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MelutBasin, Southeast Sudan
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DATE OF DEGREE: June 2012

Basement reservoirs can be of different types; fractured granitic, fractured
quartzite, and/or fracturedSchist and Gneiss. In the fracturedsementreservoirs
hydrocarbonis entrapped within the fractures network within the basement rocks.
Porosity angpermeability in basement reservoirs is controlled by the fracturesariyy
the rocks matrix as in the conventional reservoirs. Hydrocahnbsted infractured
basement reservoir was reported in many locations in Sudan since 2007 and the
Melutbasin isone of those areas. Mappiagd characterizatioof faults and fractures in
those areas atieportantsteps towards the quantification of hydrocarbon potentiality in
the region. The main objective of this study is to characterize and model fractures system
within the basement reservoir in Ruman arealuMbasin. The aim of this study is
tobetter understand those fractures origin, distribution and conneciiatychieve the
goal of this study fractures, faults and lineaments were studied in differées sod
from surface and subsurfadatg well data, gravity, seismic data and satellite images.
Obtained data wascharacterized base on orientation, length and intensity. Moreover;
geostatistical extrapolation for areas-between wells, stochastic and elainistic
models vere also conducted to determine tbéscrete Fracture Network (DFN) model
Areas of fractures concentration and distribution wagbneated using this technique
Compatible and parallélW-SE, NNWSSE to NS, WNW- ESE to EW and NESW
trendswere observed fromthe interpreted data afatelliteimages, gravity, wells and
seismicdata It is evident from Ros®iagrams generatefbr the faults detected from
seismic dataand fracturesobserved frili@ FMHog of five wells that they are hing
similar trends The same trends can also be noticed in gravity data and lineaments
determined from satellite imageBreestagesnodelwere proposed for the origin of the
fractures associated withe basemenfractures developed during the emplacetrend
cooling of the igneous pluton, fractures related to the Proterozoic tectonic events and
faults relatedfractures(developed durindvielut basinrifting). The outcome of this study
delineated the possible origins of the fractures system hosting hglolvacéan the
basement rocks. Additionally the study characterized and defined the possible trends of
those fractures and how are they related to different origin. The study also addressed the
possible role of the major fasltin hydrocarbon migratioRrom te insitu stress
analysis, faults and fractures trends were tested for the most susceptible at present
dayThe study outcomes and methodology can be used for hydrocarbon exploration and
development in this area and for other areas of similar geologicelistl settings.
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CHAPTER ONE

INTRODUCTION

1.1 Overview

Basementhosting hydrocarbon wadiscoveredaccidentally worldwide during
drilling for other targets in sedimentary basinsullly this takes placevhendrilling is
gone deep and reached the basement oil was found (Petford and McCaffrey, 2003).
Currently, lasement rocks are considdm many countries amportant reservoirgor
hydrocarbon

Basement rocks are any metamorphic or igneousrockswhich are unconformably
overlain by a sedimentary sequemBasement reservoirs include fractured or weathered
granites, fractured quartzites, and metamorphic rocks such as frastiniedindGn ei s s 0
(Landes et al., 1960). It is very important to mention that no matrix porosity is within
fresh basement, so thaafturesare the mairdefinad porosity and permeability.andes
(1960) statedt h ahe oniy major difference between basemenk raied the overlying
sedimentary rock oil deposits is that in the former case the origingktding formation

(sourcerock cannot wunderlie the reservoirao



Fractured bsementhydrocarborreservoirsare foundin many countriesuch as
Venezuela Brazil,USA (basement in California, Kansas and Texas), North Africa
(Morocco, Libya, Algeria and Egypt), Middle East (Yemen), West Siberia Basin, China,
Southeast Asia in Vietnam and Indong¥aning, 2000) The BackHo fractured granite
reservoir in Vietnanproducesabout130,000 BOP[Petford and McCaffrey, 2003).

Those basement related hydrocarbdrscoveriesencouradeconsidering shallow
basement in other areas tasget forexploration Among those, thé&actured basement

reservoiran Sudarbe@me new targetfor exploration activities.

1.2 Location and PhysiographicFeatures

Melut Basinisgp pr oxi mately bounded by the | ongi
l atitudes 8A OONj and isabAut3BOkNjin B NNWIdirectioth a s i n
with an averagevidth of 100 km(Figurel-1).

Melut basinis located in the Upper Nile State in southeastern Saaahdivided
into two concession blocks (Block 3&7igure 1-2); currently the major part of this
basin became located in the South Sudan after Nortsanth Sudan were split into two
countriegRowell, 2010) Figure1-2).

The area of study is located at the northwest panioah Melut basin where the
hydrocarbon were discovered in the fractured basement resamaaiely Ruman area
and the surroundg basement outcropBigurel-1).

Destination to the study area from Khartoum is about 800 km and it can be
accessed through a variety of transportation means depending on weather conditions,
seasons and meane accessibility to Melut basin by vehicles, trucks andraift'sare

availablethroughout the year.
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Generally Melut basin has a flat land, with approxima889 m ground elevation
above the meaBea Level. Most of the region became swampy plains during the rainy
season. The drainage system is generally towards the northwest, of which the White Nile

River representthe main drainage elements

1.3 Problem Statement

The dallenging problem in fracturebasement reservoirs comes from the fact
that, oitin-placel may be held within an extensive fracture network on a variety of
different scales rather than within the matrix porosity of the formationerstanding of
the fracture distribution and connetty within basement reservoiratBe main toolsto
improve exploration and productiofhis information will not be usefuwnless those

fractures are characterized and a reliable fractured basement reservoir model is built.

1.4 Motivation

Fractured reservoirsold large petroleum reserves in the world, thety arestill
poorly understoodAdditionally, severabf thosebasement fields are producing foore
than30 yearswith a total production of morthan 0.5 billion barrels of oilThe current
revolutonsi n data acquisition, hardware comput e
for data analysis and integration lemt more discoveries of such type of trageT
availability of the 3D seismic and well datiaat penetrated basemeanhcouraged and

further motivatedheconduabn of this study



1.5 Objective

Since 2007 hydrocarbons in fractured basement reservoir were reported in many
locations in Sudan and the area of study is one of those @reasnapping of fault and
fracture in he area of study is therefore an important step towards quantifying the
hydrocarbon potentiayin the region. The objective of this study is to characterize and
model fractures system within the basement reservoir in Ruman area threttigh b

understandig of their origin,distribution and conectivity.

1.6 Methodology

To achieve the objective of this study, four types of sittaweraised.Dataused
in this studyincludeg-ormation Micrelmager (FMI)of five wells. The other types of

data are8D seismiadatg gravity data andatelliteimages for the outcrops

Fractured eservoir characterizatioand modelingcannot be completed unless
clear understanding of the types and causes of fractures are understood.Unraveling the
complexities of the fracture systems requires a systematic approach integrating all
available data formsn this study the following s@me @ fractures study was developed

and usedKigure1-3).

