analysis, it was assumed that the matrix density of shale and sand in shaly sandstones are
the same. Therefore, the effective porosity was calculated using a matrix and shale density of 2.65

g/cm3 and a formation water density of 1.1 g/cm3.
The Total porosity was then determined using the expression;

PHIT = PHIE + Vsy X PHITgy 3.4

Where;

PHIT= Total porosity
PHIE= Effective porosity
Vsn=Volume of shale
PHITsu= Shale total porosity

3.3.2 Seismic Interpretation of seismic line TVK 50

below illustrates the section of the seismic line selected for interpretation. The data quality of the
seismic lines in the area is limited and therefore the well information provided good stratigraphic

control. The methodology adopted is illustrated in Section 3.3.2.1 to Section 3.3.2.3 below;
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Figure 3.9 Interpreted section along TVK50

3.3.2.1 Seismic to well tie

The lithofacies established in the petrophysical evaluation were used as formation tops in the
seismic-well tie. This is done to determine a correlation between the time domain seismic data and
the depth domain well data. The sonic and density log are used to generate synthetic traces that are
then matched to the seismic traces. The product of the sonic log and the density log produces the
acoustic impedance which is a representation of the reflection character of the formation tops.

Therefore, the changes in the acoustic impedance are used to calculate reflection coefficients.

The sonic log was initially calibrated using a check-shot survey. The synthetic trace is then created
by convolving the reflection coefficient with a wavelet that simulates the earth’s impulse response

(Flatas, 2015). This forward modelling is done using the expression;
Synthetic trace=Reflection coefficient(t)*Wavelet(t) +Noise(t)

This process is summarised in Figure 3.10 below.
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Figure 3.10 General process of generating a synthetic seismic trace (Flatas, 2015)

The resultant trace is then compared with the actual seismic traces closest to the wellbore. The
traces undergo a series of callibrations until the best possible time-depth relationship is achieved.

3.3.2.2 Identification of Seismic facies

Once the lithofacies were tied to the seismic trace, their seismic character was established based
on the varied nature of the reflectors in the different formations. The parameters considered include
the continuity, frequency and amplitude of the reflectors. These parameters define the various
seismic facies that can be linked to lithological facies since they are both representatives of the
depositional environment. There is a correlation between sedimentary section thicknesses and
frequency of the reflectors, sediment type and amplitude, as well as reflector continuity and the
lateral continuity of sedimentary unit boundaries. Discontinuous units like braided channels can

present as discontinuous reflections.

3.3.2.3 Fault and Horizon Interpretation

The relationship between the lithological facies defined from the well evaluation, the seismic
facies and the distinct reflectors was established. The formation tops were therefore examined for
their lateral continuity identifying any displacements, changes in dip as well as structural
deformations. The horizon and fault configuration near the wellbore describes the basin
architecture providing a good perspective on the depositional history of the Sirius 1 prospect. The
stratigraphic and structural architecture of the formations that comprise the probable good quality
reservoir zones were analysed to determine the implications of the suggested depositional history

on their petroleum system.
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3.3.3 SOFTWARE AND DATA FORMATS

The petrophysical logs used in this analysis were provided in ‘LAS’ file format whereas the

seismic line used was in a SEGY format. Table 3.2 below provides a comprehensive list of the

software packages used at various stages of this analysis.

Table 3.3 Softwares used at various stages of this study. IHS kindom was used for seismic to well
tie, fault and horixon interpretation. The resulting images were labeled and edited using Inkscape.
Oasis montaj was used to create the various gravity grids. Stratigraphic charts were built using
Starter where as all maps were made using the ArcGIS platform.

DATA/ANALYSIS SOFTWARE
Seismic interpretation IHS Kingdom
Petrophysical analysis Paradigm Geolog
Map Generation ArcGIS
Stratigraphic chart creation Strater

Gravity data analysis Oasis montaj
Image editing Inkscape
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CHAPTER 4 RESULTS AND DISCUSSIONS

The following section describes the results produced from the analysis highlighted in Section 3.3

above.
4.1 PETROPHYSICAL EVALUATION
The following are the results of the petrophysical analysis of the Sirius 1 logs.

4.1.1 Quality Control and data corrections

After data was analysed for bad data points using a cross plot of the density and neutron porosity
logs as well as a comparison of the bit-size and calliper logs, it was noted that the bad data points
are confined to lithological sections associated with intrusive units. Figure 4.2 below illustrates
the various logs. The density porosity cross plot shows a general trend of the data points. A purple
polygon was plotted around the bad data points to identify them on the chart section. It is visible
that the highlighted part falls well within zones associated with the intrusive rocks. This is probably

due to increased drilling fluid invasion in a fractured intrusive layer.

4.1.2 Permeability
The interval between 4727 ft. - 4872 ft. (1440.8 m- 1484.9 m) had the highest permeability with

the deepest invasion of drilling fluids observed. The lower section of the well between 4872 ft. -
8500 ft. (1484 m- 2590.8 m) had variable smaller intervals of low to medium permeability. The
upper section of the well from 718 ft.- 4200 ft. (218.8 m- 1280.2 m) is impermeable. The permeable
nature of the formations down the hole is illustrated in Figure 4.4 below using a depth of invasion
plot (DI).
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Figure 4.1 Cross plot of density vs. porosity. The purple
polygon highlights the bad data points that present as
outliers to the general trend.

