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Abstract

The purposes of this study are to establish the sequence stratigraphic framework and
understand the basin evolutiohthe Samma, Yabus and Adar Formations (Tertiary age),
south east Sudan. A 3D seismic data, integrated with well logs and FMI, of 5 exploration
wells permit recognition of the sequences and the stratigraphic framework of the third rift
phase in the Rawdasin. Based on the GR log motif and FMI data, nine lithofacies
associations have been detected in the three formatibims. main depositional
environments in Samma Formation are alluvial fan, fluvial, shoreface and shallow
lacustrine. Yabus Formation isiterpreted to be deposited in fluvial and deltaic
environments while Adar Formation was deposited in marginal and open lacustrine
environments. The sequence stratigraphy interpretation is accomplished in term of three
sequence orders which are setordersuper sequence, second order and third order. The
depositional environments are associated with system tracts within the identified
sequences. The low stand system tract in the second order super sequence is dominated by
alluvium fan sandstone. The Transgsive system tract is mainly composed of lacustrine
shoreface, shallow lacustrine, and flwdeltaic deposits whereas the high stand systems
tract is characterized by semi deep lacustrine and shallow lacustrine deposits. The
interpretation of 3D seismuata, revealed four continuous reflectors corresponding to the

bottom Samma sequence boundary, the top Samma Transgressive surface, the maximum
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flooding surface of Adar and the sequence boundary of Adar formation. Four seismic facies
have been detectedm the seismic facies analysis which is supported by different seismic
attributes. Episodic tectonic movements and climate changes were identified as the
principal factors that controls the development of the studied sequences. The balance
between the teohic subsidence and the sediment supply controlled the type of the lake
Basin. The findings of this study indicate that this basin was anfitieer basin in the

early Paleocene of the Samma Formation and evolved into anfilletebasin at the early
Oligocene Adar Formation. The most favorable sandstone reservoirs are developed in
fluviodeltaic environment in the Yabus Formation which is capped by the high stand semi

deep lacustrine environment in the Adar Formation.
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CHAPTER ONE

INTRODUCTION

1.1 Overview

The Republic of the Sudasiconsidereane of the developing countries in Africhpugh

it is rich in natural resources. Among those important resources are the recently discovered
hydrocarbon accumulations within the Interior Rift Basins of Southern Sudan. Among
these discoverieareHeglig, and Fulla thavereachieved during the @wron exploration
activities in the 1970°s and 1980(Schull, 1988) The West African Rift Subsystem
(WAS) and Central African Rift system (CAS) belong to the huinatinental Cretaceous
Tertiary rift system (WCAS), which runs along the Central Afri§&ear Zone (CASZo

create other important rifts such as Nigeria Chad basin, Niger Agademit basin, South

Chad basin and Sudanese rift baghos et al , (2007) The Sudanese riftghich belong

to the CAS rift system are both extensional and s8lie basins withvery thick
sedimentary sequence of Cretaceous to Tertiary times. However, the precise stratigraphy
and the subsequent ages of activity in each rift remains difficult to anticipate McHargue,
(1992). The Central Sudanese rift basins are dated byasymmetric halgraben
structural geometryhowever,some symmetrical grabease alscexist. The width of the

asymmetric halgrabens is typically from 20 to 90n (Schull et al., 1988).



The petroleum exploration and production of Suaiocused on three main rift systems
.the Muglad, White Nile and Blue Nile rift systems, which show an overal$8\Mo NS
striking direction nearly perpendicular to the Central African Shear Zone (CASZ). Several
published works have dealt with the general camgon of the various grabens in Sudan
such as:Schull, 1988; Mohamed et al., 1999; Bosworth, 1992; Salama, .1985e
application of Sequence stratigraphy in Rawat basin, will improve our insight into how the
sub basin accumulated and preserved theoPameOligocene Samma, Yabus and Adar

Formations

1.2 Study area

Rawat basin is part of White Nile basin which divided tdelut basin in the south and
Rawat basin in the north. The basement high structure is the separation between the two
basins Figug (1). The Rawat Basin lies in th@outhern part of Sudan and the Northern

part of the knowrMelut basin in the south Sudan Republic which extends into Sudan,
around 350 km south of Khartoum City.is 175 km long and 50 km wide and locally
holding to 6@0 m of Late Cretaceous to Tertiary sediments. It is forming the northern
extension of the elongated White Nile rift system, which includes the prolific oil province

of the Melut Basin. The sedimentary infill of the Rawat Basin is dominated by fluvial and
lacustrine sandstones, mudstones and local tuffs of Upper Cretaceous to Quaternary age
(Salama, 1994). The facies distribution is likely to be controlled by pulses of fault
controlled subsidence followed by more prolonged episodes of thermal subsidence
(McHargueet al, 1992). Rawat basin consist of four sub basins (Northern, Western
Eastern and Central) and only the central basin hassdive petroleum accumulation

Figure (2)
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1.3 Problem Statement

Althoughthetwo oil fields discovered in Rawat Basin make it promoted as a provenance
area for hydrocarbon exploration, the lithofacies distribution, stratigraphic framework,
reservoir geometry and continuity are not well understood ke area is characterized

by a complex satigraphic setting and heterogeneous sedimentary facies like the other rift
basins in SudafDou et al., 2007). Application of sequence stratigraphic approach will
help in understanding the basin history and its petroleum system evolution as well as the
reservoir properties which has the advantages in assessing and adopting suitable
exploration and production technoleg

This study aims to analyze the vertical and lateral sedimentary facies distribution in the
sequence of the third rifting phase whialtlude each of{Samma/Yabus and Adar
formationg. The data analysis will also include idenitily and mapping the stratigraphic
surfaces as well as structural elements that highly control the distribution of petroleum
system elements in the studied segeefitiis analysis will be interpretedingasequence
stratigraphy concepts to finallevelop sequence stratigraphic framework and depositional

model for the studied sequesce



1.4 Objectives and scope of the study

The main objectives of thistudyare toinvestigatethe stratigraphy and sedimentology of
thethird rift cycle in Rawat basin whidls represents by each of Samnvabus and Adar
formatiors. This has been achieved through the followsteps.

1

Identify the major lithology (sandstones, ha 6 s ) facies,and aci es
depositionaknvironments
2- Construct the depositional model taking into consideration structural coatrls
strata geometry.
3- Regional correlation for the third rift phase (Samma, Yabus and Adar)
4- Build sequence stragfiaphic framework in order to better understand the basin

evolution

5- Understand the interplay of tectonics, sediment supply, and climate in controlling

the large scale stratigraphy of rift basins



1.5 Studies and Previous work

The geologicalesearches on lacustrine basins have developed rapidly for the past few
years. Rift lacustrine basins, noticeably, have extremely special but various sequence
depositional architecture patterns which resulted from the tectonic activities, climate
variationand sediments supplRift lacustrine basins hav®come a research hotspot.

A large amount of researchearerelating to tectonics and sequence stratigraphy
sedimentology(Fol|kestad et al., 2008), Gallowayet al., 1977), (Liu et al., 2010), (
Mcglue etal.,2006) The Republic of the Sudan is one of the emerging petroleum
countries in Africa. Many Sudanese interior and offshore basin have been explored for
hydrocarbon since the late fifties of the last Century, and many discoveries were made
since the seenties. Muglad basin is the most studied area in Sudan while the White
Nile basin has little attention in literaturtsat because it is farther from the central
African shear zone and near to east African rift system (Bosworth, 1997). No Attempts
have leen made to study the sedimentological and biostratigraphical characteristics of
White Nile basin (Melut and Rawat Basins), but only few of these incorporate the
sedimentary development with the biostratigraphic evolution even in Muglad basin
(Dou et al, B07). The stratigraphy of rift Basin is never simple as a major
disagreements over the ages, facies and depositional environments of the main
reservoirs, seal and source rocks are encountered. Recent studies have demonstrated
the viability of applying thdechniques of sequence stratigraphy to the analysis of
lacustrine basin fills formed in tectonically active settingsang, 2002 The main

tools for examine the sequence stratigraphy frame work in this study is the well data



and seismic. Many scientissed this technique for analysis the sedimentary facies,
depositional environment interpretation and understanding the basin evolution.
Kessler and Sachs (1995) used gannaydogs and seismic characteristics to study the
sedimentary process of sandstonkfredand. Bourquin et al (1998)ocumentedhe
electrofacies from well logs correlate well with the sedimentary facies from core
analysis, and the electrofacies established on well logs can be used to directly interpret
the paleoenvironments.

Most of theprevious geological and geophysical work in the White Nile Basin had
been donassociated witlthe exploration activities of Chevron Company in Sudan.
The work which continued from 1975 to 1985, resulted in a considerable amount of
geological, geophysicalnd palynological dat@8rowne et al. (1985) did geophysical
work in what was called the White Nile Rift that includes the Northern part of the Melut
basin, (Rawat Basin). They carried out gravity studies and revealed similarity in
tectonic and structuraharacters between this rift and the Blue Nile rift as well as the
Muglad basin. Salama (1985a; 1985b and 1987) investigated the evolution of the River
Nile and suggested that closed saline lakes occupied the area of the Melut basin. These
lakes connectktogether in the Tertiary to form the River Nile. Between 19838
Robertson Research International Ltd. (RRBevaluation of AdaiYale Oil Field as

part of the World Bank sponsored study. In August 1995, Gulf petroleum Company
Sudan (GPCS) signedpaoduction sharing agreement (PSA) with the government of
Sudanto develop and produce Adxale oil field in the centre block 3.the GPCS,
which holds up to 55.408% equity, the synergy petroleum incorporate 30% the national

petroleum company (Sudan) 8.266and Concorp 6.426% with the GPCS as the



operator of the permit, have subsequent]|
and published new findings regarding the Central Sudan Rift basins. The work
concentrated on the Muglad basin, and included thieggof the Melut basin. Kaska
(1989) investigated the palynology of the Central Sudan Rift Basins. He subdivided
the sedimentary sequences into five major palynological zones ranging from Early
Cretaceous to Oligocene. He discussed the stratigraphymesgidiogy, geophysics

and the tectonics  of these basins. Bakr (1995) studied the Mesozoic and Cenozoic
sedimentary facies of the Muglad, Melut and Blue Nile rift. Murad (2002) studded the
sedimentology, petrography an@gkenesis of the Yabus formationAdar-Yale field.

Imam et al., 2004 suggested that Whkite Nile basin and Blue Nile basin are formed
due to the separation between #feca, India and Madagascar while Muglad basin
and Baggra are related to the WCAR. Dou et al., [p0baracterizethe framework,
structural and petroleum geology aspects of the Melut rift Basin and identified the
structural style using the seismic and well data. Badal., (2007) investigate the
heterogeneity within Yabus and SammaMelut basin based on cuttingores and
wire-line logs. They found vertical and lateral variation along the basin wiash
interpreted due to tectonic, depositional and joegtositional controls from the
proximal to distal of the fluvial and lacustrine system ( Omayma., 2010)eSttiok
sedimentology and reservoir characterization of the lower tertiary strata in Palouge
Fal oil field. (Yassin., 2012) in histasterThesis Propose a fractures model system
within the basement reservoir in Ruman area, Melut basid.he characterize the

fracturesorigin, distribution and connectivity



1.6 Exploration History:

The first reconnaissance of the White Nile basin commenced with Chevron Oil
Company in 1975, Schull (1988), after conducting extensive aeromagnetic, gravity,
seismic surveyand geological works. Five wildcat wells have been drilled. Three of
them, named Adar_1, Adar_2 and Yale_1, contain oil in the Yabus formationeaad

used tdfigure out the scope of Adarale oil field, which is located in the centrphrt

of block3. All the pay sands of these wells are contained in the Yabus formation
(Paleocene) that is the basal of Tertiary Formation. Also, drilled by Chevron in the
sameyear, Nal_1 and Sobat_1 were dry and situated in block 3E and 7E respectively.
After evaluatingthe development plan results of the field, Chevron relinquished the
discovery as marginal interest and the license was reverted to the Sudanese
government. From 1985 1988 Roberston Research International Limited (RRI),
completed reevaluation of AdaiYale oil field. In August 1995, Gulf Petroleum
Company Sudan (GPCS) signed a production sharing agreement (EPSA) with the
government of Sudan to develop and produce Adale oil field in the center of block

3. In October 2001 Petro Dar Operating CompanydEDsigned up a production
sharing agreement covering block 3 and 7 as new consortium comprises CNPC,

PETRONAS, SUDAPET, SINOPEC and THANI.