1.6.1 Fracture Characterization

Fracture characterization is the first step of a reservoir study, preparing data for
modeling stage. The aim of Natural Fracture Reservoir (NFR) characterization is to
detemine fracture properties at well locations as well as correlation and

interpolatiothroughout the intewell regions.



Formation Micro-Imager Time to Depth Conversion Lineaments identification
(FMD)
- " " Horizon and Fault
Fractures identification Interpretation Orientation Analysis

Fractures Classification Mapping and Contouring

Length Analysis
Orientation Analysis Orientation Analysis

Orientation Analysis Summary

In-situ Stress Analysis
Model of Fracture Origin

Hydrocarbon Migration

Fractures Sets Identification

Fractures Intensity Models Generation

Discrete Fractures Network (DFN) Model

Fractures Orientation Fractures Distribution

Figure1-3: Flow chart showng the approaches and objectives



In doing so, it is essential that all available field data be effectively combined and
utilized. Fracture Chareristics include fracture identificatiporientation distribution
andgeometry.To characterize fractures associated with basement restgr@dollowing

procedure was followed:

1.6.1.1 Fracturesand Lineaments Definedrom Gravity Data

Gravity data helpto understand the general configuration of the basin and used
to interpret the regional faults and the general orientation of lineanférasity data
measures variations in the Earthds gravi me
underlying rocks. It provides information on numerous dense sources, including deep
sources such as the structure and composition of dense basement and shallow
sourcessuch as faults, dykes and sills, as well as cultural features. Standaid &nele
Bouguer anomaly images will contain information from all these sources. Gravity
lineaments were interpreted from data set of land gravity using Bouguer anontaly wit
grid cell size 2km and also by using satellite gravity with low resolution Stkmelps to

understand the general lineaments orientation and length in the study area

1.6.1.2 Faults Defined from SeismicData

Seismic data represent the main source of tleprated faults in the study area.
Fractures identification from seismic data conducted by several steps, started by
converting the 3D seismic cube from time to depth domain using wells and seismic
velocity data. The previous step followed by interpretediiasement top from well data

and tie it with the seismic data, after that interpretation of basement top horizon was



conducted parallel with the fault picking. Finally mapping and contouring were

conducted.

1.6.1.3 Fracturesand Lineaments Defined fromSatelliteimages Data

Satellite images of the basement outcrops around the area of refpidggent the

outcrops analogf the subsurface basement.

Analysis of trends, lengths and nature of lineaments within the outcrop cam help
understand theharacteristics ahbehavior of the subsurface fractures associated with the
basement reservoitA digital GIS database has been generatethiasurface lineamest
using satellite imageand trendsaalysis forthoselineaments were conducted using rose
diagrams. Lengthsvere also measured for all the interpreted surface lineaments and

length analyses conducted using different techniqéiseochastic modeling parameters.

1.6.1.4 FracturesDefined from Well Data

The foundation of the fracture modeling reliegsostly on the Formation Micro-
Imager (FMI) data interpretatiotinat provides high-resolution picture of near borehole
resistivity. This image of borehole geometries allows features like fractures and some
intrusive contacts to be described and classifiéateover, fracturesgemal attitudes and
trends are determined from well data.This information allows statistical analysis and
builds diagramsrelated tofracture density and distributicend illustratesdata related to
fractures fabricStatistical analysis diracture intensyt (number of fractures per unit of

volume, 1/m3 was also conducted usitagsdata to help in fracture modeling
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1.6.1.5 Model of Fracture Origin

To identify the origin model of those faults and fractures within the basement,
lineaments (fracturegxtractedrom gravity, seismicsatellite imageand welldatawere
analyzel base ontheir orientation.GIS frameworkwas used to analyze the outcrops

lineamentsand categorizhembased on theibrientation

1.6.1.6 In-situ Stress Analysis

An additional step which isften of value in basements is to determine whether
present day hsitu stress is acting to dilate apertures and hence promote fracture
permeability on particular fracture orientatiof3uring this study, fractures were tested

regarding the current stredsection.

1.6.1.7 Hydrocarbon Migration

Basement prospects are usually structural highs, with substantial vertical relief.
Fractured basements are commonly believed to be charged through the flanks or through
thetop of the basement structu2uring this studyhydrocarbon migration were tested

andanalyzed

1.6.2 Fracture Modeling
Fracturemodeling consists ahany steps starting fromnalyzing thefracture
properties and defining different fracture sets, generating theintensities of the different
fracture sets based aomparisons withfield datand finally generating the discrete

fracture network.
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1.6.2.1 Geo-cellular Model Description

For better representations of fractured reservoir, model geometry was built based

on the basement tops from wells and the seismic intenoretftthe basement horizon.

1.6.2.2 Analyzing Fracture Properties

Data from thefive wells were imported and analyzed inPETREbftware
(Schlumberger, 200%ractures oentation (dip angle and dipazimuth)ere imported,

together withtheir positiongnto thewells.

1.6.2.3 Fracture Setsldentification

The fracture dataereanalyzed in a stereonet, which plots the poleto the fracture

plane characterized by its dip and azimuth.

1.6.2.4 Fracture Intensities Generation, Upscalling and Simulation

Using the fracture setglentified in the previous stephe next step was tdind

how fracture intensity variegertically and horizontally in the area of study

1.6.2.5 Discrete Fractures Network (DFN) Model Construction

A fracture network is a group of planes representing fract&rastures are two
scales, seismic scale and sdismic scale fracturednthis study,the sulbseismic
fractures of the same type and generated at the same time are grouped into a fracture sets
and then modeled stochastically.The seismic scale (faults) were interpreted from seismic

data, and then modeled deterministically as a separattdréaet.
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CHAPTER TWO

GEOLOGIC AND TECTONIC SETTING

2.1 Geology of NE Africa

The Precambrian basement of Sudan and adjacent areas of NE Africa comprises
twodistinct major geodynamic systems. These are the Ardbady Proterozoic high
grade gneissesf sialic nature, which were reworked during the Pan African teetono
thermal episod€Schandelmeier et al., 1987a; Vail, 1982hd the Late Proterozoic
juvenile lowgrade mobile belts comprising volcasedimentary sequences and

ultramafic remnants of iand arc affinity(Vail, 1982)

The ArchearEarly Proterozoic higlgrade gneisses and migmatites with
interfolded supracrustal mesediments comprise most of the basementexposures west of
the River Nile in Sudanis referred to as the Nil€raton,the Su@n Shield(Kroner,

1975; Vail and Hughes, 1987@nd East Sahara Craton.