Figure 4.2 The outliers highlighted in the cross piaare plotted at
their corresponding depths. All are associated with the intrusive
layers
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4.1.3 Lithology Interpretation

The lithology interpretation from petrophysical logs was based on the calculated volume fractions
of shale and quartz. The frequency plot of the gamma-ray curve in Figure 4.3 below, illustrates the
minimum and maximum shale points used in the shale volume estimation. The resulting curves
correlate well with the lithology determined from the analysis of the physical rock samples with
some minor depth shifts. Figure 4.4 below illustrates the petrophysically determined lithology
plotted adjacent to the lithology log obtained from mud logging for comparison. The general
increase in shale content between the Upper Cretaceous interval can be observed on both

estimations.

Five lithofacies were defined on the basis of the shale to sand ratios as well as their petrophysical

properties. The lithofacies are further described in Section 0 to Section 4.1.3.5 below.
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Figure 4.3 Frequency plot of the gamma ray log. More
than 50% of the rock matrix has a low gamma value
associated with sandstone formations.
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4.1.3.1 Well log Lithofacies 1 (LT 1)

The petrophysical estimation of lithology in LT1 shows a sandy formation with little to no
occurrence of shales. There is a very minimal separation between the resistivity logs (MSFL, ILM,
ILD) suggesting an impermeable unit. The photoelectric factor averages around two which is
characteristic of a sandstone formation. The age of this formation ranges from the lower Miocene
to the Paleocene. The bulk of the sediments are Oligocene. It is bound by a top Miocene
unconformity and a bottom Paleocene unconformity. The litho-stratigraphic description from
physical rock samples also described this interval as a thick sandy unit, with minor interbedded
siltstone and claystone, bound at the top and bottom by a thin succession of alluvial fan sands.
(Figure 2.4). The sedimentary unit is consistent with proximal alluvial fan and braided channel
environments. The proximity of the fluvial facies is evident in the impermeable nature of the
formation. The grains may not have been extensively reworked due to the limited sediment
transport. Good permeability tends to occur where sediments are reworked and well rounded. The
gamma-ray is consistent with the thorium peaks, and the formation seems to have low potassium
concentrations (> 0.1%). These are therefore heavy mineral bearing sandstones. There were no
hydrocarbon shows, and the reservoir quality is poor. The petroleum potential of this formation is

very minimal.

4.1.3.2 Well log Lithofacies 2 (LT 2)

Lithofacies 2 was defined by its high-frequency intercalation of shales and sandstones. There is an
increased shale content in this formation which was also evident in the lithology description of the
rock cuttings obtained from this interval. The petro-physically defined lithology is consistent with
the lithological log from rock cuttings. There is an increased permeability throughout this interval
with a notable reservoir zone between 4727-4874 ft. (1440.8-1485.6 m).

The increase in shale content and subsequent decrease in sandy intervals implies a period of
transgression. The sediments were possibly deposited in a floodplain environment where there
occurred frequent cycles of lake transgression and regression over a long period. The high gamma
peaks are accordant with the thorium peaks, indicating heavy mineral bearing sandstones. There
are uranium peaks consistent with the shale interval suggesting the possibility of rich organic
source rocks. The higher thorium and uranium concentrations relative to Potassium further

confirms that these are continentally derived sandstones and shales.
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These are Upper Cretaceous sediments ranging from the Coniacian-Maastrichtian (89.8-66.0 Ma).
There is a significant igneous intrusion in the lower Maastrichtian units that is possibly younger.
The intrusion seems to be highly fractured since igneous units have a low matrix permeability yet
the formation encountered was highly permeable. This can only be attributed to a good network of
fractures. Since the fracturing is limited to the igneous formation, they are probably contraction
fractures associated with thermal cooling. It is therefore possible that these intrusive formations

may have been carrier beds in the migration of hydrocarbons and fluids in this basin.

There were significant hydrocarbon shows within this interval with a notable oil show at the top
of the permeable interval (4727-4874 ft. (1440.8-1485.6 m)) which further confirms the occurrence
of a good reservoir. Several oil prone shales were observed in the lower section of this interval
which is consistent with the increase in the shale volume at this depth. There were several gas
shows starting from the interval above the igneous intrusion which further implies the possibility
of igneous intrusive carrier beds or reservoirs. In addition, a very high resistivity reading can be
observed at 3998 ft. (1218.6 m), associated with the igneous intrusive interval which emphasises
the possibility of hydrocarbon accumulations that are related with these fractured intrusives.

The intercalated natures of the sands and shales could suggest a series of several stratigraphic traps
in the sedimentary unit with compartmentalised reservoirs. However, the identified good quality
reservoir zones seem to lack overlying formations that have a good sealing capacity. The upper
shale formation has low porosity but is highly permeable. It could, therefore, be a breached seal
due to fracturing. In conclusion, there is an active petroleum system within LT 2; however, possible
sealing formations have not been identified.