1.7

b)

9)
h)

Data and materials

The stratigraphic and Sedimentologic dimathis studywerekindly provided by
theMinistry of Energy and Mining, Republic of Sudan. The data consist of 7 wells
distributed in the central sub basin, Western sub basin and Northern sub basin. The
well data include:

Digital wire-line logs of5 wells which include gamma ray (GR), neutron logs,
sanic, density, SelPotential, Bit size and caliper logs.

Master logs of5wells.

Geological reports forSwells that includes daily drilling reports and formations
tops.

Sidewall core description

FMI of 3 wells

Check shot fob wells

SEG Y 3D Seismic voime( 3D seismic covers around 432 sg.km.

1.7.1 Petrel Software:

The software to be used is Petrel, which is a product of Schlumberger, used to build
3D geological models of petroleum reservoirs, seismic interpretation and geology
correlation. In my stugd | will also use Petrel for data visualization, seismic

interpretation, data analysis and geology correlation. Petrel version 2014 that | used

give optimum results for the objectives in this study.
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1.8 Methodology

The ideal methodologyof subsurfacsedimentology and sequence stratigraamalysis

is the integration of all subsurface data. The integration of large scale seismic reflection
and low scale well data (wire line logs, FMI, mud logging) will give a details story for the
Lithofacies distribution, type of sub environments and environment, stratigraphic

correlation(Allen and Posamentier., 1999).

A series of tasks should follow to achieve the previous objectives:

1- Creating a newetrel geological database
2- Revising all well logcurves and create the integration for the followingstog

Bit size with caliper to detect the well hole condition

GR and SP to detect how G$sensitive for the lithology interpretation

3- ldentify the major lithology (sandstones s h al e 6 se$ asdodationesing f ac i
Gamma raycutting, (Neutron and Density log crossover) and SP whéde=M|
will beuseal for the identifying the sedimentary structure. The principal gamma
ray logtrendswill be used for interpreting sedimentary cycles and/or dépoal
facies.The five GR log trends figure3d) are bell shape (upwards increasing in
gamma counts), funnel shape (upward decrease in gamma countsgrbax
cylindrical (relatively consistent gamma readings), bow shape (systematic increase
and decreasof gamma counts) and irregular trend (no systematic change in gamma
values) Emer vy, D. and )MBased en, the Kuttidg desCript@rss,7

lithology, grain size and dominant sedimentary structures, the Lithofacies types will

12



be determined and im@reted.The neutrorand density log will be used tbserve
their overlapping to confirm the lithology interpretation which is given by GR and

cuttingdescription

The neutrordensity Ias of clean sandstone unitsckkad each other closely or had

little separations while shale intervals had wide separations.

By combining the lithology and sedimentary structures from the formation micro
image (FMI), the lithofacies and lithofacies association can be identified which
represent the building block for the a@sjgional environment.

Establish the regional and details correlation between the ¢lerformations by
pladng the GR at an equal depth in order to facilitate correlation. The depth
measurement was considered in True Vertical Depth Subsea (TVDSS) value.
Matching of similar lithologies will then be carried out from well to well using the
top and bottom horizons as controls. Similar features in terms of gamma ray
signatures and compatible log will be marked.

The Correlation will be done to determine thetat continuity or discontinuity of
facies, hence aiding reservoir studies in the well field

The well log suites provided for the study were displdygthe Petrel softwareat
consistent scales to enhance log trends and also to aid recognition ofttatiems
patterns and parasequence. Parasequence stacksal\atigrrences of repeated
cycles of coarsening or fining upwards sequences), gave rise to progradational,

retrograditional or aggradation pasaquence sets

13
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7-identification of sequence boundaries and sequence packages from the well log and
seismic data.

8-well to seismic tie, this step represent the bridge between geological information (well

data in depth)rad geophysical information (seismic in time).

9- Generatingthe synthetic seismograms: This process involves calculating acoustic
impedance and reflection coefficients from density and sonic logs, extracting a seismic

wavelet from the seismic trace at thell location

10-Seismic interpretation for Samma, Yabus and Adar formation for Identification of
sequence boundaries atedidentify through theSeismic stratigraphiobservatios of the
strata reflectiogeometries

11-Systems Tracts (Low stand Systefiract, Transgresa- Systems Tract, and High

stand Systems Tract) weregegnized with the aid of the well and seismic data

12- Construct the depositional conceptual model from the interpretation of depositional

environment of (Samma, Yabus and Aftamations.

13- From the integration all the previous data and information the sequence stratigraphic

framework can be establish.

15



Thiswork performedalongseismicsectionpassng through five wells in central sub basin
of Rawat basifigure (5). Thissub basin is characterized by positive oil signature therefore

most of the wellsveredrilled in this part of Rawat basin.
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Figurel.4workflow of the data interpretation in the study area
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Figurel.5location of the five wells in the seismic section of the central sub basin and on the sypvaftinea
study area
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Figurel.6thegeneral work flow thaivas followed to achieve the objective of this study
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CHAPTER Two

Regional Geology

2.1 Introduction

The Sudanese interior basins comprise widespread intercontinental sedimentary basins,
trending NWSE. The Sudanese interior basins consist of three majoghs, each of

which is composed of a number of dodisins. These three major troughs are termed as the
Muglad Block,White Nile Block and Blue Nile Block. Each of these blocks comprises
vertical sequences of fluvial lacustrine shale and sand depositarddender study is a

part of the Late Jurassic to Cretaceous Sudanese Melut Rift Cof8plax! et al., (1988).

A thick sequence of Mesozoic to Tertiary sediments penetrated in Palogue structural belt
in the south part diVhite Nile basin.The highenegy fluvial sandstones of the Yabus and
Samaa formations are the main reservoirs and Adar lacustrine shale is the potential seal

(Dou et al.2007).

2.2 Geological setting

The Rawat Basin is a part @hite Nile basin which is Late Cretaceous to Tertiafty r
basinanditself is part of the extensive Central African Rift Sys{&mgure (8). The Central

African Rift System exhibits a Major EN@&riented strikeslip zone showing in this case a
dextr al mo v e mearpta.r t Ma rbracw nfsp wiikbsliplzane, whicle d al o
extends from Cameron through southern Chad and the Central African Republic into west

central SudaifFairhead et al, .(1991). Movement along this fault system is dissipated into

20



a series of NWSE oriented rift basins, which extenota southern Sudan and Kenya
McHargue et al., (1992). The early evolution of the Central African stligezones was
probably controlled bythe opening history of the South Atlantic Ocean during the
Mesozoic Schull et al, (1988).

The west and centrdifrican basins are typical rifts, which evolve in response to-intra
plate stress expressed along-exesting lineaments separating old cratonic areas

Panet al., (2013). The important rifts are known as; Nigeria Chad basin, Niger Agadem
Termit basin, 8uth Chad basin and Sudan rift basins Figure (8). These rifts recorded very
thick sedimentation during Cretaceous and Tertiary. Data collected from exploration
activities confirmed the existence of these rift basins, some of which contaiiftsyn
sedimers of probably Jurassic time. Schull et al., (1988) believes that Sudan rift
development in Jurassic could possibly be evidenced by the Jurassic sedimentary sequence
encountered in the Dinddr Well in the Blue Nile basin. Moreover, Jurassic sediments
may ssibly form part of the thick seismically defined sequences that lie deeper below the
penetrated sections in the Muglad, Melut and Blue Nile basins. Multiphase rifting was
responsible for variation of regional stress field, generally control the evolatidn
development of individual rift basins with unique histories of each rift basin due to local
influences McHargue et al., (1992). The White Nile basin contains two distinct and
dissimilar sukbasins, the Rawat basin in the north, and melut in the S&eaikmic
stratigraphic study by Chevron in 1985, indicated that the whole White Nile basin (Rawat

basin and Melut Basin) underwent three episodes of rifting.
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2.2 .1 Rift Phases:
2.2.1.1 Rift Phase I:

The Early Cretaceous (13® Ma) was the main time of the first rifting phasEigure

(20). The origin of this rifting is generally attributed to the bregkof Gondwanaland and

the opening of the South Atlantic and Indian Oceans starting about 130 Ma (Schull et al.,
1988). Duringthis phase, up to 5000m of subsidence is indicated in the lower Cretaceous
continental sediments. The early rift sediments in Melut basin are probably dominated by
coarsegrained continental clastics, but some lacustrine or fluvial sediments may have been
deposited. Control on the geometry of the deposits is poor, but numerous areas of low
lying basement hills probably supplied the sediments. Several types of continental
environments existed in different areas including mainly fluvial and lacustrine. This
sedimentary regime continued through Tertiary times. Rift age is well documented with
spores, pollen and ostracodgzenik et al., 1993)Rift phase | was closed by regional
unconformity.

2.2.1.2 Rift Phase II:

The Late Cretaceous Rift Phase Il {B® Ma) began with a short lived period of Late
Albian - Cenomanian rifting, followed by a long period of marked thetewonic
subsidence within the riftigure (L1). The extensiorwas coupled with a sharp basin
modifying tectonic pulse, termed the Santorsqumeeze (Genik et al, 1993). The pulse may
have resulted from the major reorganization of the equatorial and South Atlantic plates
(Fairhead and Binks, 1991), noidbuth compression between the African and European
plates (Guiraud et al, 1992) and a changbe movement vector between the African plate
and the Eurasian/Tethyan plates. Attex squeeze event, mild uplift continued until about

24



74 Ma at which time the shallow seas regressed completely and rift phase Il wastéermina
by a regional unconfority. During rift phase Il, up to 6000m of rift and therstextonic
subsidence is recorded in Upper Cretaceous marine sediments in West Afrian®ifts
west Central African rifts (Dou et al, 2007)

2.2.1.3 Rift Phase Il

During rift phase 11l (7430 Ma)2000 meters of rifsubsidence and 3000 meters of thermo
tectonic subsidence were recorded in the West African rift system (Altieb et al ., 2010).
The Central African basins were emergent, subsiding no more the30R@0in places. In
Niger and Sudan, thigft phase is related to the accelerated northeasterly transport of the
Afro-Arabian slab that was subduction the Zagré&sirasian. During 3@5 Ma, rift phase

[l was terminated by a regional unconformity which ushered in the post rift pha€e (30

Ma). Much of the African basinsavesubsequently became emergent.
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Figure2.3Regional Tectonic setting illustrating collision of Eurasian and African plate along the alpin
orogeny during late cretaceous creating {$& oriented compressional stress and inducingSME
trending tensile force leadirtg subsidence in Muglad and Tenere basin (modified from Fairhead,1989).
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Figure2.4 Regional tectonic setting illustrate onset of opening of atlantic ocean on the weste

and indian ocean in the eastern side of Africa during the late Jurassicytaressceous.Note
Muglad Rift Basin intiated as a result of the transform Fault which extended into African Cor
and leading to Strike slip fault of Central African Zone (modified from Fairh&889).
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2.3 Structural Styles:

The White Nile basin exhibit typical rift extensional tectonic feature with stiike
compressional effects. Major fault trends throughout the basin arSE\® NNWSSE,

oblique to the main basin axisSeismic data indicated large numbers of tensional faults
which have formed the overall basin and also defisedkeral sutbasins(Figure (R).
Structures within these stiiasins showsignificant variations in age of formation,
complexity and size. The basin is bounded by border normal fault system that experienced
dip-slip displacemenwhichincreases at the center of the fault and decreagesd either

ends, with adjacent rider blocks and glgpositional folds. The preserved present day
stratigraphic geometry are strongly influenced by the displacement geometry on the
bounding normal fault system. The spatial stratigraphic significaatated to the growth

of normal faults in extensional basin, which was established from the fact that cumulative
displacement is greatest near the fault center and decreases toward the fault tips and the
fault lengthen as cumulative displacement increéakieb et al .,(2010) Moreover, the
half-graben sedimentary basin geometry is a fundamental displacement on large normal
fault system, and thus is expected to be deepest near their centers and to grow in depth,
width and length through tim€entral Melutarea is enclosed within basement involved
district major faults which were downthrown towards the center with tilted blocks and
half-grabens along the margins of the basin, adjusted byskininor sedimentary involved

faults as well as smaller synthetind antithetidaults(Dou et al (2007).
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2.4 Stratigraphy of the Rawat sub basin

The Rawat basin lies north eastward of the Melut basin and shares global sedimentary and
architectual features especially rift related tectesiatigraphic packages well
recognizable on seismic and from their log signature. Tidréary andCretaceous strata

have been studied irMelut basin but the nominatioand thestratigraphy are ladkg
reference because they are less studied. Since 20@hlgmntological and lithological
datahave beeravailableandthe nomination, division of strata become mangportant.