These higkgrade rocks were recorded at various localities in the interiors of

Sudan.Schandelmeier et al., (198@3ported such rocks in the CebelUweinat area near
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the border betweeSudan, Egypt and Libya. They are also studied in the WadiHawar
and Nubian DeseltAbdel Rahman et al., 1993; Schandelmeier et al., 19&iajlar
rocks have been described in the Nuba Mount@h#&geed and El Rabad 981) and

from the Ingessandurmuk area(Abdel Rahman et al., 1993Dn the other hand the
low-grade juvenile rocks are maindxpo®d east of the Nile and they constitute part of
the northern extent of the Late Proterozoic Arafaian Shield(Schandelmeieet

al., 1987b; Vail, 1982).

The development of the Late Proterozoic juvenile mobile belts (Ardiidoian
Shield) in NE Africa began initially with rifting in protoceanic basins followed by
formation of several island arcs, and by later growth of Andgae magmatic arcs.
The closure of the oceanic basin resulted in the accretion and coalescence of these arcs
Subsequently the whole system collided with the ancient east African coast. These
processes led to crustal thickening and shortening,-atikddne magmatism,

emplacement of ophiolitic belts, thrusting, shearing and s$tipefaulting.

The structural development of the Central and East Sahara Craton in NE Africa
began in the Late Archean. This area has undergone various crustal deformati®mevent
Early and Middle Proterozoic, completed under the Late Proterozoic Pan African Tectono
Thermal Episode. These deformational events comprise the early-stages
deformation events during the Early to Middle Proterot8chandelmeier et al., 1987a)
characterized by an initial folding at about 2100 Ma, drift and rotation of Gondwana at
around 2000 Ma and the subsequent formation of transcontinental shear zones. The

collision of North African continental plate with the West African craton during #te L
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Pan African Episode generated a compressive stress at the margin of the plate which

resulted in the formation of transcontinental shear zones during that time.

2.2 Regional Geology of Sudan

The geology of Sudan comprises four major geological (Wad, 1982; Vail et

al., 1990) namely are:

1- The Basement Complex, comprising highly folded and metamorphosed ariio
paragnei sses and s c h-iasdtldtesto posttectonicd ef dubduction s y n

related calealkaline bimodal granitoid complexéscalled batholithic granitoids.

2- An-orogenic higHevel alkaline igneous complexes comprising gabbros, granites and
syenites with associated volcanies|ot of them are in the form of wetleveloped ring

complexes.

3- Extensive Phanerozoic sedimentatgata, forming a largely undeformed cover to the

basement rocks and to some of the intrusive complexes.

4- Cenozoic midplate basaltic volcanism which occurs as discrete volcanic centers alone
or in associated fields, and plateaus of basaltic flows assdaiath the East African Rift

Valley magmatism.

Sudan geology Higure 2-1)(GRAS, 1988)is diverse with acombination of
metamorphic, igneous and sedimentary rdgkdanbasinsare largely underlairand
surroundedby Precambrian rocks, particularly in tlseuthwest, centre and northeast,
which were almost exclusively reactivated during the NeoproterozoicAREan

tectonethermal evenffrom 1200 Mato 500Ma). Large parts in the north of the country
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are covered by continental clastic sequences of thdoprinantly Mesozoic Nubian
cycle (previously Nubian Sandstone), and in the south by Tertiary to Quaternary
unconslidated superficial sediment north and northwestepart of Sudan,he oldest
sedimentary basinavere encounteredand it isfrom the Cambro-Ordovician age
(Whiteman, 1971pata from Mesozoic basins such as surface geology, regional gravity
and magneticindicate that these basins are deep and filled bythicknof continental
sediments duringthe Mesozoic time. The gravity, seismic arithgrdata acquired in
interior Mesozoicbasins in the central and southern Sudan indicated that more than
13,000 meters of clasticsediments occur within the deepest central trough of these rift

basing(Schull, 1988)

2.3 Geology of the Study Area

The Melut Basin is characterized by flat plains. This plain aresmderlain and
surrounded by regionally metamorphosed Precambrian and Paleozoic rocks and minor
(synlate- to posttectonic) Mesozoic/Cenozoic intrusive and extrusive igneous rocks.
These ocks are exposedthenorthwestand thenortheast of the study area in the Nuba
Mountains and Ingessana Hjllsespectively Figure 2-1 and Figure 2-2) (GRAS,
2005)The surrounding basement terrains represent the source area for the sediments
filling the Melut Basin (Schull, 1988) The basement rocks around Melut basin is
predominantly of Precambrian metamorphic rock with limited occurrences of intrusive

igneous rock (Schull, 1988)
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The primary composition of the rocks is granitic or granodioritic gneiss that dated
to 540 Ma £+ 40 Ma(Schull, 1988)Basement rocks underlying the Melut basin belong to
the AJuvenil e bNubianoshiedf Thet bagsement rrachs i assemblage
comprises various types of granitoids, schist, marbel and mafienudtfia materials that
altered in diferent degree to serpentine, talc and carbonate materials that aftered i
different degree to serpentinitéalc and carbonate materialEhe K/Ar isotope age
determination made for basic igneous rock retrieved from one well in the area revealed
age of 55IMat 21 Ma (Schull, 1988) The Basement has been penetrated and cored in
two wells and interpreted as granodioritic gn€Sshull, 1988) The Basement Type in
North Melut basingenerallycomposedof metamorphic and igneous rock granodioritic

gneiss and soendoleritedykes (Schull, 1988)

2.3.1 Basement Complex of Nuba Mountains

As we mention beforethe basement complex of Sudan includes reworked
Precambrian inliers reactivated during Pan African tectbeamal activities, namely the
Nuba Mountaing(Figure 2-1 and Figure 2-2), the Darfur block, Bayuda and Nubian
deserts.The NE Nuba Mountains isomposedof high-grade gneisses and leyvade
greenschist volcanesedimentary sequence. The contact betwesntwio rock typesis
marked by the Kabusophiolitic#ange zone(Abdelsalam and Dawoud, 1991Fidgure
2-3). Based omany studies done Abdelsalam and Dawoud 991); Abdelsalam et al.,
(2002; ElI Ageed and El Rabga.(1981); Vail(1972; Vail and Sadi¢l987);
Whiteman(971),the stratigraphic and tectonic sulddions of the Basement Complex of

the NE Nuba Mountains can bescribed from older to younger. &igh-grade gneisses
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Low-grade greenschistfaciesassemblageKabusophioliticnr@lange rock assemblage

Synlate orogenic graniteendPostorogenic granites

On the regional scale, the boundary between theNubian Shield @ahtran
metacrators marked by NS trendingsuture extending from the Bayuda Desert in
thenorth to theNuba Mountains to the south. This suture can also beextended southward
to the westermargin of theMozambique Belt in northwestern Ke(dhdelsalam et al.,

2003; Abdelsalam and Dawoud, 199Eigure2-4).