4.1.3.3 Well log Lithofacies 3 (LT 3)

The formations that comprise LT 3 have a much less shale content in contrast to LT2 above. The
sediments are bound at the top by a thick igneous intrusion which is highly permeable and also
similar to the lower Maastrichtian intrusive encountered in LT 2. There is a high resistivity reading
at the base of this intrusive which also raises the possibility of hydrocarbon occurrences associated
with fractured intrusives. These sediments are lower Coniacian to upper Turonian in age. The
petro-physically determined lithology is accordant to the lithological log derived from rock
cuttings. There is a persistent high Thorium content which implies heavy mineral bearing

sediments, however, there is a slight increase in the potassium peaks suggesting an increase in the
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clay content within the shales. The minimal shale intercalations could possibly suggest the onset
of the transgressive period of the LT 2 interval. The permeable nature of the sands of this interval
implies that they are well reworked alluvial sands. There is relatively good permeability in this
interval, however, there lacks an existence of rich organic source rocks due to the lower shale

content. The petroleum potential of LT 3 is relatively low with no hydrocarbon shows observed.

4.1.3.4 Well log Lithofacies 4 (LT 4)

LT 4 presents as a massive sandstone formation ranging from (7859-8336 ft. (2395.4-2540.8 m)).
The petro-physically derived lithology shows that this is clean sandstone formation with moderate
permeability. However, the lithological descriptions from the rock cuttings suggested some minor
occurrences of clay-stones and shale. These are also heavy mineral-bearing sands due to their
relatively higher Thorium content in contrast to its extremely low potassium concentration. These
sediments could possibly imply an alluvial fan setting and its clean (no shale) nature presents this
formation as a good quality reservoir. LT 3 was deposited in the Lower Turonian.

4.1.3.5 Well log Lithofacies 5 (LT 5)

LT5 marks the formation encountered at the total depth of the Sirius 1 well. This is a very high
gamma unit. There are relatively higher uranium peaks within this interval implying a rich organic
source rock. The petrophysically derived lithology shows a thick shale formation suggesting a
lacustrine depositional environment. The high thorium content suggests that these are continentally
derived shales. There are several intervals of high resistivity readings indicating the presence of

hydrocarbon producing zones. This interval is therefore a good source rock interval.

4.1.4 Porosity estimation

The Campanian reservoir interval was selected for porosity estimation. Porosity values ranges
from 10% to 30%. There is a close correlation between the shale volume and the effective porosity
with the effective porosity decreasing with increase in shale content. This can be observed in
Figure 4.10 below. There exists a high resistivity shale layer below this interval which could
possibly be the source rock interval. Above the reservoir interval are low porosity shales that could
be the sealing layer, however, it is also characterized by a relatively high permeability. This
indicates a possibly fractured seal which explains why the hydrocarbon shows in this interval

presented as remnants of a migrated accumulation.
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POROSITY ESTIMATION OF POSSIBLE RESERVOIR INTERVAL 4727-4874 FT. (1440.8-1485.6 m)
CHRONOSTRATIGRAPHY RESISTIVITY PERMEABILITY PEF LITHOLOGY(PETROPHYSICS) LITHOFACIES| LITHOLOGY {FROM CUTTINGS)
0 BE0|
GR_COR MSFL POTA
0 GAPI 200 02 OHMM 2000 a ® 01
BS URAN i :
o o E R T PPM @ 0
m bl - s —
Pl DEPTH e
2 g z rCALI I il DI . THOR I —
3 ¥ M |20 W 25 02 OHML 2000|0  Diametar of Invasion 100 7
1.50
i T
c 2] i i
3 > { i
i = | 4730 | ]
&) > | I
< A H
= A
S < = +
- 1
e o {
= )
< _ K > H
7
T B 3 sEEsE=
3| 5 !
z ] i g
c g
S Z } = E——
o N J =5
o 7
B
c £ /l
3 2 =
m = [
k] = 7
=
- 2
3 o /]
m b= {
k] 4 2
- B
ﬁ z 7
3 /
\
o
[= = 2 \,
3 T
L
o % <’
= |
c {
3 !
m <] =
o = a3l
E
= 2 ]
el % £rs)
M =
2 )
|
o
==
5| 8
o 0 c
m Z i
k] z ‘
5 ;
c = "/ |
3 =
m A
2 2 g
=
\
.
m = T
Ed < i
o

Figure 4.10 Porosity estimation for the reservoir interval 4727-4874 ft. (1440.8-1485.6 m)
4.2 SEISMIC INTERPRETATION

4.2.1 Seismic to well tie

The seismic to well tie was performed as described in Section 3.3.2.1. The resulting synthetic trace
and the seismic trace did not present with a good match initially which was possibly due to the low
seismic data quality. After a series of calibrations and depth shifts, a good correlation of 74% was
achieved (Figure 4.11). The Lithofacies established in the petrophysical evaluation were used as
formation tops and presented a good match with major reflectors.
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Figure 4.11 Seismic to well tie panel showing the major lithofacies and age markers as formation tops
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4.2.2 Seismic Facies
The seismic tied Sirius 1 well was projected on the seismic trace to identify the various seismic facies associated with the lithological

facies. This is illustrated in Figure 4.12 below

SIR;JS1 E

Figure 4.12 Seismic-tied well with Lithofacies markers projected on the seismic section. Refer to Figure 3.9 for well location. The
image shows the variations in reflection character associated with the changes in the depositional/lithological facies. A good
correlation is observed.
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There are some notable differences in the seismic character of each lithofacies. LT 1 presents with
discontinuous reflectors that have low reflectivity and a relatively lower amplitude and frequency.
LT 2 and LT 3 have more continuous reflectors that have a high amplitude; however, LT 2 seems
to have a higher frequency of reflectors in contrast to LT 3. The reflectors of LT 4 are similar to
LT3 but have slightly less reflectivity. LT5 has high amplitude reflectors with relatively lower

frequency and are slightly discontinuous.