Four rifting phase has been identified separated by unconformities wiaddelineated

using paleontology, drilling and seismic déteggure (12).

Namelyfrom top to bottom Neogene Quaternary, Paleogene, Upper Cretaceous, and Lower
CretaceougDou etal., (2007).The stratigraphic column for the Melut Basin is summarized

in (Figure (12). The formatiorname wagproposed during the expktion stage .generally

the thickness is variable laterally due fault ocence and lateral change faci€wur
knowledge of the stratigraphy of the Melut basin has evolved through different
development stages. It started with Chevron Overseas Petripleuim1982, which drilled

five wells in the Melut basin, some of which has reached the basement, based on this wells
they classified the sediments ages to the two groups, MesGeetiaceous group which
found between dept hs aHdedbSammé bination] dhd @her0 f t
one is CenozoicPaleogendleogene group whichas itsdepth about 3500~5000 ft.
Robertson Research International (R.R.l) and Geological Research Authority of Sudan
(GRAS) reeval uat ed Chevronos w o rdikisioasnfdr the nt r o d
sedimentary sequence in the Melut Basin. As a result, a broad lithostratigraphic

correlation proved possible between wells in the northern Melut basin (given herein the
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codes: A¥1, AY-2 and AY-3). However, the AY4 well in the south stws unique
lithological subdivisions; hence, a different lithostratigraphic framework has to be
introduced. Consequently, the northern part of the basin was subdivttedeven

formations, while eight formations were introduced for the southern part.
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2.4.1 Late Miocené Quaternary Daga and Agor succession:

The Daga Formation is interpreted to comprise floodplain sediments with
humid/subtropical type vegetation. The succeeding Agor Formation was probably
deposited uder conditions characterized by grassy woodland or savannifpe
vegetation, reflecting drier conditions relative to the Daga Formaliteb et al ., (2010).

2.4.2The Miocene Miadol Formation:

The Miadol Formation yields palynofloras indicative ofpdsition within a variety of
overbank/floodplain and lacustrine settings. The lacustrine facies are often well developed
suggesting longved, stable lake conditions.

2.4.3 Late Oligocene Early Miocene Jimidi Formation

The basal part of this Formatias characterized by stacked sandstones, which probably
represent channel facies introduced into lacustrine environments. The Jimidi and
succeeding Miadol Formations are considered to be correlative with Tertiaryifpost
succession in the Anza Graben

2.4.4 Mid Oligocene Lau Formation

In the north part of the Melut Basin the initial infilling sediments deposited in a broad
topography. The Lau formation comprises relatively-fingined sediments implying that
renewed active rifting had not been initiat€erbank/floodplain facies are considered to

have prevailed, but witbccasional lacustrine phases.
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2.4.5 The Oligocene Adar Formation

The Adar formation represents a late rift phase characterized by reduced coarse clastics
input and the prevalence oYerbank/crevasse splay/floodplain facies. Lacustrine phases
also became more persistent. Sub aerial oxidation, however, continued to be significant

during thedeposition of Adar succession.
2.4.6 Eocene Yabus Formation:

The initial deposits of the Yaburmation are dominated by channel sandstones, mouth
bars and crevasse splay, which define the Yabus Sandstone Member that is regionally

correlative. The Yabus Formation represents the main reserwvinite Nile basin.
2.4.7 Paleocene Samaa Formation

The Paleocene restisiconformableipon the Late Cretaceous, a situation analogous to that
in Anza Graben. The Samaa Formation represents the initial infilling of Late Cretaceous
topography, with the predominance of fluvial and overbank facies, and sighgudzaerial

oxidative phases.

2.4.8 Late Cretaceous Aenk, Galhak and Melut Formations

The late Cretaceous strata in the Melut basin comprise three formatieRenk] Galhak

and Melut respectively, the total range is Campanian to Maastrichtian. [FRenk
Formation rests unconformably on-@layger formation, while the relationship between

the Late and Early Cretaceous in structurally lower settings Is uncertain. The Cretaceous
succession in the Melut basin is also correlative with the Campakiaadrichtian rift

fill succession in the Anza Graben. The proposed depositional settings are interpreted to
have once dominated by fluvial conditions with brief, periodic phases of lacustrine
conditions(Dou et al. 2007)
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2.4.9 Early Cretaceous AlGayger F@tmon

AlGayger Formation rests unconformable upon the Basement and is dominated by thin
bedded finingupwards sandstone beds. Argillaceous interbeds increase in frequency and
bed thickness in the upper part of the formatildns formation is interpretet have been
deposited under predominantly rorarine conditions during the early stages of rifting
related to the opening of the South Atlantic:@dyger Formation is a lateral equivalent of

the AbuGabra Formation in the Muglad basin.

2.4.10 Basement

The basement rocks tife study area consist probably of granites and granodiorites, over
which the sediments should have a streeigmicimpedance interfacd.he basement top
reflection ha been clearly recorded by all the studied seismic lines in thigatef the
North Melut SubBasin, where it produces a continuous Higinly high amplitude and low
frequency reflection ranging between 28800 ms(TWT) in the centre of the North

Melut SubBasin and 160000ms(TWT) in South and East part of Melstibbasin.
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Chapter Three

Facies analysis

3.1 Introduction

Previous studies have identified the relationship between electrofacies signature and
environment of depositiorSelley et al., (1998) . Four common log motifs are evident in

the third riftcycle in Rawat basin: fining upward sequence (bell shape), blocky, bow shape,
and coarsening upward signature (Funnel shape) (Figure 15). The associated environments
of deposition can be identified as well, but it is importamtote that wire line logesponses

alone are not diagnostic of particular environments. However, wheraleed geometry is
combined with FMI data and cutting description, interpretatzarsbe made Available

wire line logs for wells that penetrated foemations targetan beexaminedfor each well

to identify theelectrofacies signature$he twol i t h oftequgnylydrecognized in the

study areaveresandstone and shale. These two lithologies were found to vary vertically
and laterallySandstone was recognizedwine linelogs using the following criteria: low
gammar ay reading i ndi cat LAPhunits)i Snalerwaslrecaghized/ c¢ o n
with the following criteria: high gammaay reading indicating elevated clay contentl(>6

API units);
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3.2 Type of data used this study

3.2.1 Gamma ray logs:

Gamma rays are high frequency electromagnetic waves produced by radioactive decay of
unstable or excited atomic nuclei. Current theory treats gamma rays as discrete quanta or
photons of electromagnetic radiation similarX-rays. Gamma log is one of the most
useful logs for sequence stratigraphic analysis, and is run in most wells. The radioactivity
of the rock, measured by the gamma tool, is a direct function of the clay mineral content,
andalso depend ograin size andepositional energy. Gamma ray logs often used to infer
changes in depositional energy, with, for example, increasing radioactivity reflecting

increasing clay content, and thus, decegasiepositional energy (Emery, D. and Myers,

K.J., 19%). Gamma I
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3 . 2 Loy Mdtifs Trend

Facies successierarerepreserdd distinctive log curve pattesn The slape of well log
curve can be related to certain facies type which resartid@ grain size succession
(Selley, 1978). Description of well log curves is important to interpret intervals that do not
have core data. However interpretation based only onagetiurve shape is imprecida

my study, aalysis of the logs indicates that the log motifs of the study area fall mostly int

four categories: funnedhaped, bell shaped, boxesdraped and beihaped.

3 . 2 .Funndshaped trend
The trend is usuallinterpreted to indicate deposition of cleaning upward sediment or an

increase in the sand content of thebiditiesbodies, as applied to a deep marine setting.

According to Selley (1), the environments of shallowingoward and coarsening
successios is divided into three categories namely; Regressive barrier bars, prograding
marine shelf fans and prograding delta or crevasse splays. The pattern may be significantly

different where the sands are progressively cemented or are hydrebadrorg
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3. 2. Bell shaped trend:

The finingup (dirtyingup) trend, shows a progressive upward increase in the gamma ray
reading related to a gradual upwardreasen clay mineral conterfigure(14). This could

be a lithological change, for example froand to shale, or an upward thinning of sand
beds in a thinly interbedded saskale unit. Both of these imply a decrease in depositional
energy. The belshaped successions are usually indicative of a Transgressive sand, tidal

channel or deep tidal chanraeld fluvial or deltaic channelNglson and James, 2000

3. 2. Baxchr.lag trend:

The boxcar trend, also known as the cylindrical motif, has dbaspd lowgamma units

with an internally relatively constant gamma reading, set within a higher gamma
background unit(Figure (14). The boundaries with overlaying and underlying shales are
abrupt. Boxcar log trends are typical of some types of fluvial channel sands, turbidities and
Aeolian sands. According tthe Shelky log shape classification schemeylindricat

shaped gamma ray logs could indicate a slope channel and inner fan channel environments
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3 . 2 . The dow #lend:

The bow trendFigure (14), also known as barrel trend or symmetrical trend consists of a
cleaningup trend overlain by a diryg-up trend of similar thickness and with no sharp
break between the two. A bow trend is generally the result of a waxing and waning of
clastic sedimentation rate in a basal setting, where the sediments are unconsolidated by
base level, as for example thg the progradation and retrogedithn of a muerich fan

system.

3 . 2.5 Itregdlar log trends:

The irregular trends have no systematic change in either base line, or lack the clean
character of the boxcar trend. According to Emery and Myers (1996t has no
character, representing aggradation of shales or Biits.represent aggradation of shal

or silty lithology, and may be typical of a lacustrine succession, or muddy alluvial overbank

facies as shown irfrigure ().
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3.2.2 Densityneutron suite:

The densityand neutron log is the best indicator of lithology and thus can be used to link
lithology and depositional trends. Itasie of the best log suites for sequence stratigraphic
analysis. The density log measures the electron density of the formation via the backscatter

of gamma rays, which is related to the true bulk density.

The neutron log gives a measurement of formatmnogity using the interaction between
neutrons emitted from the tool and hydrogen within the formation. In clean sandstones
there will be a small densHyeutron log separation, larger if the sand is feldspathic. An
increase in shale content will resultan increasing neutron reading, from hydrogen in
bound water within the clays, with no apparent change in density. The resultingweoss
between the curves can be sensitive and useful grain size indicator. The density log is
affected by caved hole i.eversized borehole due to erosion or collapse of the walls, and

by heavy minerals such as pyrite and siderite. The presence of gas increases the neutron

response, owing to the high proportion of hydrogen atoms within methane.
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3.2.3 Spontaneous tmtial (SP) Logs

this log represent the natural currenttli®e borehole which is produdeas a result of
differences in salinity between the formation water and mud filtrate in the borehole. These
logs are used as indicators of permeable beds (imgubtitermining permeable saraisl
impermeable shale) or for locating bed boundaries. The SP log was one of the first tools to

be used to distinguish shale from sand in clagtquencef/Nalker and James 1992).

3.2.4 Mud logs

The mud logging technique issed for formation evaluation and hydrocarbon shows
detection. The technique depends mainlcwaulatingdrilling fluids (mud) to carry the

geol ogi cal information such as rock cuttin
bottom of the well to theurface during the drilling operations. This kind of log is by far

the most important tool among the formation evaluation tools if it is done properly at the

well site. Some problems may ocaluwe tothe drilling operationwhich may affect the

accuracy othe mud logging results such as caving of the hole wall, back filling of hole

due to suspension of drilling for long time. Sofmeher problems also related to mud

logging operationareimproper instrument calibration, improper lag time calculatiors, les

experienced mud | oggersé etc.