The gneisses are exposed as-lging outcrops,coverin someplaces by a thin
sedimentary cover of Quaternary age. They comprisalynquartzefeldspathic gneisses
commonly associated with small lenses of concordant amphibolites and local migmatites
(Vail, 1978)

The second unit of the basement rocks comprises thgrade greenschigacies
assemblage (metslcanic and metaedimets) that includes marble, mica schist,
guartzites, graphite and chlorisehist's They occur as low isolated outcrops generally
delineating the configuration of the fold structures and forming intercalated bands of
metasedimentary and metalcanic rocls that probably represent different depositional
and volcanic eruption phas@sbdelsalam and Dawoud, 199Ihe ophiolite zone marks
the suture between the legvade greerschistfacies assemblage (island arc terrain) and
the highgrade gneisses of contmal origin in the northeastern Nuba Mountains. The
rocks of this unit occur as discontinuous lenticular bodies in an imbricate structure

(Abdelsalam and Dawoud, 1991)
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The older metamorphosed basement rocks were intruded blatsynrogenic
granites, whichpredate the younger pasigenic igneous complexes of the Sudgh
Ageed and El Rabaal981)The youngest unit of thbasement complex is the post
orogenic granite reported from the northern Nuba Mountains. These afeliated,
shallowlevel granitic bodies and volcanics that occur as ring complexes and discrete
bodies, intruded during the Pal@dz around 542 Ma (Vaill982).The tectonic evolution
of the Eastern part of Nuba Mountains occurred in deferent stage through the time,
starting from the development of intraceanic Island arc over a westerly dipping of
subduction zone of oceanic crust and development ofntrginal between the arc and
the continental crust to the we$tigure 2-5A) then the marginal basin begins to close
with the continuity of the compression force and the subduction zone migrates westward
with addition to development of Andean type arerothe continental crugfigure2-5B)
after that the marginal basin totally collagsad kabusophioliticmelange appeared with
period of erosior{Figure2-5C). EI Ageed and El Rabg@d981)in his correlation of Pan
African lithostructural belts in the northeast Nuba mountains implied a twofold
subdivision of the basement into a lower cratonized gneissic group, which may represent
an older ensialic basement, possibly of earlier Precambrian agtaiovgy an upper
mobile geosynclinalmetasedimentary and metavolcanic assemblage witanthigost
orogenic igneous phaseRegional correlation with African orogenic belts suggests that
the gneissic group may be part of an older, deeply eroded basameeassion (probably
Mozambiquian), whereas the geosynclinals sequence may be part of an aulacogenic Pan

African Abasemento.
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Ahmed (1984)in his study of the Precambrian lineaments, concluded that, besides the
curvilinear features, a strong pattern of Precambrian structures trending ma$ly N
NNW- SSE. As a result of this, the region was dissected into a mosaic of large basement
blocks surrounded by tectonic zones of faulting and strong shearing. Faults along the
lineaments zones seem to have been rejuvenated several times during the subsequent
tectonic events which were active since posttaceous until receriGass and Neary,

1975; Qureshi and Sadig, 1967; Vail, 1978).

2.3.2 Basement Complex of Ingessana Hills

The Basement Complex of the Ingessana area consists of giedaizmathic
gneisses in which bands of marble, rschist and quartzite are developed in places.
Varieties ofigneous rocks were intruded into the metamorphosed basement. The largest
units of the basement rocks are foliated granites and granodiorites, which mayldte syn
tectonic intrusions. They are in contrast to smaller ecoting unfoliated posbrogenic
granite plutons(Vail, 1978) The moststriking intrusive bodies are the numerous

ultrabasic and basic rocks; the most signifiégarhat of the Ingessana Hills

2.3.3 Basement Description from Subsurface Data

The results of the petrographic analysésanples from Ruman N1 and Ruman
N2 wells indicate that the mineral composition is mainly composed of polycrystalline
quartz and minor monorystalline quartz. Considerable quantities of hornblende and
some amount of Keldspar as well as abundant plagioclasmsiderable amount of mica
(mainly biotite) are also observed, and some amount of iron oxides. These mineral

assemblages interpreted as Granodioritic gneiss.
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In Ruman NEL, core was cuand dter analysis othe core datat is found two
complexes of rdcs, metasediments and metgneousrocks At depth 1854 m,hemeta
sediments was found (Figure 2-6) and interpreted as uqrtzplagioclasebiotite-
epidoteSchistThe extureisporphyrablastic, foliatedAt depth 2002 m, the metgneous
was found Figure2-7) and interpreted asgissic biotiteGranodiorite

In Ruman NNE1, core was cand dter analysis of core datd is found one
complex of rock metaediments.The metasedimentswere found in Figure2-8) and

interpreted asuprtzsericite Schis The extureis likeblasticgrained, foliated

2.3.4 Sedimentary Units of Melut Basin

The Paleozoic sediments were only reported fréme far northwestern and
northeastern Suda(Klitzsch and LejaiNicol, 1984) Paleozoic sediments were also

reported, near thMelut Bain, from westcentral Ethiopia

Mesozoic sediments were only known from the subsurface data within the
stratigraphy of the Melut Basin (A brief account will see in Melut basin stratigraphic
section). Adigrat Formation is the nearest outcroppibgsozoic unit it located in

Ethiopia along the Blue Nile gorge, approximately 250 km east of the study area.

The Cenozoic sediments (Paleogene/Neogene) were found in subsorietut
basin,where the Umm Ruwaba Formation is Cenozoic sediments fourkek isutface.
The Umm Ruwaba Formation represents the unconsolidated fluvial deposits of the White
Nile drainage system incentral and southeastern Sudafhe unit consists of
unconsolidated sands, clayey sands and clays with some gravel beds and generally

exhibits rapid facies variation (Eisawi and Schrank, 2008).
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RN-NNE1-1934,35 : Quartz-sericite Schist
containing ore dust and organic material (?)
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grained, foliated

Figure2-8: Show themetasediment rock (Schist) in well Ruman NNE
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At the type locality (Umm Ruwaba village), the unit is 278.6 m thick but may
attain a thickness of 335 m or more in the eastern Kor(ééin 1988).
TheQuaternary to recent sediments include all tteva alluvial deposits in the
south ofSudan and Wadi depositkler Alluvium represented by raised terraces and old

channels in the northern part of the region.