The top markers of each lithofacies were used as horizon markers on the seismic line to establish

their horizontal extent across the seismic section.
Fault and Horizon Interpretation

\Figure 4.13 and Figure 4.14 below illustrate the un-interpreted and interpreted sections

respectively.

So
e e

e — _

Figure 4.13 Un-interpreted seismic section. The map inset
illustrates the section of TVK 50 shown in the figure.
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Figure 4.14 Interpreted seismic section. The map inset
illustrates the section of TVK 50 shown in the figure.

The horizontal extension of the top LT 1 marker is limited in the seismic section. This is evident
in the abrupt change in seismic facies observed on both edges of the unit from the well section. A
distinct top marker (sky-blue) that defines the top southwestern unit adjacent to LT 1 seems to
extend below the LT 1 unit and is coincident with the Paleocene age marker. This suggests that
the LT 1 unit are channel sediments that were deposited on a fluvially eroded section. This erosion
surface is consistent with the Paleocene unconformity. The distinct high amplitude and low-
frequency unit on the left of the channel sediments could be a preserved section of the missing
Paleocene sediments.

The top marker of LT 2 is horizontally extensive with various dip directions and displacements
observed. LT 3 is also horizontally extensive with a few displacements; however, In the
southwestern extent of the section, LT 3 seems to truncate on the top of the LT4 marker that
thickens towards the basin margin. Both the LT 4 markers are horizontally extensive with a slight
tilting towards the basin margin. The displacements and different dip directions reveal several
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normal fault structures across the basin. The basin is dominated by a series of normal faults
forming tilted fault blocks. The sedimentary units are slightly folded along their bounding faults
implying a possible period of inversion tectonics. There are also minor reverse faults associated
with the inversion events. A comprehensive interpretation of the various depositional

environments and structural features is illustrated in .
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4.3 DISCUSSION

The stratigraphy of the Sirius 1 prospect has been defined from a petrophysical evaluation of the
well data and the supplementary information on age and rock descriptions from the well report and
literature. In total, five major lithological facies were identified with varying depositional
environments. The petrophysical evaluation was integrated with adjacent seismic data along line
TVK 50 to define the basin architecture and evolution history.

The lithological facies derived from the petrophysical evaluation present a good match with the
seismic facies. The lithological markers therefore aided in horizon interpretation which was a
primary concern considering the seismic data quality. The near-surface high-velocity basaltic
layers limit the resolution of the seismic data significantly. In this analysis, gravity maps were used
to infer the local basin highs and lows. Integrating the gravity and available well information with
the seismic interpretation allowed for better visualisation of the seismic section and its associated
sedimentary layers.

Sirius 1 was the first exploratory well drilled in the Chalbi basin. From this analysis, it is observed
that the well was drilled on a tilted fault block that is un-subsided. It was initially believed that the
well was drilled on an uplifted horst block. The operators encountered an unusual rock at the total
depth of the well which they described as a metamorphic basement. It was concluded that the
basement was encountered at a shallower depth than expected, therefore implying the occurrence
can also be observed in the seismic section that there occurs significant continuous reflectors below
the total depth of the well confirming the continuation of sedimentary units at depth. This analysis

provides a different perspective on the stratigraphic architecture of the basin.

At the base of the basin, there exists a rich lacustrine source rock that is laterally extensive. This
marks a period of extension and the formation of lake environments during the Cenomanian. It is
overlain by a clean sandstone formation (LT 4) that presents as a low gamma sand on the
petrophysical log. This formation thickens southwestwards towards the basin margin. Due to the
increasing thickness, it is inferred that this formation forms part of an alluvial fan lobe that was
deposited on a syn-depositional fault. The alluvial fan sediments of LT4 have good reservoir
quality. It is possible that there exists a hydrocarbon accumulation generated from the rich source

rocks of LT 5. These accumulations may occur closer to the basin margin where the formation
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thickens upwards. A similar petroleum play occurs in the Junggar basin , Xinjang, China where
ancient alluvial fan sediments comprise 30 % of their hydrocarbon reserves and are one of the

most successful reservoir types (Ji-yi, 1997).