In this study, the mud logs for the five wellsIiCM-1, G2, K-1 and W1 wereused for
cuttings description and lithology correlatiorhe formation tops for Samaa, Yabus and

Adar are picked and correlatedith the log dadthrough the four wells
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3.2.5 Formation micro imagé@&MlI)

Borehole image logs display electronoc sonicpictures of rocks and fluids encountered

by a wellbore furley, 20®). The images provide information about bedding dip fractures,
faults, paleocurrent directions, vugs and geological fractures.the electronic image is
produced from micro resistivity electrodes arranged around the wellbore on pads pressed
against the borehole waMiicro resistivity image differ depending on the producethef
boreholeimage logFigure (15). In the FMI tool developed by HalliburtonThere areb

pads with 25 electrodes on each pad for a total of 150 electrodes. The high resolution
electrodes detect resistivity differences in the formation and create hiditi®@sanage.

The FMI images anelectronical image data around the borehole, which is then unwrapped
and viewed in 2 dimensions using interpretation software. The FMI images can be
displayed in static and dynamic modes. Static images are created froreswsiwity
contrast setting applied to the entire borehole length. The dynamic image is created to
enhance small resistivity contrasts over short intervals. Geological features such as
fractures, vugs and bédundaries are better viewed in dynamic imag&vhich avariable
contrast wasapplied ina moving window rider,(1996). Static and dynamimages are
displayed in hug correspondindo resistivity values. Dark colors represent conductive

rocks, bright colors indicate neconductive rock.
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Figure3.2 An example of conductive and nmomductive formation micro image (FMI) in

C-1 well
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3.3 Lithology identification

The methods usddr lithology identificationin this studyare thefollowing.

The GR,combination of thé®ensityard Neutron, SP, Shale volume and finally the master
log (mud log) All those methodavere used to establish accurate lithology and then
construct the lithofacies and lithofacies associatwamch represent the building blockrfo

the depositional environmenrThe gamma raydensity neutron,self-potential and other

log data were analyzed using the PETREL software (versiof) 20Xhe workstation of

the Department oEarth SciencesKing Fahd University ofPetroleum andMinerals,
Dhahran, Kingdom of SaudirAbia the gammaay has beeithe primary method use for
the facies analysis in this study because it is sensitive tosbeahel changes in rock
formations,. No log motif is unique to a particular sedimentary paleo environment, but by
combining an analysiof log motif with the composition of wetlutting samplesand
density neutron crossosthe interpretation of the paleoenvironments can be attempted
(Selly., 1985). In the current studyselectecb wells in the half graben show the change

in facieslaterally and vertically in Samma, Yabus and Adar formation in Rawat Fdsen .
wells aredistribuied in the central sub basin of Rawat basin cogethe flank and the

upper part of the depocem (Figure(16) .
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By the integration and calibration between the wire line data and the well cutting data this
study revealed théihe GR sand interval rangdetween 661 API ,while the shale iatval

range between 650 API figure(18) . But these ranges oWalues are not valitor all

wells due to different reasamhich affecting GR such as the accumulation of radioactive
mineralsor the change of clay typd.he density neutron crossovegffected bychecking

the bit size andaliperFigure (18). Accordingly, | adjusted thdithology profile to give an
accurate stratigraphic column. The lithology Histograms for each formation in each well
were established from the mud log cutting to shiogvsandstone/clay stone ratios which

aid a to understand the depositional energy trend.

3.4 Sedimentary facies analysis

The depositional energy trend, which is useful for the identification of sedimentary facies
(Posamentier & Vail, 1988), follows two ggences in this study. These are; those with
finning upward and coarsening upwaehuenceslhis forms the lithologic classification
indicating the building up of sandstone from coarse to fine grains, with the coarse grains
pointing to higher energy of gesition while the finer. grains indicate a lower energy of
deposition. The coarsening upward sequences show a larger thickness of deposits,

decreasing from sandstone at the top to shale at the base
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GR vs. SP GR vs porosity logs

fidar

Figure3.4show the typesf the quality control for thevell data (GR vs SP, Caliper vs
Bit size, and GR vs porosity log ) and seisdata( synthetic seismograminput in the
study area
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3.4.1 Lithofacies associatiomterpretation

After the interpredtion of the stacking pattern of the log in tesmof the lithology and
establishing the facies the next step is to combine them with the sedimentary structure from
the FMI to identify the lithofacies association andafip the depositional environment.

FMI along three wellsvere studied tadentify the sedimentary structured.ithofacies
associations have a generic relationship to depositional environment and have been defined
from lithofacies groupings and / or sucsiesis. They may be considered as depositional
Abuil ding bl ockso wit hi n.Thasworkhavddoneforthiea | dep
formations (Samma, Yabus and Adar) along five wells in Rdasin (C1, C2, W1, and
M1), however the fifth well (K1)s located in the upper flank and all of our target
formations are pinched outAccording to the ® log motif, cutting descriptiorand the

FMI in four wells, five lithofacies in Samma formation, four lithofacies in Yabus and two
lithofacies in Adar formadbn have been detected. Every lithofacies are ahgnip
thickness andand to clay ratidepending on theifocation in the basin.

3.4.1.1 Lithofacies association of Samma Formation

The Sedimentologic interpretatiofiSamma Formation is based on distion of different
lithofacies association and their interpretative depositional regimes. The distribution of

these lithofacies and vertical stacking pattern help to provide adesisitional model
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3.4.1.1.1 Lithofacies FS1

This lithofaciesis characterized by IowaR with blocky to funnel log trend and high SP
reading. It represent multsand channels facies association, corresptm¢lto50 m)

thick massive medium to coargeained (to conglomeratic) sandstone beds, with low
mudstone contd (Figure (2). The characteristicof this lithofacies from the FMI are
(massive sand, shally sand, erosive surfaoturbated sand-bedded sand). According to
cutting description from master log the dominant lithology is coarse sandstone, with some
medium to fine sandstone and minor amount of the clay which indicate the rapid change in
lithology andpoor sorting .this lithofaciess located vertically above the unconformity
boundary between the Samma ahelut formation while laterally extes@longthe whole

the basin with different thicknes$he thickestfaciesexist in the W1 well which the
deepest part in the basifhe muddy matrix of thesithofaciessuggests deposition by
debris flow. This facies isnost commoly locatal at the base of the ses where it is
interbedded with mediusro fine grainedtractive currents sandkinferred this faciesas
havingresuledfrom unchannelized gravitffows in an alluvialfan settingThe coarseness

and the poor sorting suggest high water dischargajwelhigh sediment concentrations in

the depositional flows and rapid depositiarhe amalgamated nature of the deposits

indicates a series of channel-amdfill events as a result of fluctuating floods.
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Figure3.7 Lithofacies FS1, thickraalgamated sandstone of alluvium fan deposit
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3.4.1.1.2 Lithofacies association FS2

The deposits areharacterizesby r eddi sh brown mudstone, fi s
This lithofacies is distributed throughout the basin in thicknessmgihgtween (20m).

It consists of calcareous, moderately hard, and micaceous mudstones. The lithofacies were
frequently incised by the overlying point bar sandstdfigure (21). These horizons are
characterizethy high gamma ray signatures, and relativerel@se in SP. Within this facies

yellow to grey, massive, planar and trough cfiesdded sandstone developed .this sand

stone has funné&R signature with thickness ramg between (13 m). This may represent

smal |l er <cr evasse ¢ hamthenam chanmel systeimbig faclkese away
corresponds to overbank alluviat the outer fardeposits associated with lesnergy

currents ending the channel infill. The developed sandstone remt#setevassseplay

deposits in a floodplain settingSubaeial floodplain/oxisoils are mostly composed of

reddish siltstones to clay stones that indicate oxidized conditions of alteration
3.4.1.1.3Lithofacies association FS

This lithofacies is characterized by stacked blocky to-#l®dlpe gamma rays signature
From the master log this faciés composed of light brown, pale yellow, occasionally
white, mediurm to coarségrained, unconsolidated to poorly consolidated, subrounded to
subangulasandstones. They are massive, pardédiglinated and planar to troughoss
beddedsandstone This lithofacies is interpreted to be fluvial channel and fluvial bar which
associated with overbank claystone. This overbank deposit could be flood plain, or
crevasse splay. The lithofacies reaches about 10 to 25 meters for clrahidél to 5 for

over bank. This lithofaciedoesnot exist in all wells with same thickness and the same GR

56



signature. The channel bars generally are difficuigtcorrelated within the fluvial system

due tothe rapid lateral changen facies and basigeometry.

M-1

7o

Sandstone

Clay stone
W-1

Figure3.8lithofacies association FS2, thick clay stondl@dd plain with thin sand stone of the crevasse
splay
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Figure3.9lithofacies association B3hick sand stone of channel bar associated with
flood plain clay stone
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3.4.1.1.4 Lithofacies association FS4

This pattern is composed of alternated funnel agltl dhapes that represent a series of
fining and coarsening upward. According to the Gamma ray pattern and the lithology from
the master log this facies represealternaing regressive and Transgressive shoreface
lacustrine environmentigure (23) The $oreface and shallow lacustrine depositional
system contained muddy beach, mixed beach and sandy bead@hédandy beach bar

was often formed in a shore and shallow lacustrine region where the supply efitmde
terrestrial debris is abundant anddadcouring effect is strong. The depositional sequence
of the sandy beach bar is composed of fine sandstone and siltstone with massive to
laminated mud. The primary sedimentary structure from the FMI is changed vertically from
laminated to massive clay s while the sandstone is mainly bioturbat@@ammaray
patterns for these deposits display the bow shape also which isdicatly shallow lake
shoreface ( Rider et al ., 1999) . The coarsenmgard trends of these units and the
vertical change in exlimentary structures suggest progradation and shallowing of a
shoreface environment. The thickest lithofacies association atwV-1 well with
thickness72m located in the depoegnthile the least thickness exdsh the uppeiflank

well C-1 with thickness about 18nThis facies is pinched out in4¥well which represest

the shallowest well in the basin.
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Figure3.10lithofacies association FS4 characterized by the thick claystone interbedded

with thin sandstone which depositediacustrine shoreface environment
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3.4.1.1.5 Lithofacies association FS5

This zoneis characterizedbg uccessi ons of rraidg o a@GR) ,v es enun
GR Isth@gpeand very | ow deé¢emsictopupeapdgseends na
occurrdmdamgehi ned sandstones/ siltautveoimes bec
the ramp the faciesreinter bedded wittmore percentage of sand std@d, G2 Wells)

The mudstone has reddish to brown color according to cutting descriptothieomaster

log, while the primary structure is laminated mudstone from the FMI output. the shale
bodies are become thicker with thickness range between 13m in the (@g-dipell) to

50m in the down dip (\WL Well) and the sanstone is becomg thinnerthan theunderlying

lithofacies (FS4)I I nt é&rhp rse tf maginat lacustige sediments which were
deposited on the fringes of an alluvfah system in the lowgradient.The shale is about

(80%) and the sand bodies are about (20%) which ireditlae system is getting deeper

towards the lacustrine (distal lacustringhe laminated claystones were deposited by
suspension fallout in the relatively quiet setting of the offshore shelf environment. The
absence of sedimentary structures other thanhibrizontal laminationFigure (24).
suggeststhat oscillatory or unidirectional flow was not important. The fynained

sediments were probably set into suspension in fluvial/shatlawne environment§his

faciesis overlayingthe shore face lacusterfacies and underlying the sequence boundary

of Yabus formation therefore it represernhe last lithofacies association in Samma

formation..
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Figure3.11lithofacies association FS5 characterized by thick claystone of the lacustrine
environment wth serrate GRog motif
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3.4.1.2 Lithofacies association of Yabus formation

Yabus formatiorwasdeposited in the late Paleocene andrlies Samma formationThe
contact between Yabusnd Samma formationsepresentthe abrupt change from the
dominatel claystone ofshallow lacustrine environment in Samma formation to the
dominated fluvial sand stone of Yabus formation. Yabus formation has three lithofacies
associatioawhich aredistributed in whole basin with less development in the upper flank

such gin theM-1 well.