2.4 Tectonic Setting

Africa has been affected by ang and complex history of rifting affectéAfrica
since the ProterozoicAccording to Browne et al. (198%nd Bosworth (1992), the
tectonic evolution of the Sudanese interior rift basins is related to the Mes&aoozoic
movements that reactivatatle weak lineaments inhereqdtin the fabric & the Pan
African mobile beltsMajor phases of riftingvere took placeluring the Mesozoitime
(JurassieCretaceougesultedin the development of the West and Central African Rift
Systemduring JurassfCretaceous timegFigure 2-9) (Bosworth, 1992; Gek, 1993;
Guiraud and Maurin, 1992; Schull, 1988he central and southern Sudan interior rift
basins are definebly an extensive rifthat began to develop in the late Jurassic to Early
Cretaceous time(McHargue et al., 1992; Schull, 1988}he developrant of these rift
basins attributed to processes operated not only within the central areas of Africa, but
also along the eastern and western continental margins of Africasaadiated witlthe
separation of west and east Gondwana. In early Creta¢ktes]urassic?) and to the
west, the African and South American cratons began to seffBeatkead, 1986; Schull,
1988) As a consequence of these major events, shear reactivations along the central
African shear zone developed which has led to the dpuednt ofa parallel and sub

parallel half grabens of predominantly N'BE orientation in the central and southern
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Sudan craton arg@igure 2-9). Sudan rift basins are composed of a complex system of
linked extensional and tratensionalsulbasins that typically have a half
grabemeanetry and modified by subsequent reactivation during younger rift cycles
(McHargue et al., 1992)he Central African Rift System exhibitsr@ajor ENEoriented
strike-slip zone showin@ dextral movement

The Central African Rift System extends from the Gulf of Guinea toSudan and
Kenya(Bosworth, 1992; Browne and Fairhead, 1983; Genik, 198% Central African
Rift Systemis represented by the Doba, Doseo, Bagara, Muglad (southern Sudan), Melut
(White Nile), Khartam (Blue Nile) and Atbara riftsF{gure 2-9). The Gntral African
Shear Zone crosses the continent from Cameroon into northern Sudan, marking the
northern termination of many basins. Along its track many -gpért" basins are
observedBosworh, 1992) Figure2-9).

Multiphaseof rifting resulted in avariationin theregional stress field, generally
this also iscontrol the evolution and development of individual rift basin witbnique
historyof each rift basin due to local influences.

According to Stwull (1988 the tectonic evolution of the Interior Rift Basins in
Sudan can be divided into five phagsgs:Rift PhaseFirst Rift PhaseSecond Rift Phase

Third Rift Phase an8ag Phase.
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2.4.1 Rift and Sag Phases in Melut Basin

The Melut Basin located in the soughst part of @ntral African Shear Zone
CASZ 1t is an intracontinental CretaceouBertiary rift basin formed due to the strike
slip and associate ptdipart structure took placelong the CASZ during the Early
Cretaceous on the consolidated créBimks and Fairhead, 1992; Guiraud and Maurin,
1992 McHargue et al., 1992){gure2-10).

The recognition of the rift episodes is based on identification of three regional
correlative depositional cycles which are practically evident in the Melut Basin. Each
cycle boundary is regionally or locally expsesl by an angular unconform(i®cHargue
et al., 1992).

As indicated earlier Africa has been affected by a long and complex of rifting
since the Proterozoic time. According to Bowne (1988g tectonic evolution of
Melutbasin is related to the effects ofelbzoieCenozoic movementswhich were
reactivation ofthe weak lineaments inherentin the fabric of the PaAfrican mobile
belts.

Prerift phaseweakness zones were mainlyresult due todineelopment of the
Late Proterozoic juvenile mobile belts (Araisubian Shield) in NE AfricaThe shield
began initially with rifting in proteoceanic basins followed ktye formation of several
island arcs, and by latey thegrowth of Andeartype magmatic arcs. The closure of the
oceanic basin resulted in the adme and coalescence of these afsbsequently the

whole system collided with the ancient east African coast.
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EURASIAN

Teamsform faults

Figure 2-10: Regional tectonic setting of Africa (Alarly Cretaceous. Note that transform faults extend
into the African continent, leadintp strikeslip faulting of Central African Shear Zone (CASZ) and
initiation of Sudanese riftsA() Late Cretaceas(B) Late Cretaceous collision of Eurasian and African plate
along the Alpine orogencreats NBE oriented compressional stress, and induceSWEoriented tensile
force, leading to subsidence of Muglaasin McHargue et al., 1992)
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These processes led to crustal thickening andshortening,-alkalme
magmatism, emplacement of ophiolitic belts, thrusting, shearing and-slipkiawulting.

The boundary between theNubian Shield andStiigaran metacratesnmarked by NS
trendingsuture extending from the Bayuda Desert in thenorth to theNuba Mountains to
the south(Abdelsalam and Dawoud, 1991); this represents t&wWeakness zones that
reactivatdater by MesozoiT ertiary rifting. The basement rocks in and around the Melut
basin during the end of Pakfrican orogeny became a consolidated platfd@chull,

1988)

During the Paleozoic and early Mesozoic, these high areas became the source of
sediments of the adjacent lowlands areas.

The first Rifting phase (Early Cretaceous 18D Ma)was the most significant
rifting episodes.t resulted in the deposition of freshwater large lacustrine basin. The
origin of this rifting is generally related tthe breakup of Gondwanaland and the
opening of the South Atlantic and Indian Oceans starting about BH3(Bahull, 1988)
Lacustrine shale, which considered beingtheource, was accumulated mid of the
lower Cretaceous formation. The terminationked initial rifting is marked by basin wide
deposition of lower Cretaceous faation thick sandstone deposifsnvo stages of sub
rifting developedduring the Early CretaceougFairhead, 1988; Guiraud and Maurin,
1992) (Figure2-11). The first subrift start during the Early CretaceoyBarremiarn the
major extensiorstart byNNW-SSE to NS (Guiraud and Bosworth, 1997} caused the
development of WNWESE to EW trending lineamentparallel tothe Central African
Shear ZoneKigure2-11) EW or ENEWSW. The second sulift was developed uting

the Early CretaceougAlbian), a major phase of NBW extension occurred in the
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Melutarea due to the opening of the South Atlantic Od&&gure 2-11) (Guiraud and
Bosworth, 1997) It caused the development of NBE to NNW-SSE trending

lineaments.

The second rifting phase occurred in late Cretace@fs Ma to 75 Ma)
characterization by the widespread deposition of lacustrine and floodplain claystone and
siltstone, and the end of this phase are represented bypbsitdmn of an increasingly
sandrich sequence that concluded thick Paleocene sandstone, the Melut formation. This
phase was accompanied by minor volcaniBmring this rifting, theNW1i SE trending

faultswere reactivatedby the NBEW extensional stress (Aaead, 1988).