The overlying sediments of LT 3 and LT 2 truncate on the major LT 4 reflector at the southwestern
basin margin. The sediments form a series of high-frequency intercalations of shale and sandstone.
This marks a transgressive period that led to the formation of floodplain depositional facies over
the alluvial plains of the Lower Turonian. The cyclic period persisted throughout the Upper
Cretaceous. These Upper Cretaceous sediments also form part of an active petroleum system that
was the major target of the Sirius 1 well. There were some notable reservoir zones with
hydrocarbon shows. The system seems to be lacking an extensive sealing. The hydrocarbon shows
encountered in this section were described as remnants of a migrated accumulation. The well
occurs close to a faulted section which could have possibly provided a migration pathway. In

addition, there is a major unconformity at the top Upper Cretaceous boundary (Top of LT 2).

The major trapping mechanism seems to be stratigraphic traps which may have been eroded in the
missing upper section. However, the tilted fault block closer to the basin margin appears to have
preserved this stratigraphic section suggesting the possibility of a well preserved petroleum system
closer to the basin margin. The displacements along the faults was best inferred from some minor

displacements that could directly be observed or the different dip direction of the sediments.

The basin margin may, contain a series of compartmentalised petroleum systems that are well
preserved due to the differential tilting at the basin margin fault block. Above the Paleocene
unconformity are thick Oligocene sands that form part of a braided channel system. This was
therefore a period of renewed rifting and uplift that is contemporaneous with the formation of the
EARS. Above this is a thin sandy Miocene formation which suggests a depositional hiatus. This
was followed by a period of intense volcanic activity that led to the emplacement of widespread
Pliocene volcanic flows. These volcanic flows can be observed in the seismic section above LT 1

with very chaotic seismic reflections that are very discontinuous and low amplitude.

A shallow lake basin can be observed in the southeastern extent of the seismic section. These are

possibly lake sediments that formed in the flexural basin created by the load of the volcanic flows
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The Sirius 1 prospect is, therefore, a promising petroleum play. The exists two major petroleum
systems associated with the Upper Cretaceous sediments. The major trapping and sealing
mechanisms are stratigraphic. The possibility of hydrocarbon accumulations is, therefore, higher
in sections where the sedimentary units are well preserved. In the case of the Sirius 1 prospect,
these occur closer to the basin margin. More importantly, the alluvial fan successions associated

with syn-depositional faulting closer to the margin could contain an untapped petroleum potential.
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CHAPTERS5 CONCLUSION AND RECOMMENDATIONS

The petrophysically derived lithostratigraphy is consistent with the lithostratigraphy derived from
the descriptions of rock cuttings. The Sirius 1 prospect comprises a sequence of alternating
sandstones and shales. A series of tilted fault blocks define the basin architecture of the Sirius 1
prospect. There is a working petroleum system associated with two different depositional

environments.

The lithological facies can also be tracked to the adjacent well sections, that is Bellatrix 1 and

Chalbi 3, to determine the lateral variation in depositional facies, towards a more basinal position.

It is, however, recommended to explore the extension of alluvial fan sediments closer to the basin
margin of the larger Chalbi sub-basin. There seems to be an untapped petroleum potential of these
sediments since they present as good quality reservoirs in well sections overlying rich source socks
of the lower Late Cretaceous. These are also analogous to the rich lacustrine source rocks of the
Sudan Rift.

The formation evaluation using petrophysical logs can be further enhanced to determine more
parameters especially the TOC content. This can be estimated using the GR and Rt log where there
exists an inverse relationship between the two in non-source shales. However, in the event of TOC

composition there exists a direct correlation between the two log values (Heslop, 2010).

In conclusion, this study has investigated the stratigraphy and basin architecture of the Sirius 1
prospect and studied the implied petroleum potential of the Chalbi sub-basin within which it lies.
It is evident that there exists an untapped potential and thus there is a need to obtain higher
resolution seismic data that can overcome the overlying basalt ‘problem’, to gain a better
understanding of the basin. The complex structural nature of the basin illustrates the possibility of

various compartmentalised petroleum plays.
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APPENDIX 1

SUPERFICIAL DEPOSITS

Qrs Alluvium

Colluvium and scree

| Colluvial spread off Tatesa Hills
Calcrete
Argillaceous pan deposits
Aeolian sand

Poorly consolidated lacustrine, aeolian and alluvial
deposits east of Lake Turkana (Galana Boi Beds)

Lake shore deposits: beach sands and mudfiats

Gravel, mostly composed of rounded coarse basalt clasts

SEDIMENTARY ROCKS

*

conglomerates and tuffs

 Interfingering fine and coarse, fossiliferous (1) 1.62- 281
sedimentary rocks and persistent tuffs;

basal fining upwards volcaniclastic sedimentary rocks

*
- Coarse fluviatile conglomerates

INTRUSIVE ROCKS

Vent tuffisites with carbonate and chert caps

Porphyritic microsyenite
Aegirine syenite and sodic granite
Tholsiit

Chioritic diorite intimately cut by tholeiitic basalt

VOLCANIC ROCKS

West of main Pliocene (Lake Stephanie) Rift

328

57'-

Trachytic aa lavas
Diorite plug infilling vent
Trachytic bedded pyroclastics

* Aphyric tholeiitic plateau lavas with minor
intercalated lacustrine and air fall deposits

Phyric and aphyric basalts, palaeosols rhyolitic
ignimbrites, basaltic cinder cones (Tvb ) siltstones