3.4.1.2.1 Lithofacies association (FY1)

This facies is characterized by bell shdpe& GR and high SP reading. The lithologpin

the master log is medium to fine sandstamterbedded with claystoneThe sandstone

grain size ignainlymediumgrain Theclay stonéhasreddish brown to greenish greglor.
Thethickness of this lithofacies is varying betweent@B0m. The primary sedimentary
structure from the FMI is bioturbatetkrough cross bedding sandstone to massive
laminated clay®ne. This faciess overlying the upper boundary of Samma formation and
underlying the deltaic environment lithofaci@sgure (25) The bellshapedgamma ray

and abundance of cross bedding and bioturbated sedimentary structure indicate the fluvial
environment.| interpreted e claystone which represstihe upper part of this facies as
flood plain which contaisioccasionally thin medium to fine sandstone of the crevasse

splay. This facies extergllaterally in the basin but pinched out in thelMel hasnot
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developed and fully penetratethe C-2 Well due to the fault. its greatest thickness

existed in the (€1,W-1 wells) .

Sandsto

Clay stone

W-1

Figure3.12lithofacies association FY1 represent stacked bell GR shape of fluvial
environment
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3.4.1.2. 2 ithofacies association FY2

This lithofacies association is characterizedvayious sandstone grain size ranffem

very fine coarsegrained sandstondsit the dominant is the medium grain sizkis sand

stone is intercalated witteddish brown to greenigjreyclaystoneaccording to the master

log. They also can be recognized in well logs as funnel, and blocky .sfihpéBed
thicknesses vary from10 to 75 m and the vertical stacking of beds in this facies association
shows a coarsening finingpwards grairsize trend(Figure (26). From the FMI the
sedimentary structure of the sandstone is trough cross bedding, bioturbation, and massive
Sandy facies while the claystone is massive maiifilyis faciess vertically located over

the fluvial lithofacies associan and underlying the open lake environment of Adar
formation.The funnel shape &Glog motif is characterized by fine grain sand stone which
associated with silt and clay stone therefore the general trend of this facies is coursing
upward. The fine sandste of the funnel shapgasinterpreted as middle delta while
interpretedthe clay stone and silt stone as proximal delta. The bloG#& log motif
characterized by medium to coarse grain sstodefrom the cutting dscription which
indicate to distal d&a environment. The coarseniugwardpatternindicates a shallowing

and progradational origin. This facies comlinegith the previous lithofacies (FY1)
represent the fluvial deltaic environment. Components of fluvial deltabeelta plain

that ispatly sub aerial and partlgubagueous and the delta front and prodelta that are

entirely subaqueous (Reading a@allinson, 1996).
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w-2

Figure3.13lithofacies FY2 represent alternated blocky and funnel GR shape of the
deltaic environment
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3.4.1.3Lithofacies association of Adar formation
Adar formation is the latest formation in tiertiary deposiwhich represent the end of
the third rift stage in Rawat basin. This formatisnoverlaying Yabus formation and

underlying the Jimidi formatioThe conact between Adar and Jimidi formation represent
the boundary between the syn rift and post rift in Rawateldt Basins Adar formation

is the thickest formation in the third rifting in Rawat basin which is mainly fine grained
deposit The large thicknesof such finggrained deposits suggeshat the bulk of this
facies association was deposited in a large lacustrine Gasinmain sedimentary facies
associations have been identified in Adar formasancession based on wiiee log

characters, FMIrd cutting description.

3.4.1.3.1l ithofacies association FA1

The lower lithofacies in Adar formation which oved the Yabus formationis
characterized bpeingless radioactive and less porous (lower NPHI, higher RHOB) and
shows faster acoustic transiines as related to the overlying lithofacies association
(FA2).the dominant lithology type is the claystone (95%) with small amount ofdime s
stonethatthe Sedimentary trends correspond to finigugd/or coarseningpward trends,

The sandstone layghave tabular cross bedding geological character. Most of the grains
of sandstone are subrounded to rounded, and the grain size is fine and very fine. The GR
shape is finger or bell shape. The sands are mostly beadt@aaposit.Ther thickness

is varied along the basin from 40 m in the upper flanki(Mell) to 200m in the cliff (W

1 Well). The claystone is mainly dark reddish to reddish brown color wduggests

oxidation environment.The massive homogenous mudstone with occasional parallel
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laminations of siltstones, and absence of cogrsgneddeposits, point to deposition in a
shallow lake developed at the top of floweltaicsuccession. The abundance of mudstone
indicates that the primary sedimentation mode was from suspembisimterpretation is
enhanced by examining the location of these deposits both latardliyertically and from

FMI and well logs.
3.4.1.3.2.ithofacies association (FA2)

The change of color from reddish brown to greenish grey, the increaRiagd3ecreasing
densty log values indicatethe contact between this facies and underlying FAL lithofacies
FA2 lithofacies associatiois composd of dark to lightgray-green mudstone and silty
mudstone, intercalated with calcareous modules and sandy leth&ds. Its top and
bottomparts include parasequesceomposed of fingravel coarsdine sandstone,
intercalated with mudstone and silty mudstortas lithofaciess overlain by the regional
unconformity surface which extemdver the whole the area as onlap or angular
unconformity above the syn rift deposits .The upper part of this fexctdgmracterizedhy

the increasingf sandstonepercentage which indicatenore sediment supply from the
fluvial system. The GR log motif has serrate shape withacgening upward tend. The
sandstone has tabular cross bedding while the claystortearacterized by laminated
sedimentary structure. This lithofacies exist in all wells with different thickness from the
rampto the cliff (65155m).The extraction of this facies from ti&R log in G1 Well is
difficult .this interval of G1 well has veryow value less than 61API ,therefore it gives
sandstone reading but from the densitygutron cross plot and cutting description this
interval is pure claystone. The justificatiohdegeasingthe GR valueould beeither the

occurrence osomeless radioactive clay mineral such as Séear due tothe bad hole
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conditionwhich is conformedrom the deflection of calipeand bit sizgFigure (27).The
same interval in the others wetlsaracterized by high claystone percentagge between
80-90%. The lack oblack shalecolor and the occurrence of laminated clay stone might

indicate the deposition in semi deep ofsrustrine environment
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Clay stone

Figure3.14Lithofacies FA1 and FA2 of Adar formation using GR patern

70



Sand stone

Greyish clay

Reddish brown
claystone
Greenish grey

Figure3.15lithofacies FA1 and FA2 of Adar formation using master log the mud |
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Facies
code
FS1

FS2

FS3

FS4

GR Motif
low GR with blocky to funnel log
trend

high gamma ray signatures,
and relative decrease in SP
logs-serrae to blocky motif

blocky to bellshape gamma
rays signature

alternaing funnel and bell
shapé or bow shape

Structure

coarseningupward with

few smaliscale

sedimentary structures

mainly (massive sand

stone)

massive shale

massive, parallel

laminated and planar to
trough crossedded snac
stone , erosive surface

laminated to massive cla
stone while the sandstor

is mainly biotubated

72

Description

multi-sand channels facies
association, corresponds to
(11-50 m) thick massive
medium to coarsgrained (to
conglomeratic) sandstone
beds, with low mudstone
content poorsorting

reddish brown mudstone,
fissile shale
Within this facies yellow to
grey, massive, planar and
trough crossedded sand
stone is developed

light brown, pale yellow,
occasionally whe, medium
to coarségrained,
unconsolidated to poorly
consolidated, subrounded to
subangular sandstones

massive to laminated mud
stone inerbedded with fine to
medium sandstone

Interpretation

This facies resudtfrom un
channelized gravity @iws in an
alluvial-fan setting.The
coarseness and the poor sorting
suggest high water discharge,
relative high sediment
concentrations in the deposition:i
flows and rapid deposition. T

overbank alluvial or the outer far
deposits associated with lew
enegy currents ending the
channel infill, incised by crevass

splay

channel bars and flood plain
deposit

the bow shape also indicate
directly the shallow lake
shoreface



FS5

FY1l

FY2

FAl

FA2

Serrated GR log shape

bell shape, low GR

Funnel, and blocky GR
shape, coarsening fining
upwards grairsize trend

The GR shape is finger or
bell shapd, fining- and/or
coarseningupward trends

The GR log motif has
serratél shape with
coarsening upward trend

laminated mud stone

Bioturbated trough cross
bedding sandstone to
massive laminated clay
stone

sandstone isttough cross
bedding bioturbation,
and massive Sandy facie
while the claystone is
massive mainly

the massive homogenou
mudstone with occasion:
parallellaminations of
siltstones

The sand stone has
tabular cross bedding
while the clay stone
characterized by
laminated sedimentary
structure

reddish to brown color
claystone inerbedded with
very thin finesandstone

marginal lacustrine (shallow
lacustrine)

The sandstone grain size is The bell gamma ray shape and
mainly medium, the clay abundance of cross bedding anc
stone is reddish brown to bioturbated sedimentary structut
greenish grey color.hickness indicate the fluvial environment
is varying between 20D 50m

various sand stone grain size deltaic environment
intercalated with reddish

brown to greenish grey clay

stone.Thebed thicknesses

vary from10 to 75 m

The clay stone is mainly dar shallow lake environment
reddish to reddish brown

color . and no coarsgrained

deposis

dark to light graygreen The lack of black shale color ant
mudstone and silty mstbne, the occurrence of laminated clay
intercalated with calcareous stone might indicate the
mud-nodules and sandy lens deposition in semi deep open
beds lacustrine environment.

Table 1: Litrofaciesassociatiordefinition, description and interpretation

73



SSTVD [150.00 GR __ 0.00|-0.15 TNPH 060-234.79SP_18028(1.25 BS_ 2734
1:5066 GR 39.06 2.95 RHOZ 1.95 SPT7219 | 125 I-!C.‘AL. ZTH%:‘I
3 — TNPH 0.40 — | || ~BS 20547 —
RHOZ 2.21 s HCAL 20.54
T
il Wl
‘ o
\ :
g Rl 41l
‘E_ Il Wl
£ |
el bl o ol :;‘;:j@q‘ma“ bus | M

Figure 3.16 the upper zone of Adar formation in-XCWell using the well log data
(GR,Caliper Bit size crossplot and Dengityeutron crossover) and the lithology from the
cutting discriptionnote the thick sand stone reading in GR reading and their equivelent
lithology in the master log.
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Lacustrine environment

Mouth bar

Over bank

Distributary channel

Figure3.17Example of lithofacies log motif in the studied wells
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Figure3.18General Lithofacies correlation between thelsvbhsed on GR signature
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3.4.2 Well facies analysis and interptaia

| analyzed and interpretédwells in central sub basin in Rawat basin. Those wedle
distributed well along the basin whichade possiblgood detection for the lithofacies
changs laterally and vertically On the flankhere are two wells (K1, M1) which are
separated from the others three wells by fault FigBrg But our three formations target
(Samma, Yabus and Adar are pinchedtotally in K-1 whichis located in the shallowest
side in the basin therefore no facies analyss beempgied to thesewells. G1, C2, W

1 wellsarelocatedcloseto the cliff or the deepocentre. The lithology for each well has
been established used multi methods such &s P@nsityNeutrorSP in addition to the
master log. The integration of this method @ave an accurate interpretation for the
lithology. | also usedR ray method to establish the lithofacies association combined with
the sedimentary structuabtainedrom the formation micro imagéMlI). The lithofacies
thicknessgsincrease gradually fra the basin flank to the cliff due to tlvhangein the
basin geometry. The Band cutting dscriptionshow different lithofacies and grain size

which accordingly indicate the type of depositional environment
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Figure3.19change in formatiothickness from the basin flank to the basin cliff
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2+ Fluvial Sandstone

Flaod Plain Claystone

Alluvial Fam
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- Semi-Deep Lacustrine Claystone

Baserment Comple

Figure 3.20 the depositional model of the Samma, Yabus and formations in Rawat basin
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3.4.2.1 M1 well facies analysis

This well is the second shallowest well afterlKvell which located in the upper flank
basin.The formations in this welirethinner and some lithofacies assticias aremissng

and pinched oufThe Samma formation in this weis composd of fine to coarse grain
sandstone (fie sand stone 22.8%, medium ss&tnde26.3%, coarse graih5.2%) in the
lower part while the upper parts contain mainly greyish clagdaolish brown clay stone
(greyish claystone 28%, reddish brown 17.%%Qure(34). From the master log the sand
stone is characterized by unconsolidatedpoorly consolidated packing. The sand stone
grain shape is ramgg from angular to sub angulaoaly sorted The cementing material

is mainly argillaceous with traseof calcareous component. Yabus formation is compose

mainly of fine sandstone interbeddedh claystone.