The final rifting phase began in the Paleocene and is characterized by thick
lacustrine and floodplain claystone and siltstone. The Samma, Yabus and Adar
formations were developed during the third rift. Late Eocene basalt flows have been
found in the south of Melut Basin near Ethiopia. The third rift was terminated by a
regional unconformity which ushered in the post rift ph@serhead, 1986, 1988). NE
SW trending faults occurred as a result of Tertiary extension during the opening of the

Rad Sea.

The sage phase (Neogen®uaternary) occurfeer EoceneOligocene, the basin
entered into an intracratonic sag phase with very gentle subsidence accompanied little or

no faulting tillthe Quaternary.
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Figure2-11: Two stage development offiican rifts during Early Cretaceous. (A) Barremian. (Bbian. |
= Craton; 2 = rift; 3 = active fault; 4 = major ike-slip fault; 5 = compressiorzone at the end of wrench
fault; 6 = oceanic crust; 7 = flow line; 8 = extension direction; 9 = WdhisGrande Ridg; 10 = pole of

rotation(after Fairhead, 1988Guiraud and Maurin, 1992)
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2.4.2 Structural Style in Melut Basin

Based on gravity, aeromagnetic and seismic daéduit basin can be divided into
the Northern, Eastern, Central, Western and Southenbasibs and the Central High
(Dou et al., 2007)

Thick-skin faults (basement involvedriginating within the deep crust amantle
and thinskin faults (restricted to sediments oflyare responsible forhe structural
development of halgraben riftbasinsin Sudan(Mann, 1989) The low-angle listric
normal faultingis responsible for the ostSudanese riftbasins devaiognt (Mann,
1989)Thick-skin faults form the basins and providethe {gmdben holes, into which
thousands ofmeters of sediment are depdghtann, 1989) Thin-skin detachment faults
are antitheticto thick-skin faults. Thirskin detachmentshave been recognized in the
sediments on passivemargins; termed slumps or growth faults; they areoften associated
with salt or shale flowage, activedeltas slumping of the shelf sedimemlut basin
exhibit typical rift extensional tectonic feature with strédgp compressional effects.
Major fault trends throughout the basin are NBE to NNWSSE, oblique to the main
basin axigMann, 1989). The North part delutbasinshown in(Figure2-12 and Figure
2-13) illustrates the resulting halgrabenbasin shapes developedh®thick-skin crustal
detachmentfaults, Mann 1989 Extensionstress toward the NESW directiors.The
tilting, subsidenceand extension of eadlrbasin isdevelopedbyseveral listric shaped
thick-skinnormal faults(Mann, 1989) The resulting basins are steep half graben,

approximatelyl@5 km wide and several tenKahs long.
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(See Figure 2-14)
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Figure2-12. Basement Time Stoiure Map constructed from an extensive seismic data illustrates the
shapes of the thickskin faults. Faults connect to deep detachment. Fault movement is transiemwed fro
fault to another by means of listric transfer faults (after, Mann 1989)

‘For Detail see figure 2-14 ‘

Figure2-13: Line 7 and Line 8 regional dip linesthe upper magafter Mann, 1989)
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The subbasins typically have a halfraben geometry that was modified by
subsequent reactivation during younger riftcyqi®Hargue et al., 1992)wo of the
large thickskin faults areconnected by a transfer fakigure 2-14shows a detailed area
of Figure2-12 with asimple thin skin detachment. This area illustratesthe relationship
between thirskin and thickskintectonics. The extension on the th&tnfaul created
the half graben basifFigure 215). Displacement on the thiskindetachment caused the
development ofnumerous secondary antithetic and synthetmal faults.The thinskin
detachment is an antithetic fault tothe main tkskkn faul{Figure 215). The hgh
bedding diphas allowed the antithetic fault to become a begidiamg detachmenthe
basin is bounded by normal fault system that experienced predominantglipdip
displacement that increases at the centre of the fault and decreases toward esther end
with adjacent rider blocks and sgepositional transverse folds. The preserved present
day stratigraphic geometry, architecture and structural styles are strongly influenced by
the displacement geometry on the bounding normal fault systspect of tle evolution
of the fault system including their nucleation, propagation and linkage can be extracted
from the sedimentary record. The spatial stratigraphic significant is related to the growth
of normal faults in extensional basin, which was establistwed the fact that cumulative
displacement is greatest near the faeltterand decreases toward the fault tips and the

fault lengthen as cumulative displacement increases.
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Figure2-14: Simple thin skin detachment, Melut basin, showing TWT (Time &ital Map) of Tertiary
horizon. Note secondary thskin normal faults and their antithetic faults are arculate and rim the basin
deep for basement stiture) (Mann, 1989

Figure 2-15: Line 7 Dip line tobasin forming thickskin fault Note antithetiaelationship between thin
skin and thickskin faulting (Mann1989
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2.5 Melut Basin Stratigraphy

Schull, 1988 described Melut basin as a deep rift structure filled by thick non
marine Mesozoic and Cenozoic sequences related to the Central African Shear Zone
(CASZ).Based on geophysical investigatiogeologicalinterpretation and palynological
information obtained from borehol¢éBou et al., 2007; Eisawi and Schrank, 20G8g
Stratigraphic columnFigure 2-16) of the study area can be summarized as follows

A Quaternary cover
Unconformity
Tertiary strata
Unconformity
Late Cretaceous strata

Unconformity

o o o o Do Do

Early Cretaceous strata
The stratigraphic column in the Melut Basin can be divided into four units separated by
unconformities. These are: Lower Cretacediyer Cretaceous, Tertiary and

Quaternary.

2.5.1 The Early Cretaceous Strata

Al-Gayger Formation lies unconformablythe Basementrhe lower intervalof
Al-GaygeFormation is composed mainty thin sandstones layers intleeddedwith thin

claystones. The main sedimentary environment varied from fldeigic to shallow



o) Oolw
AGE | € | GeoLoaic Linology | |Z[2]d | rirt
Ma E AGE FORMATION description | | 8 g Phases
o E )
AGOR/
180 | QUATERNARY DAGA &
5.80 Pliocene § o
MIADOL 2%
w S
o fp— £
c ®E
3 £4
o JIMIDI/ LAU £“
= =
S
2380 | oo
< z
. (-
P o
o 2
3370 | W o _
= © =
oo 3
[~ ~<
w z
Paleocene
=
(33
Z "
= GALHAK ®
> 4
(3] =
< Qo
=
AL RANK
S S GAYGER ﬁ
Q.
Pre-Cambrian Basement

Sandstone & siltstone

Clay & shales

Shales (HC source rock)

Basement Complex

AANAN

Unconformity

41

Figure2-16: Stratigragmic column for the Melut Basim{odified after Dou, L., et al., 2097
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lacustrinefacies upwards. The upper part consists of dark greblackl thick shales

with interbedded thin sandstones. The main sedimentary environment of the upper part
issemideep and deelacustrine facies.This formation is interpreted to have been
deposited under predominantly nprarine conditions during thérst rifting phase

related to the opening of the Sbuttlantic Ocean.