Rhyolitic fragmental deposits including two ignimbrites,

minor basalt, secondary hydrothermal deposits

* and B
reworked rhyolitic pyroclastics, sedimentary rocks

Rhyolitic ignimbrites and sillars, minor terrigenous
sedimentary rocks and basalts

* Aphyric basalts, palaeosols, clastic and chemical

METAMORPHIC ROCKS

- Undifferentiated paragneisses and marble

}

}

}

EXPLANATION
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ILYIA ASILLE
FORMATION | GROUP
E
> 8
ANYAKOLIB m
VENTS 2
JIBISA RING
COMPLEX
VOLCANIC ROCKS
East of main Pliocene (Lake Stephanie) Rift
Ankaramitic and olivine basalts
: DUKANA
Kt pippervid Gosnic sasy oponits VOLCANICS
Bedded basaltic maar deposits and other
pyroclastics
Olivine basalt
Clast supported basaltic cone deposits
Plagi . howai BULAL
agioclase - phyric hawaiites } LAVAS
. P~ TATESA HILLS
Stratified tholeiitic basalts
e BASALTS
) . WEST JIBISA
Massive augite basalt ANKARAMITE
NAKWELE Phytic and aphyric basalts, palacosols, NAKWELE
FORMATION igrimirites, sikstones FORMATION
Rhyolitic porphyries, ignimbrite, tuff
GUM DURA RHYOLITES
FORMATION Basal basalts, phonolite, ignimbrite, SABARE!
AL thomb porphyry, secondary iron (Fe) and upper basalt (b) [ yoLCANICS
FORMATION
LANGARIA Eroded plagioclase-phyric hawaiites } EL YIBO
FORMATION LAVAS
NABWAL
FORMATION

NB:- Figures represent whole rock isotopic ages, in million years before present (Ma)

Appendix 1: Legend of the geological map of the Sabarei area (Key et al., 1988)
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APPENDIX 2

EXPLANATION

SUPERFICIAL DEPOSITS

Alluvium

Lava gravel sheets

Incoherent volcaniclastic regolith
| PLEISTOCENE-
Clay and silt pan deposits (partly saline) RECENT

Lakeshore beach & dune sands

Deltaic sands, silts & clays

Silt, sand & gravel (predominantly aeolian) J

Colluvium

SEDIMENTARY ROCKS

PLEISTOCENE-
RECENT .

Koobi Fora beds (s.l.) ,» PLIOCENE

Diatomaceous & calcareous siltstones with tuffaceous mudstones

Y:

Undifferentiated intervolcanic sediments MIOCENE

AHVILH3L )

Sub-volcanic sediments (Turkana Grits)
-includes Sera Iitomia & Kajong F ions of previ rk

CRETACEOUS ? }

Jl10ZOS3n

VOLCANIC ROCKS

Undifferentiated basalts

r GOMBE GROUP
Hurran Hurra basalts J » PLIOCENE

Plateau basalts (north-west of Kulal Shield)

Tuffs, ignimbrites & agglomerates (Tmvf ) JARIGOLE

Phonolites & tephrites VOLCANICS » MIOCENE

AHVI:LHH.L
DI0ZONIVO

Augite-olivine basalts & basanites g:l;s&sx OROMTO } gchEONCEENE B

- Volcanic centres: syenite intrusives, trachytes & pyroclastics J

METAMORPHIC ROCKS (UNDIFFERENTIATED)

- Quartz -biotite & quartzofeldspathic gneisses, with some amphibolites } PROTEROZOIC }

NVIHEWVD
-34d

INTRUSIVES

Trachyte

Foyaite, nepheline-syenite

Tephrite, theralite

AHVILHIL

Basanite, olivine-basalt

- Soanelie lrrnnonsaozonc '

—

NVIHEWVYD  D]OZONIVO
-34d

Appendix 2: Legend of the Geological map of Allia bay (Wilkinson, 1988)
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APPENDIX 3

EXPLANATION

SUPERFICIAL DEPOSITS

.

Alluvial gravel, volcaniclastic HOLOCENE

Pan deposits, mainly silt and clay

GOVERNMENT OF KENYA
“ Colluvum, unditferentisted |
n Lag gravels, overlying lavas

PLEISTOCENE-
HOLOCENE

AHVNH3LVNO

Avohan sand with alluvial and colluvial components

MINISTRY OF ENVIRONMENT
AND NATURAL RESOURCES

Central playa silts and clays maly lacustnine

210ZON3D

Lacustrine and alluvial sands and silts marginal 1o playa deposits

SEDIMENTARY ROCKS

Dune and sheet sands, partly fluvial

PLEISTOCENE- MINES & GEOLOGICAL DEPARTMENT

n Lacustrine carbonates and calcareous silts (incl. calcrete) HOLOCENE

?PLIOCENE-
PLEISTOCENE }

LATE
- Makona formation conglomerates and sandstones } ar'tg“r:/éﬁsous}

VOLCANIC ROCKS

Ma East Dukana Area

Volcanics of partly degraded cones, mainly
composite. but including cinder cones

Older lacustrine clays fon horizontal section only)