According to the master log the sandstone color is translucent to transpahnergnyifine
unconsolidated pebble .the fine grain sand stone represent 70% of the total lithology in this
formation. The claystone color range from reddish brown to greyish green ( the reddish
brown claystone is the dominant with 25% while gney claysone represent 5% of the

total lithology in this formation.Adar formation in this well contain mainly from clay
stone (8%) of the total lithology. the claystone is reddish brown in the lower part while in
the upper part is mainly greyish green. The medgrain sandstone is dominantthe

lower part with moderate sorting and unconsolidated packing.
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Shallow lacustrine

Top Yabus
Deltaic environment
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Fluvial system
Alluvium fan
Top Melut

Figure3.21Gamma ray log and interpreted lithofacies ofiMvell. This well is drilled
at the shallowest part of the basin

81



N
o

Percentage
|_\
[6)]

=
o

(&)

Percentage
= N w S a [o)] ~ (o]
o o o o (@] o o o

o

Samma formation

28
26.3
22.8
17.5
5.2

Brown clay Grey clay Coarse grain Medium sand  Fine grain
Lithology

Yabus formation

25
5
0 0
|
Brown clay Grey clay Coarse grain Medium sand

Lithology

82

m Seriesl

70

Fine grain



Adar formation
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Figure3.22 types of clay, sand percentage of Sammaugamnd Adar formation as in
M-1Well. This well is drilled at the shallowest part of the basin.
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The interval between (76P43m) characterized byow Gamma ray with blocky shape
which indicate the sandstone facies. From the master log the sandstone is coarse to medium
grain size. This interval represserthe alluvium fan deposit which is compakef FS1
lithofaciesassociatiommainly. This facies represent the lower part of Samma formatio
which exist in all the studied wells. The interval between (¥435m) contain three
lithofacies. The first lithofacie-S2) showseddish brown mudstongith high Gamma

ray (85 API).The thickness of this facies is small and less deeel¢®m). The masive
shale and high gamma ray of red mud stone indicate the flood plain deposited of this facies.
The second lithofacies in this intervaldsaracterized by behape gamma raysd the
sandstonébeinginterbedded with the clay storéis compose diluvial lithofacies (FS3).

The FS4 lithofacies is pinched out or not devetbip M1 well due to the location of this
well in sub basinThe third lithofacies is characterized by the thdefpositand high gamma

ray claystonelt contains mainly the FSb5thiofacies association which interpreted as
shallow lacustrine environment. The interval between (60&0m) exhibits alternated
funnel and bell shag®f gamma ray which belong tthe FY2 lithofacies associatioifhe

fine sandstoneepresent 70%f the total lithology of Yabus formation represented only by
FY2. Lithofacies association FYi interpreted as deltaic environment while the FY1 is
missed in this wellThe interval between 69855m represerd the lower part of Adar
formation which charactered by high gamma ray claystone with less amount of sandstone
(5%). The GRpatternis finger shapé The claystone is mainly dark reddish to reddish
brown color which indicateoxidizing environment This interval contain the lithofacies
FA1 which deposéd in semi deep lacustrine environment. The interval from-58&5n)

is characterized by greenish grey claystone with low GR ray value intercalated with sand
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stone. The sandstone percentage increase in this facies which indicate swallowing upward.
This interval is composd mainly of lithofacies FA2 whichs interpreted asShallow

lacustrine environment

3.4.2.2 GC1 well facies analysis

The G1 Well is far about 8m south west from the M anda major faultis separahg

the two wells.It is located inthe samegraben with the VAL and G2 wells. Samma
formation in this wellis characterizedby coarse grain sandstone its lower part
interbedded with reddish brown claystonile in the upper part the sandstone is mainly
medium grain siz€35%). The sadstone represent 52% of the total lithology in this
formation (coarse grain 11.2%, medium grain 27%, and fine grain 12.5%). The claystone
is mainly reddish brown3( 6 %)5with minor amount of greyish clay (12.5%jabus
formation is composkof brownish togreyish brown clay stone interbedded with medium
sand stonandaminor amount of coarse sandstone in the upper part of this formation. clay
stone make up 55%hile thesand stoneepresentd5 % of the total lithology in Yabus
formation. From the FMI thelominant sedimentary structure is the massive, laminated
claystone , erosive surface and bioturbated , trough cross bedding sand stone. Adar
formation is the thickest one in this well which compose mainly of clay stone. The clay
stonemake up 85% of thental lithologyin this formation. According to the master log

the claystone imainly brown claystone(brown clay 42.6%, yellowish brown clay stone
28.5 and grey clay stone 21%). The sandstone is mainly medium graiit sizées up

14% of the totalithology with minor amount of coarse grain satohe.
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Figure 3.23 Gamma ray log and interpreted depositional environment aVéll. This
Well is drilled at the middle part of the half graben.
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Figure3.24Claystone, sandstone and percentage of Samma, Yabus and Adar Formations
atthe G1 well
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The following intervals were predicted in Samma fatiorg Yabus and Adar formations.
The interval between 1130100m is characterized by low to high gamma ray. The gamma
ray cutoff in thisintervalis 61AR. This cut off were identified by the calibratioof GR

with Density-neutron cross over and the dhilog lithology column. From the master log
the sandstone is coarse grain size \pitlor sorting and angular shape. From @R log
interpretation the thickness of the coarse grain size sandstone in this well is 10nswhich
equivalent to the lithofaciessociation FS1Above the FS1 lithofacies high gamma ray
claystone is developed which incised by thin medium sand stone. This part of the interval
equivalent to FS2 lithofacies associationnterpreed this intervalasthe alluvium fan
deposit. The inteal between 1078100m is composed of stacked fines to medium sand
stone interbedded with reddish brown claystone. This interval correspmiithofacies
association FS3 characterized by IsblapedGR log motif. The stacked sandstone facies

is interpreed as fluvial channel part while the claystoepreserg theover bank deposit.

The thickness of the channel bar in this weljlisaterthanin the other wel due to the

high slope on the well locatiorthe interval between 107B045mis composed of
alternaing funnel and bellGR shapes that represent a series of fining and coarsening
upwardsequencef the lower part, while the upper part shows high GR serrate shape.
According to theGR pattern and the lithology from the master log this faiseguivalent

to the FS4lacustrine shore face and FS5 shallow lacustiiine. interval between 1050
950m is recognized in Yabus formation .the gamma ray log motif change from bell shape
at the lower part to alternag funnel aml bell shape in the upper parhe lithofacies in

this interval is composk of FY1 fluvial channel and FY2 deltaic environment.
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The FY2 lithofacies associatioshows two types of gamma ray log motif whaseblocky

shape distributary channel and funnel shape delta front. Threahbetween (95@05m)
characterized by low gamma ray reading and thliakk reddish to reddish browaiay

stone. The color indicate to the oxidation environmeand shallow lacustrine FA1
lithofacies. The interval between (36%5m) is characterized bygreyish green to greyish
claystone according to the master log. In the upper part of this interval the sandstone
percentages increasethey aremainly medium grain. GR valseare very low what
indicates to sandstone, but from the master log, Denséytion and the correlation with
theother wells, this zone is clapse. The caliper and bit size support the idea of bad hole
conditiorswhich affected irthe GR and densityeutron reading. The interval is composed

of lithofacies FA2hat developed in serdeep lacustrine environment
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3.4.2.3W-1 well facies analysis

TheW-1 Well is far awayabout(3.2 Km south wesbf the C-1), is located down dip for

all wells in this half graben .all the formations and lithofacies associations in thiswell
chaacterized by complete and thick succession of sediments. Samma formation in this
well characterized by thick stacked sandstone with different grain sizes in the lower part
which indicate thgoor sorting and less transportatifigure (38 ). In the uppepart the
dominantlithology is reddish brown claystone with less percentage of greyish green clay
stone interbedded with medium sandstone. The reddish brown claystoreum#&@z:9%

of the total lithology in Samma formation whilee grey clay stone regsent 7%. The
medium grain sand stone represent 19.5% of the total lithology with low percentage of
coarse grain sand stone 2.9%. Yabus formation ifh Well is composd of grey clay

stone interbedded with medium sand stone. The sand stone is mainlymugdined
38.6% and occasionally fine graith(6.6%) which concentrated in the lower part of the
formation. The clay stone in Yabus formation is grey to dark grey maké oo with

lack of reddish clay stone which indicate the deepening laterally fierivitl, G-1 wells

to W-1 well. Adar formation in this well represent the thickest formation in the third cycle

in Rawat basin. The formation is dominated by claystone 93% which mean the deposition
took placein the open lacustrine environment. The lackdafk grey and black shale
suggesthe deposition in shallow to semi deep environment. The clay stone is mainly light
grey which maksup 50.4% of the total lithology while the reddish brown clay represent
42.7%. In the upper part of this formation th@dstone percentage start to increase which

impliesthe effect of the fluvial streams and closer#ghe shore line.
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The sandstone is maindf medium grain size and make up about 6.4% while the fine sand

stone shows 0.6% of the total lithology in Adarrhation.
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Figure3.25Type of clay, sand percentage of Samma, Yabus and Adar formation as in

W1 Well. This well is drilled at the deepest part of the basin.

93



200
TVD 1059.31
700
800
Sammalyabus=y
900
top samma=]
1000
1100
Meluet—] 12U

F---- GR101.01

Open lacustrine environment

Fluvio deltaic environment

Sallow lacustrine environment

Shore face lacustrine environment

Alluvium fan environment

Figure3.26 Gamma ray log and interpretive depositiomavironment of W1 well. This

Well is drilled at the deepest part of the half graben.



The following intervals within Samma, Yabus and Adar formations were recognized in W
1 well:

The interval between (1601650m) is characterized by low gara ray withblocky shape
motif. The cross over between densityeutron andhe GR shows clear sandstone. From
the cutting this interval show different grain sizecoarsesandstonén the lower part to
medium and fine sand stone in the upper part. Accordinglyseohgng ispoor in this
interval and the primary structures from the FMI are massive santly shal, erosive
surface bioturbated sandnd x-bedded sarstone This intervalis composd mainly of
FS1 lithofacies associatisreposited in alluvium fan depit. In the interval between
(15501493n) the gamma ray shows different sgtg GRlog motif from block, funnel to
serrateshapesFrom theGR and cutting description this interval compose of flood plain
clay stone, funnel shape medium sandstone cresmay and sandstooéthepoint bar.
This interval include the FS2, FS3 lithofacies association of the Samma formation. The
interval between (1493423m) shows bow shape GR log motif. Témrregponding
lithology from the cutting description is reddisfotvn claystone interbedded with medium
sand stone. This interval equivalent to the FS4 shoreface lithofacies association of the
Samma formation. The interval between 14380m represent pure reddish brown clay
stone with serrate GR ray log motif. This eaa composd of FS5 shallow lacustrine
lithofacies association. The interval between 13880m include two lithofacies
association in Yabus formation. The first lithofacies is FY1 comgbo§éell shapd GR
patternedfluvial deposit in the lower partyhile the second lithofacies FM2 composd

of alternaing funnel shape of delta front and blocky shape of distributary chanhel.
interval between 124855m consistof two lithofacies association of Adar formation in

this well. Adar formations gererally characterized by high GR ray with serrate log motif.
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The succession trend appearareeoarsing upward due to the occurrence of medium sand
stone in the upper part of the formation. The first lithofacies compose of reddish brown
claystone with les GR value relatively to the upper lithofacies which refleébe
deposition in shallow lacustrine environment (FAL lithofacies). The GR values increased
upward with the existence of the dark greenish and greyish claystone iwlaissign of
Deepingupwad (FAZ2 lithofacies association). The occurrence of sandstone in the upper
part of FA2 lithofacies indicate increas@mount of the sediment supply and decreasing in

accommodation space.
3.4.2.4 G2 well facies analysis

C-2 well is located south eastf W-1 Well and about 3 knfrom it. It is locatedin the
eastern flank of the half grabemd major fault is cutig the well on Adar formation
(Figure (40). c-2 Well is the deepest after the-®W\Vell therefore the formations in this
well arecharacterized bthick successia Samma formation in this well characterized by
thick medium to coarse sandstone in the lower part while the lithology in the upper part
changed mainly to reddish brown claystone. According to the cutting description the
reddish brown clagtone makeip 60.1% of the total lithology in Samma formation while
the greyish clay stone form 5.2 %. The sandstone is mainly medium sandstomg upak
24.8% whichis concentrated in the lower and middle parts of the formation. The base of
the formatiorcompose mainly of coarse grain sandstoneingglp 7.1% mixed with some

fine sandstone. The sandstongp@rly soried and sub angular with massive structure
according to the FMIYabus formation in € wellis composd of sandstone interbedded
with claygone The mainly medium grained sandstdaenms 36.8% of the formation while

the coarse grain sand stone nsaip 14.46. The reddish brown claystone form 46% of
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the total lithology in the formation which indicate the oxidation environment and shallow
envionment. Adar formation is thick and mainly compose of brown clay stone make up
43.3% and greyish claystone with 13% of the total succession in this formakien.
sandstone content increases upward with a composition of 6.7% medium sand stone and a

small percentage of fine and coarse grain sand stone.
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Figure3.27Typeof clay, sand percentage of Sammap¥s and Adar formation as i”2C
Well. This well is drilled at the Eastern flank in the half graben.
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The following intervals were observed in Samma, Yabus and Adar formation2 ael