2.5.2 The Late Cretaceous Strata

The late Cretaceous strata in the Melut basin is represent by three formations; Al
Renk, Galhak and Melut respectively. TheR¢nk Formation lies unconformably on-Al
Gayger FormationGalhak Formation is characterized by the medigonfine-grained
sandstaes and claystone3he proposed depositional settings are interpreted to have
once dominated by fluvial conditions with brief, periogitases of lacustrine conditions

during the second phase of rifting.

2.5.3 The Tertiary Strata

The Paleocene lies unconfornhain the Late Cretaceous. The Samma Formation
is composed of thick coarséo mediumgrained sandstones with interbedded thin
claystones which were deposited in progressive braided delta, marginahatavs
lacustrine environments during the early stagjethe third rifting. This formation
typically shows good reservoir quality

The EoceneYabus Formation is dominated by channel sandstoaedeposited
in mouth bars and crevasse sp&wironment during the third phase of riftingabus

Formation is thenain reservoir in Melut basin.
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The OligocenéAdar Formation was deposited in shallow to seeep lacustrine
environments. It is characterized by the dominance of shales with thin siltstones and
sandstonesin the interior basirAdar Formation deposited dog the third phase of
rifting which was associated with the opening of the Red Sea

TheMid OligoceneLau Formation covers the underlying strata unconformably. It
is characterized by an upward fining clastic cycle. It was deposited in shallow lacustrine
to braided river environments.

The Miocene Jimidi and Miadol Formations were deposited in shallow lacustrine
to fluvial environments. The Jimidi Formation is composed of massive sands,
interbedded with more thin claystones upwards.

The Miocene Miadol Formation was deposited in overbank/floodplain and
lacustrine environments. The lacustrine facies are often well developed suggesting long
lived, stable lake conditions. The Miadol Formation is composed of teenatigerbedded

with claystones.

2.5.4 The Quaternary Strata

Daga Formation is composed of sandstones in the eastern and cerdrad {heet
basin and claystones and interbedded siltstones in the northern and soutlsevhtpart
basinThe Daga Formation is interpreted to be deposited in floodplainhwithid type

vegetation.
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CHAPTER THREE

FRACTURE CHARACTERIZATION

As indicated earlier,hie main objective of thistudy is to characterize the
fractured basement reservalihis includesfracture identificationfrom subsurface data
fracture and lineaments delineatiofrom the analogues basemeatitcrops in the
surrounding the study areaalable information about the length, orientation, intensity
and connectivity of those fractureswas obtained and helped in fractures
characterizatiomn this sectionfracturesand lineamentof the basement rocks were
interpreted from surface and subsurface data using different sets of data.Fractures and
lineamentsn the areavere identifiedfrom regional to local scale using gravity, satellite
images seismic and well date&rientation analyses were conducted for those fractures
and lineamentand major trends were identified and their relationships to geological and
tectonic were discussetlhe possible origins of the fractures system hosting hydsooar
in the basement rocksere identified The study also addressed the possible role of the
major fauls in hydrocarbon migratiofrom the insitu stress analysis, faults and

fractures trenderere tested fothe most susceptible to dilation (open) at presiay
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3.1 Fracture Concept

The term fracture is defined by Moo(&992)a s : AFractures al ong
minerals have broken; they are therefore surfaces across which the material has lost

cohesiono.

Pollard and Aydin(1988)s uggest ed t hat: AFractures h
that meet at the fracture front. These surfaces are approximately planer; and the relative
displacement of originally adjacent points across the fractures is small compared to

fracture | engtho.

3.2 Types d Fractures

Stearns (1971) classified fractures intp those observed in laboratory
experimentsand those observed in outcrop and subsurface settingemErfzd fracture
classified by Stearns inttnaar fracturegxtension andensile fracturesNaturalfractures
are also classifienhto tectonic fractures@¢rmed bysurface forces) and regional fractures

(formed bysurface forces or body forces)

As defined byLawn and Wilshaw(1975) and suggested by Pollard and Aydin
(1988) the term fracture encomses both joints and faults. In this terminology,

fractures werdivided into threenodes: Mode |, Mode |l and Mode Il

Mode | isthe extensional fractures and formed by opening with no displacement
pardlel to the fracture surfacélode Il fractures mayxhibit shearing with components
parallel to the direction of propagation of the fracture front and Mode Il fractures may

exhibit shearing with components perpendicular to the direction of propagation of the
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fracture front(Figure 3-1). Considering thislassification, faults are mode Il or mode I,
whereas joints are classified as mode |. Therefurag are fractures along which there
has been no appreciable displacementparallel to the fracture and only slight movement

normal to the fracture plane.

3.3 Fracture CreationProcesses

According to Pollard @d Aydin (1988), naturally createdattureare formed by
two processegprimary fractures related to the emplacement and cooling of the magma

andsecondary fractures relatathinly to tectonic deformation.

3.3.1 Fractures Related to theMagmaCooling and Emplacement

Primary fractures are fracturesthat formed during the emplacement,
crystallization and cooling of the magma in the upper crust.is Tlactures are
predominantly mode | fractures. In stocks, fractur® usually develop first in the
completely solidified outer margin of plutgnshile the pluton interior is still mobile
Such fractures are represented by small joints and faults and include four main classes
namely; cross joints, longitudinal joints, fliging joints, and diagonal joints (Price and
Cosgrove, 1990). These classes are based on the relationship between the orientation of
fractures and foliation planes in the intrusive body (Price and Cosgrove,(Big20¢
3-2). Steeply dipping joints thedre parallel or perpendicular to the flow lines (cross
joints or longitudinal joints) are tensile fractur&hear fractures are the steeply dipping
joints that strike at angles of about 45 degree to the flow lines (diagonal jBlatdying

joints arethe horizontal joints are related to volume change of the pluton.
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Mode I: Extension Mode II: Shear Mode IlI: Shear

Figure 3-1: Show the three Modes of fractur@dpde | fractures (joints) the extensional fractures and
formed by opening with no displacement parallel to the fracture surface. Madd Mode Il are shear
fractures (after Lawn and Wilsha975

Linear flow __— Aplite dyke

structurces

Figure 3-2: Fracture systems related to cooling of large plutonic bodies; C= Cross joints, L= Longitudinal
joints; F= Flafi Lying joints (@fterPrice and Cosgrove, 1990)
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Secondaryracturesthat form due to theeformation of the rock massused by
tectonic forces.Those fractures can be interpreted according to the distribution and
orientation with respect to the tectonic event formed them (Nelson, 2068jonic
fractures are dracterized predominantly byiode Il or shear fracturesind showing
considerable shear displacem&ettonic fracturesire mainly related tbaultsand blds