——
J10Z0S3an

J

Pyroclastics associated with the above, including
Gof Dukana maar deposits PLEISTOCENE

Basaltic lavas associated with above

Huri Shield

Volcanics of partly degraded cones, mainly composite

210ZOYaNVHd

Pyroclastics associated with volcanic cones
PLEISTOCENE

Volcanics of older degraded centres,
including the main Huri dome

AHVNHILVYND AHVNHILVND SNO3OVLIIHD AHVILHIL AHVNHILYNO

Basaltic lavas mith, oniginal well-defined flow margins

Extrusives of associated centres, manly laves PLIOCENE-
Shield - buiding basaltic flood lavas r PLEISTOCENE L

Upper basaltic lavas. some with onginal flow margins

IMIOCENE-
Vol ] ted
Ol B o S i vt PLIOCENE

Asie Shield

Volcanics of partly degraded cones
and maars. mainly composite

JI0ZON3D

¢ PLEISTOCENE
Upper basaitc lavas

Shield burlding basaltic lavas
Volcanics of associated centres

» PLIOCENE r

Lower basaltic lavas
Volcanics of associated centres, mainly laves

AHVILHIL AHVNHILVND AHVILHIL

North Horr-Dukana Plains

Bulal lavas LAVAS
61

?MIOCENE-

GOMBE PLIOCENE
HURRAN HURRA > gaoup
Lavas and pyroclastics of Dabandabli relict volcanic cone }IAIMT: AND

BASANITES

32 Gombe Group. undifferentiated lavas

AHVILHIL

Dida Galgalla Area

Upper flow untt of plateau lavas
» PLIOCENE

34 Laterally extensive plateau lavas

AYVILHIL

METAMORPHIC ROCKS

- Migmatitic gnessses. dominantly quartzofeldspathic

INTRUSIVE ROCKS

5
;‘}PROTEROZOI

——
Jl0Z0YH3104d

Basalt dykes (Asie Shield) } PLEISTOCENE } CENOZOIC

AHVNH3ILVYNO

Granite dyke (Ulani Dera)

PROTEROZOIC-
Syenite dyke (Forol) ?PHANEROZOIC

Appendix 3: Legend of the Geological map of North Horr (Charsley, 1987).
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APPENDIX 4

EXPLANATION

SUPERHICIAL QEPDSITS

Allgvinm and tacusiring deposits [in maars)
RECENT
W |
| Aeolian sand (enth altiial sitt componen) over shisld basalis

Pourly consclidated calcarsous sediments | } PLEISTOCENE

Saline silts and zand bars of Chelbi playa
|
Sand bers marginal to Chalbi playa |
|
Oelled saad dunes, lassit watar course and gan sediments |
|

Deflated sand dunes {uver Makona formalion}

1 Colldum red with lluvial overwash ‘

Calcrote

CAINOZOIC

Ugpermost, namow basalt lava lloas |

Lapili breecias of saseltic cinder cones ' PLEISTOCENE-RECENT > QUATERNARY

| dedded basaltic pyroclosties of dlock-aad wsh cones |penoharal fo maars}

L Latarally exiensive tasalt flow  units of shilds ,
4 {TviHEK cepresant older Hisi and Kulal Vavas rospeclively) l

Naerow dasalt lava flows ' 5 PLIOCENE '
WL e & )
MIOCENE TERTIARY-QUATERNARY

Laterally axtensive plateau basalls } '

PLIO-PLEISTOCENE

SEDIMERTARY AOCKS |

Pacrly ceatolidatad wail bedded, lassiliorous silistonas } KAHOLE FORMATION }MlOC ENE

- Flaggy. red-weathering gritstanes with minor blue-grey shales : } MAIKONA FORMATION } ? CRETACEOUS } MESOQZOIC

METAMDRPIC ROCKS

Interlayerad homalunde-neh gneisses and fissle el gneisse, 1
with common almandine gumet gomnyredlasts aml pods ot

metaquarizie (mqKP) i
marble (meKAy KORR COMPLEX
amphiaalite ¢mnKR)
winamatic (msuKR)

+  PRECAMBRIAN

Massive 1o Hlagny quarzofeldspathie gneisses with layers ol |

Augen goeisy (mgKTy

Hypersthune uearing felsic graisses (mg'kTy
21 Fissilo yornenterous matasodinsonts (mg®KT)
1 Fianay biotite gueisses {mgb%T) !
] Flagoy homblonde gueisses (mghKT)

{yag ueboIp) dNdMUIRZOWN

URHQWIB) JOZUERO LG 3T ) JO J4wd)

KOTIM GNEISSES

Undiflerentiated goeisses (sectiors only}

. } QUATERNARY } CAINOZOIC

Metapecukanits
Pegmatitie yraning PRECAM BR I1AN

Foleted granadionta 1Kot

Appendix 4: Legend of the Geological map of the area N.E of Marsabit (Key et al., 1987)
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APPENDIX 5

EXPLANATION

SUPERFICIAL DEPOSITS
]
Clay and silt pan deposits, partly saline
Lakeshore beach & dune sands
Lava gravel sheets FREEISTOCENETO L qUATERNARY
Silt, sand and gravel (dominantly eolian)

Deltaic sands, silts and clays

Incoherent volcaniclastic regolith

: TERTIARY TO
oo } QUATERNARY '

J10ZON32

SEDIMENTARY ROCKS

Diatomaceous and cnlclnmu siltstones
and tuffaceous mudstone:

ous HOLOCENE

Limestones PLEISTOCENE(?) ¢ QUATERNARY Sl

Lake beds PLEISTOCENE

Kalabata Valley beds MIO-PLIOCENE
» TERTIARY
Clays, ashes, marls, silts, sandstones, conglomerates

volcanic conglomerates (Lofyangali formation) IOCENE (?)