The interval between 136B330mis characterized by thick sandstone which shows low
gamma rayalueswith blocky shape. From the master log the sandstone is coarse to
mediumsandstone interbeddedth thin clay stone which indicatéhe poorsorting in this
interval. This interval represent the FS1 lithofacies of the alluvium fan deposit. The clay
stone inthe upper part represent the lower part of the alluvium fan or alluvium flood plain
(FS2 lithofacies association). The interval between 138Dmis characterized by high
gamma ray with bow shape. the bow shape accordifipka et al.(1995 is an indicabor

of transgressiorand regression shore face. According to the cutting description the
sandstone is mainlyf medium grain size intercalated with reddish brown clay stone. From
the FMI the clay stone is mainly laminated to massive. This faciegjanea&ent to FS4 in
Samma formation. The interval between 1-A280mis characterized by a change in the
gamma ray pattern to serrate log shapss. interval is compose of lithofacies association
FS5 whichis interpreted as shallow lacustrine. The ingribetween 1230160 m is
composd of different gamma ray log motif such as blocky, funnel and bells shape. The
lithology is dominated by coarse and medium sandstone intercalated with reddish brown
clay stone. The funnel shape and blocky stzapmterpraed as delta front and delta plain
respectively while the bell shape represent the fluvial system. This inteeeplivalent to

lithofacies associati@FY1 and FY2 of Yabus formation.
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Adar formation in this well is the thickest becaasmajor faulthascut the formation in

the well location. The interval between 12806m represergthe Adar formation which is
mainly compose of clay stone intercalation witasmall amount of sandstone in the upper
part according to the cutting description. The gamay valus arelow with serrate log
motif in the lower part which correspontb theFAL lithofacies associationn the FA2
lithofacies the gamma ray startedinorease upward before decreasing again close to top
of Adar formation. The increasing ofraistone percentage and reddish brown claystone in

the upper part indicate the shallowing upward.
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using the GR, Shale volume and master log
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Chapter Four
SEQUENCE STRATIGRAPHY

4.1 Introduction

Sequence stratigraphy astetinique forthe subdivision of sedimentary basin fills into
genetic package bounded by unconformities and their correlative conformities (&mery
Myers1996). It is used to provide a chronostratigraphic framework for the correlation and
mapping of sedimenty facies and for stratigraphic prediction. Sevegabphysical
disciplines contribute to the sequence stratigraphic approach. Including seismic
stratigraphy, biostratigraphy, chmstratigraphy and sedimentologany different
concepts and definitions isx for what sequence stratigraphy, including genetic
stratigraphic sequence (Galloway,1989), depositional episodes (Frazier,1974) and
transgressiveegressive cycles. For this projdchave usedthe sequence stratigraphic
concepts in the sense of Posatier & Vail (1988), who advocatkethe use of regional
unconformities and their correlative conformities as sequence boundaries.

4.2 Theoretical Background

4.2.1 Sequence Stratigraphy Model

Theicl assi cd0 sequence str at isgracts:ptheilow stamd, d e | i
Transgressive, high stand and she#rgin systems tract (Posamentier and Vail, 1988; Van
Wagoner et al., 1988). Within this model bdfie low stand and shelihargin systems

tract, result from sekevel fall. The difference betvea the two systems tracts is the rate of
sealevel fall and the relationship of the rate of eustatic fall to the subsidence rate, the later

resulting in Atype 10 or Aftype 20 s-equenc
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margin systems tract did notcetve much acceptance, for that reason only three systems
tracts, lowstand (LST), transgressive (TST) and highstand systems tract (HST), are
commonly used within the model. Subdivisions of the LST and HST into early and late
systems tracts refine the seque stratigraphic model regarding different depositional

conditions

4.2.2 Parasequence and system track

Van Wagoner et al. (1988) used the term parasequence tdedsetdasic building blocks

of sequence .By definition a parasequence is a relativepnformable succession of
genetically related beds or bed sets bounded by flooding surface or their correlative surface
or their correlative surfaces. In special positions within a sequéineparasequence may

be bounded above or below by sequence thaues(van wagoner et al., 1990)The
aggradation, progradation, and retrograding of parasequence may be related to base level
change, although parasequence stacking pattern are significantly affected by sediment
supply and accommodation space. The ifieation and interpretation of depositional
environment and facies from well logs assists in the correlation of sedimentary features.
Parasequence could be defined in different order acugrdi the factors that contrtiie

accommodation space and seditagy processes.
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4.2.3 Accommodation space and sediment supply

To understand the distribution of sedimentary facies within any basin, it is critical to
understand the interaction between accommodation space and sediment supply.
Accommodation spada fluvio lacustrine settingss the space between the ground surface
(subaerial or subaqueous) and the fluvial equilibrium profile (base level) to which
sediments will potentially fill, or be eroded in the case of negative accommodation
(Posamentier and lken, 1999)., the dominartontrols on accommodation space were
largely provided by tectonically driven periods of subsidence and uplift together. The rate,
type and amount of sediment entering the basin were influenced by a combination of

factors includig: climate andectonic.

4.2.4 Base level

The fAstratligwealphiics bacrt i mnddalswithsespedt the t h a't
Earthos surface. Sedi ment a c-twelmndlitha suifacen o c c
of the solid Earttwhereaccommodation space iavailable. If the baskevel is below the

surface of the Earth, sediment will be eroded taadsported downhill (dowgradient) to

the next location, wher@ccommodation space is availabiéithin continental basins, the

up and downwarchovements of the bagevel produce the sedimentary record. When base

level rises that impés more accommodation space, in both marine and continental
environments (Cross &essengerl997). In this accommodation space, sediment will be
deposited if avadble. When the badevel falls (basdevel fall hemicycle)

accommodation space decreases and sediments are eroded.
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4.2.5 Sequence stratigraphic surface

Sequence boundaries are defined as unconformities, or landward or basinward correlative
conformities that are laterally continuous over at least the basin scale and separate older
underlying sediments from younger overlying sediments by a significant depositional

hiatus. Sequence boundaries may be recognized in well log, core, or outcrop.

4.26 Sequene orders

According to(Mail, 190) the sequence can be divided into different orders in term of age
and the relative change in sea level.

1

first order cyclds equivalent to the rift scale aiits duration is rangeag from 100
to 200 million years
2- secondrder super sequenieequivalent to the riftingycle or rifting phase and
the duration accordg toMc Hargue (1993) range from 140 to 95 million years
3- The second order sequence represent the formation scale which is generally span
from 10 to 80 milion years.
4- The third ordesequenceimpliesthe subdivision of the formation to smaller
scales which commonly range in adetween 110 million years. No
unconformity within this this order.
5- The fourth and fifth orderarein high resolution sequenceatigraphy which

Theseare generally formed due to the change in the climate.
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4.3 Materials and methods

A suite of well logs, in ASCII format, were obtained from four wells namely;, ™-1,

W-1, and G2, drilled within Rawat basin. The well logtd in combiration with 3D
seismic data were utilized to build the sequence stratigraphic framework for thétihgd

cycle in Rawat basin. The above dataset were obtained fravhiniry of Petroleum and
Mining, SudanThe well logsgconsistingof the gamma ray, seffotential and porosity log

were analyzed using the PETREL software (version 214) at the workstatios Earth
Sciences department King Fahd University, Dhahran, KSAA detailed analysis and
interpretationof the suite of well logs as carriedout, followed by seismic facies
interpretation. The variousnalyses were integrated and interpreted to deduce a sequence

stratigraphidramework of the study area.
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4.4Recognition of Sequence Bounuar

The sequencestratigraphicboundary surfaces recognized in the study area are the
Sequence Boundary, Maximum flooding surface and Transgressive surface with their
corresponding depths. The White Nile stratigraphic column chart aided in dating the key
surfaces.The sequence boundarjtaird rifting cycle depression can be divided into the
2nd order and the 3rd order sequence boundaries. The 2nd order sequence boundary is
defined as regional tectonic unconformitighich are boundingthe second order super
sequenceOn seismic imageshe 2nd order sequence boundaries can be recognized by
tracing the interfaces afnlap and truncatiomor the surfaces at which seismic wave
properties changéccording to weHllogging data, the 2nd order sequence boundaries can
also be identified as daices of discontinuity of lithologyCompared to the 2nd order
sequence boundary, the scalesrmfonformities or depositional discontinuities are smaller

in the 3rd order sequence. The seismic reflection propertiiseoBrd order sequence
boundaries inade onlap, toplap anggional truncation. In terms of wétlg andlogging,

the 3rd order sequence boundaries areidéstified as surfaces at which lithology contact
relationchanges.Generally the sequence boundary surfaces are also featured iogsell

by abrupt changes in lithology or sedimentary facies andptesence of nonmarine
deposits above the unconformitieBhose surfaces could be used for correlation and

building an approximate time framework f8pecific sequenestratigraphic units
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4.4.1 Samma sequence boundary

The 2nd order sequence boundary is defined as regional tectonic unconfoxmitieare
recognizedy an erosional surface between a low stand and a high stand system tract.
The recognition of sequence boundarieB)(# this study was based on the concept of
Allen et al. (1997). The sequence boundary of Paleogene third rifting scale is the bottom
of Samma formation and top bfelut formation. From the stratigraphic colunof White

Nile basin the age of this sequenmoundary is early Paleocene. On seismic images, this
boundary undems the strongreflection from Sammaformation and mark the rift
initiation in terms of tectonostratigraphic conceygfFigure (8). According to weHlogging

data, the 2nd order sequenigoundaries can also be identified as g&itdfacies which
areequivalent to the alluvium fan deposit, the gamma ray is deegestsarply while the

SP increase According to the FMla sequenceboundaryrepreseng unconformity

boundary is characteed by thick paleo soil
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Figure4.1 Squence boundary of Samma formation in the seismic section
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4.4.2 Adar sequence boundary

The second sequence boundary is the top of Adar formation which represent the major onlap in
Melut and Rawat basin. Top Adar formation represtiet contact between tisgn and post rifting

and the end of the third rifting cycle. In tesof well logsthe Adar formation represesthe abrupt
change in the lithology between thick mudstarfeAdar formation and thick sandstone of
overlying Jimidi formationOn the seismisection vp-Adar formationwas characterized by a
sharp boundary between high impedance sandstodanidi formation and low impedance

mudstone in Adar formation
4.4.2.1 The third order sequence bouretanterpretation in Rawat basin

Top-Samma is thehird of the regional markers, which was characterized by sharp boundary
between high impedance sandstoimeYabus formation and low impedance mudstone in Samma
formation. . In terms of lithology the top of Samma magkhe thick claystone of the shaho
lacustrine of Samma formation to the fluvial sandstone of Yabus formdtlmnage of this
sequence boundary is late Paleocene to early Eocene according to stratigraphic succession of the
Melut Basin (Dou et al., 2007). In the seismic sectiginappeas as toplap for the underlying

reflectors(Figure (47)
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Figure 4.3 Top of Adar formation as top lap in wigefiesce and normal seismic sections
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Top Adar formation

Figure4.4GR and shale volum&f three wells in the seismic sectiont@the abrupt change in the litholog

at the top Adar formation
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4.4.3 Second order Transgressive Surf&t@oging Surface)

The Transgressive Surface is the first significant flooding surface in a sequiaieeed

in this studyfrom the contact between the thick sand of alluvium fan and the claystone of
flood plain oralluvial plain. This surface represerhe beginning of the retrograditional
stage and increasing of the accommodation spiarse usualy locateal at the base of the
retrograditional parasequence stacks of the Transgressive Systems Ifrdloesseismic
section this surface represgttte top of the strong reflectors which corresponding to the
low stand system trackigure (48). This suiaceis consideed also as thesecondorder
flooding surface for sequence This surface is important, because it indicates the
commencement of the increasing accommodation space and consequently the growing of
subsidence rate. Correlation of the topha valley fill is very important for the reservoir
subdivision, and in contrast to the sequence boundaries that can have very complex

geometries.

4.4.4 The Maximum flooding surface (MFS)

The Maximum Flooding Surface caps the Transgressive System Tr&dis (flrepresents

the most landward transgression of the shoreline. Sihigce carbe recognized in wire

line log data by the maximum shale peak or the maximum GR readigiyg gammaray
signals are aesult of high concentrations of organic matter eadloactive element3he
maximum flooding surface for the second order super sequence is located within Adar
formation and particularly in the lower part whishcomposed aflarkish to greenish grey
claystone. It is identified in the seismic section@dap surfac€Figure (8). Generally

the number of sequence boundaries in this study depend mainly on the type of order
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,Instance in the second order super sequence only one MFS existed while in second order
and third order 2 and 13 MFSs existed respebtivAll those MFSs are located on the

highest value of GR reading.
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Figure 4.7 The MFS for the second order super sequence in all wells in the study area using GR r
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4.5 Well log Sequence stratigraphic interpretation

4.5.1 Second order super sequence

According to (Mitchum, 197)the second order super segces are formed at rifting phase

scale and the sequence surfaces represent the uniformity boundalyedepositional
sequences and the accompanying systems tr ac
sequence based on gamma ray ftogtifs and sismic facies analysis of the reference wells

(C-1, G2, W-1, M-1) and the spatial distribution of the recognized constrained surfaces

(MFSs, FSs and SBs). The main controlling factors éseébequences is the tectonic.

Depositional systems in Rawat Baane associated with specific systems tracts. The types

of depositional systems and systems tracts vary significantly especially sofdira third

order system track. During the early stage of basin development, the stacking pattern of
systems tracts & dominated by low stand of alluvium fan in Samma formation wkich
characterized by thick sandstone in all the target wells. The top of alluvium fastimark

first flooding surface in the third rifting cycle. This stage represent a progradational stage
in all pars of the basin from the ramp until the deepocentre. As lake level tiosse
sandstoneich valley fill depositshave beengradationally overlain by a mudstene
domi nated deposits of Atr ansgfilleasdstomeand sy st
crevasse splays are also present, but typically constitute less than 50% of thk irtierva
base leveincreased rapidlyn the shore face and shallow lacustrine deposit in Samma
formation The thick intervals of fingrained deposits in the uppgezart of Samma (shallow
lacustrine environment) indicate deepening of the Lake Basin and transgression of the
shorelineln Yabus formation the lake level decreased again but in the second order scale.

This stage in the basin history represehe mid stge of the transgression system track
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whichis indicated by deposition of fluvio deltaic environment. In the uppergiafabus
formation the base level stadto increase again up to reach the regional maximum
flooding surface in the Lower part ofdar formation. Adar formation in all wells
characterized by thick reddish browengreyishclaystoneand high gamma which indicate
the high subsidence rate. The maximum flooding surface mark the begairhreghigh

stand system track in Adar formationtn the Oligocene age. In the upper part of Adar
formation the base level stadto decrease to some extend and this stage called the late
high stand system trackhe thick sandstone which is charactegzthe late stage of the
high system track is me@xising due to the erosion process in this stage, therefore Adar

formation marked by the regional unconformity in Rawat basin.
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4.5.1.1 Tectonostratigraplof the second order super sequences

Three stages of basin evolution with their owatbnestratigraphic systems tracts can be

recognized in the Rawat Basin

4.5.1.1.1Rift initiation stage

The rift initiation systems tractwhich dominateghe lower part of Samma Formatios,
characterized by a basal wide spread of alluvial fan seguehhe basin is presumed at
this stage to be stdeerial, with enough water supply to maintain perennial fluvial systems,
and the surrounding source areas to be congpoSeonsolidated competent rockhe

sedimentary response to this early stage ofaifhation results in the following:
Subsidence rate is equal to sedimentation rate which result in aggradational systems tracts.

The streams from more distant source areas with larger, established drainageskasins

continuous stream flow
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. Example 1: Sediment supply > Capacity
B Basin is filled to capacity X3
B Deposited sediment = capacity Excess sediment \

B Excess sediment leaves the system
B Nolarge scale lakes are possible

B Basinis underfillod Excess waler
B Deposited sediment = sediment supply

B Available water > excess capacity

B Excess water leaves the system, lake is hydrologically open

. Example 3: Capacity >> Sediment Supply
B Basin is undertilled
B Deposited sediment « sediment supply
B Avallable water < excess capacity
B Al water remains in the system; lake is hydrologically closed

Figure 4.8 Relationship among basin capacity, sediment supply, and volume of water
(Schlische and Olse990 ).
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4.5.1.1.2 Rift Climax stage:

During the rift climax is the stagehen the maximum rate of displacement on a fault
occurred, the sedimtation of theupper Samma and Yabugrelikely to be outpaced by
subsidence. An increased rate of fault movement allows stable lake sites to be established.
The rift climax stage start after the flooding surface in the top of the alluvium fane Th
werethreesubstages, early, mid and late, each a separate systems tract, which expresses
the characteristics of rift climax control and, thereforeagd rift climax systems tracts.

The onset of the earlyift climax systems tracts is associated with tloeial deposit,
lacustrine shoreface and shallow lacustrine in Samma formation. This stagewislinot
develop inM-1 and G2 wellsdue to beingpinched out and faulted out respectively. In

the early rift climax the system is increasing in the rateib$islence and decreasing in the
sediment supply from the source. The abrupt change from the thick claystone shallow
lacustrine to thick sandstone fluviodeltaic environment representselsend order
sequence boundary whidgh equivalent to the boundary taeeen Samma and Yabus
formations.this stage signiés the mid rift climax however the base leveldscreased
significantly in this stage. In the upper part of Yabus formation the base level and the
subsidence rate started to increase rapidly uttigy reacted the maximum flooding
surface in the middle of Adar formation. This is stage represent the late rift climax.
Generally Adar sediments are likely to be deposited in the standing body of water, and are
relatively finegrained, compad to the coarsgrained fluviodeltaic deposits from

underlying Yabus formation.
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4.5.1.1.3 Lateift stage:

The end of rift is marked by a return to deposition in a widespread fluvial systems
interbedded with lacustrine deposits marked by the depositioppErmostpart of the

Adar formation. Sedimentary response to the late rift stage resulted in a systems tract
characterized by subsidence that outpaced by sedimentation, andyhasincrease in
general grain size. But due to the regional unconformity in tlee@digocene the thick

sandstone of this phabkad beereroded.

The coarserained material of the upper part of the Adar Formation derived from the
proximal sources encroaches across the basin and a coargpwiaigls successiomnas
generated. Moreover tlahange of the clay stone color from the greyish green to reddish
brown might be indicang the swallowing upward. The decrease in subsidence rate, at
time of upper Adar deposition, resulted in eliminating lacustrine environments of the basin
center. Thehick sandstone of this stage is not ergtompletely in this rift stage due to
erosion by the overlying sequence boundary. The end of active tectonism and displacement

is marked by the deposition of the upper Adar Formation
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4.52 The second order sequences

The second order sequeneecording to (Mitchum, 197%7are formed atormation scale

which hasgenerally aspan from 10 to 80 million yearsom wire line log interpretation

| identifiedtwo sequences in the second orsigence scaleThe gamma ray log motis
generally characterized by coarsening and fining upward. From the cutting desstision
sand/clay ratio and the grain size change laterally due teatiegionin the depositional
energy and the accommodation spathe interpretation of seques@nd system track
depend mainly on the interplay between the sediment supply, accommodation space and
base levelln marine basins, especially those on tectonically stable continental margins,
stratigraphic patterns anaddies distribution result in large part from eustatic sea level
changes (Vail, 1977; Posamentier., 1988). In contrast, in tectonically activeraitoaic

rift basins, tectonisim may be the major factor controlling stratigraphic and facies patterns.
Tecbnism increases or decreases accommodation, alters depositional base level controls

the distribution of source areas, and influences local climatic patterns
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4.52 . Skquence 1

This sequence repressitite Samma formatiofFigure 63). It is bounded Y the regional
sequence boundary of bottom Samma at the base and the second order sequence boundary
of bottom Yabus formation at the top. This sequascemposeddf different depositional
environment such as alluvium fan, fluvial, lacustrine shore fadeshallow lacustrine.

Due to differencein basin geometry and the complexity of tectonic the full succession is
not exising any mordn all wells. In the deepocentre the succession is complete because
of the availability of accommodation space. Therefibre thickness and the grain size of

this sequence change lateradliyd vartically The parasequence and system track within

the sequence contain two stacking patecoargnng and fining upwardThe systers

track of thissequencé composd of low stand systemmitrack whichis represented mainly

by the alluvium fan deposits in all target wells. At this stage the sediment supply from the
source was high with less accommodatspace The thickest unit of low system track

exist inW-1 Well and thethinnestoccur in the M-1 Well which indicats the change of
thickness due to the change in basin geometry. The coarse grain size sandstone and the
color of the claystone indicate the arid and sard climate. The flooding surface is
located at the top ohe alluvium fan. At this stage the base level and the accommodation
space staedto increase under the effect of tectonic regime. There is an upward decrease
in channel amalgamation from the basal dawdly into the overlying mudstorgominated
deposits gggesting there is a progressive increase in accommodation during deposition of
the succession The Transgressive system track of this sequence is represented by fluvial,
shore face shallow lacustrine environment. The maximum flooding surfaces otthe

middle of shallow lacustrine which mark the onset of the high stand system track. The
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upper part of the high system track is eroded by the overlying sequence boundary. This
sequence boundary represent the abrupt change in lithology from thick claystbee of

lacustrine to the sandstone of the fluvio deltaic environment of Yabus formation.

4.52 . SBquence 2

This sequence includé&’abus and Adar formation&igure 6 Ait is defined at the base

by the sequence boundary of Yabus formation while in fhéstbounded by the regional
sequence boundary of Adar formationistcomposed mainly of fluvial , deltaic , shallow
lacustrine and semi deep lacustrine. In &ofn gamma ray log motif the parasequence of
this sequence contain different types of rnstiapes such as funnel, bell and serrate.
According to the thickness, claystone color and the accommodation ggacequence
wasformed by stronger tectonic stress than sequencel. Moreover the span of sequence 2
is more thanthat of sequence 1l.ilastedfrom the Late Paleocene to late Oligocene.
According to (Emery and Myers, 1993) the main control for the accommodation space is
the tectonis while the control for water supply is the climate. This sequence is available
in all wells with different tickness which dependn the well location within the half
graben. The systesttrack of this sequence characterized by thick sandstone of fluvial and
deltaic environmentln term of tectonostratigraphic interpretation this stage represent the
rift initiation for sequence 2. The base level and the ratio of sediment supply to
accommodation spaeeerelow in this period. The top of this system track is equivalent to
the top of Yabus formation which repressthie first flooding surface. The Transgressive
systen track is represented by shallow lacustrine environment at the base of Adar

formation which changed to semi deep lacustrine with the increasing of the subsidence rate
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in early Oligocene.This period of the basin historg characterized byhe increasimy
percentage of the claystone. The maximum flooding surface is marked by the highest beak

of the gamma ray. In the seismic data this sequence appear aqfoglap(47).

The high system tracks characterizedoy darksh- greenishgrey claystone of open
lacustrine environment particularly in downdip wells such ad Mhd G2. This stage
represent the rift climax periadAs the result of decreasing the base level and increasing
the sediment supply the sand stone percentage start to increase in theanppikdar
formation. This phase tectonostratigraphic framewisrkinterpreted as the early post

phase.
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Figure 4.11 the system track and tectonostrat:.
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