M
Sub-volcanic sediments (Turkana Grits') E‘ ACEOUS i r %gAIAC'VEOUS L

w_.\
J10ZON3)
/210Z0S3N

VOLCANIC ROCKS-WEST VOLCANIC ROCKS-EAST
Tephrites %’ﬁu%?m" | - Volcanic brec

Trachytes NATAI TRACHYTES ¢ LORTU FLATEAU

PLEISTOCENE QUATERNARY
. -

[w}
m
I i iAo LOTIAPUTH BASALTS Z
N
(=] Upper Kulal b
Basalts KALING KANAZOI BASALTS PLIOCENE i
Lapilli tuffs
Tephrites and phonolites EMURUABWIN TEPHRITES MIOCENE » TERTIARY | kutaL swieto
EOCENETO Tutfs ! VOLCANICS PLIO-PLEISTOCENE (?)
Basalts CHIBELET BASALTS OLIGOCENE
Cinder cones
VOLCANIC ROCKS-RIFT }
Lower Kulal basalts PLIOCENE
\
25 TERTIARY/QUATERNARY
Ashes + RECENT Ash cones ,-n"
=
Trachytes Lapil tephra | PLIO-PLEISTOCENE (7) 2
| LONGIPI SHIELD o
VOLCANICS —4
Cinder cones o
Pumice and ash beds
\ BARRIER VOLCANICS Basalts } PLIOCENE (?)
Olivine basalts and basanites
Trachytes Trachytes
* PLEISTOCENE 1o PLIOCENE
Phonoltes QUATERNARY 2 o
=
Ash cones 2 r TERTIARY
=} ot } IYUK RHYOLITES
Agglomerates o
3 e } PARKATI VOLCANICS
Cinder and spatter cones 1l
1]
‘aa basalts . :: Basalts } PLATEAU BASALTS } MIOCENE
SOUTH ISLAND [ PLEISTOCENE(?) |
Pahoehoe basalt VOLCANICS I
I
Stratified ash beds I* TERTIARY
s
Porphyritic basalts (section only)
JARIGOLE
Phonolites, tephrites VOLCANICS V?“'}'é'?ﬁnm” MIOCENE
BALESA
Basalts KOROMTO EOCENETO
BASALTS OLIGOCENE
INTRUSIVE ROCKS METAMORPHIC ROCKS
Biotite gneisses with:
Dolerite sheets and plugs
rn" Quartzo-feldspathic biotite gneisses (mgbafON)
Foyaite, microfoyaite and nepheline syenite - 4 i :
» TERTIARY r 8 Biotite-hornblende gneisses (mgbhON)
Tephrite, theralite (= :
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Trachyte Garnet-biotite gneisses (mgbeON)
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Granite with pegmatite veins il Graphitic sillimanite gneisses (mgsON) o
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>
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AU Augen gneisses (mg'xT)
______ Beological boundary appeosimete — — — — Road or track
Strike and dip w'm‘ e b Tfswn Biotite migmatites
S gneissosity ~—_~—— River seasonal UNDIFFERENTIATED MIGMATITES
— = . Faults: tick on downthrow side W Well or water hole Hornblende migmatites
—& 5 Synclinal fold axis: arrow towards plunae ——2nnn—_ Contours 500ft interval in the east.

Appendix 5: Legend of the geological map of Loiyangalani (Ochieng and Wilkinson, 1988)
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APPENDIX 6

GSA GEOLOGIC TIME SCALE v.5.0

Appendix 6 Geological timescale
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Walker, J.D., Geissman, J.W., Bowring, S.A., and Babcock, L.E., compilers, 2018, Geologic Time Scale v. 5.0: Geological Society of America, https:/doi.org/10.1130/2018.CTS005R3C. ©2018 The Geological Society of America
*The Pleistocene is divided into four ages, but only two are shown here. What is shown as Calabrian is actually three ages—Calabrian from 1.80 to 0.781 Ma, Middle from 0.781 to 0.126 Ma, and Late from 0.126 to 0.0117 Ma.
The Cenozoic, Mesozoic, and Paleozoic are the Eras of the Phanerozoic Eon. Names of units and age boundaries usually follow the Gradstein et al. (2012), Cohen et al. (2012) , and Cohen et al. (2013, updated compllatlons Numerical age estimates
TH E G EOLOGICAL SOCIETY and picks of boundaries usually follow the Cohen et al. (2013, updated) compilation. The numberet? epochs and ages of the Cambrian are provisional. A * ~) before a numerlca?a imat typlcaﬁl ! d error of 0.4 to over 1.6 Ma.
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