(Nelson, 2003)

3.3.2 Fault-Related Fracture Systems

In the vicinity of faults, many parallétactures to the faults and shear fractures
conjugate to the fault are developed (Nelson, 260)re 3-3 ill ustrates the relationship
between fault direction and the associdiedtures. Fault related fractures (Figu@4)
were discussed by many authors sucNas GolfRacht(1982) Friedman et al.(1972);
Norris (1966; Stearns 1971); Tchalenko and Ambrasey§70). It is possible to
determine the direction of the principal stresses at the tirtteedaultformationbecause
of therelationship between faulting and fracturiAgiditionally, the sense of movement
of the fault can be determined orientation ofthe fault plane andts relationship to
trends is determined. Moreover, the fractures intensity related te fautbntrolled by
many factors such as distance from fault plane, lithology, amount of displacement, depth
of burial and fault typdfriedman et al., 1972

Faults aregenerallymade up of a damage zone of Hygliractures that are
roughly parallel to thdault strike. The width of this damage zone has been studied by
many researchem@ndrelated it tothe amount of the fault thrown NelsoR0Q3) They
also reportedhat the fracture density gradually decrssseay from the fau(Gtearns,

1979).
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Figure3-3: Rose diagrams of shear fractures related to faults system. The orientation of the shear fractures
are parallel and conjugate to the fagltane(after Nelson, 208)
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Figure 3-4: Block diagram, Showing 60 degree dipping normal fault angtbkdicted associated fractures
(aftevan GolfRacht(1982)
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Characteristics of faults and associated fractures are generally simriégyard to
the dip angle, dip azimuth arttends This observatiorLed Van GolfRacht(1982}o
conclude that the orierttan of fractures can be predicted if the orientation of the fault is
known. Accordingly,he subsequently demonstrated that faults wassociatedshear
fracturessharethesame orientation, and approximately the same dip magn{kidare

2-4).

3.3.3 Fold-Related Fracture Systems

Fracture patterns develegwithin fold arevery complexbecause it is controlled
bythe stress and strain history duritige foldingdevelopment Kigure 3-5) (Nelson,
2003)

Fracturesassociated with dome structure may exhibit spegifatterns as
described by Hariri(995) (Figure 3-6). He demonstrated that in the elongated oval
shaped domes such as the L-@shdwood dome; two orthogonal sets of fractures may
develop in the overlying strata. One of these fracture sets is longitugarall¢l to the
dome axis) and the other is transverse (perpendicular to the dome axis).

Studies conducted on fractures and lineaments for Dammam elstern Saudi
Arabia alsandicatedthe fractureshat the ovalshape dome structure has a great influence
on the trend and pattern of the featu(ekariri and Abdullatif, 2004). In this study,
patterns and trends of fractures were determined in several locations within the Dammam
domeand the restd pattern confirmed the relationship of those fracturelseaoming
in thearegHariri and Abdullatif, 2004) Concentic and radial trends are characterizing
the fracture pattern that iscoincided with a pattern produced byipticall shape dome

(Figure3-6; Hariri, 1995).
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Figure 3-6: Hypothetical model for the radial and concentric line fracture patterns expected to form within
an elongated dome. Arrows in circles around the dome indicate the expecteck fraatds (after Hariri,
1995)
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3.4 Fracturesand Lineaments Definedrom Gravity Data

Gravity datarepresenty ar i ati ons i n t heth#&ieausedhbgy s gr a
the variations in density of the underlying rocks.clin alsprovide information on
numerousdeepdense sources, such as structure and composition of dense basement and
shallow sources such as faults, dykes and sills, as wielkiagalfeatures. Standard Free
air and Bouguer anomaly images contain information from a&$ehsourcesin this
study,lineaments represented bragity were interpretednd delineateffom data set of
land gravity using Bouguer anomaby grid cell sizeof 2km and also by using satellite
gravity with low resolutionof 5 kmGIS software was utided to delineate thgravity

lineamentdeatureqFigure3-7).

3.4.1 LineamentsOrientation Analysis

The gravity lineaments appear primarilyfour sets of directions: two major sets
oriented iNANW-SEandNNW-SSE to NS, and the minor sets oriented alddg-SW and

WNW-ESE to EW.

3.5 Faults Definedfrom Seismic Data

Ruman area covered by 3D seismic data acquired in Z0@83D seismic data
area is about87 km2(Figure3-8) processed in 2008 (Post Stack Time Migration)PSTM.
The seismic grid is 200m X 200amdthe data quality fair to good. Also, the study area is

covered by 2D seismic data.
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Figure3-7: Gravity lineamentinterpreted frongravity imageGravity image color scale, red represent high
gravity (shallow basement) and blue represent low grafdeepest basement) green and yellow in
betweenRose diagram in the lower right corner représiea general lineaments trends
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Given the distribution of the wells over the area of interest, it is possible to
validate the horizons picked on the seismic volume using defined well mafkess.
basement top is represented by a series of high amplitude reflections separating the
layeredsedimentary sequences above from noisy basement.belpwasemertiorizon

and faults along the seismic sectisrllustrated ifrigure3-9 andFigure3-10.

The basemenis interpreted andontoured The basement surface is posted on
the seismic seion that intersects Rumad2 and RumaiN1l (Figure 3-11). The
structural time map for top basement was provided PDOC (Petrodar Operating

Company)Figure3-12).

Ruman areas located at the northwest part of Melut ba@tgure3-13)and
surrounded bypbasement outcrops nameéhgessana Hills in the east and the Nuba
Mountains in the wegfFigure3-14 andFigure3-15).

Figure 3-15 shows a detailedsection of Figure 3-14. Thesesections
illustratesthe relationship betwetresurface basement outcrops (Nuba Mountains and

Ingessana Hills) and the subsurface basement

3.5.1 Faults Orientation Analysis

Orientations analyses were conducted for those seismic scale faults which were
digitized from the structural maps showed earlidre rose diagrams of the strike
orientation (faults trend) for those faults shows that, there are four orientations, NW

SE, NNWSSE to NS and WNWESE to EW.
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IRuman_NE—ll

Figure 3-9: Show faults interpretation in Ruman 3lustrates the faults identified along thseismic
sectionntersectdRumanN2 and Ruman NE

Figure 3-10: Show faults interpretation in Ruman 3lustrates the faults identified along the seismic
sectionntersectRumanN1 and RumaiiA
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Figure 3-11: Top basement, where the basement surfaqeosted on the seismic section that intersects
Ruman N1 and Ruman 1A basement tops
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Figure 3-12: Structural map otop basement in Ruman areshowing the faults interpreted from the 3D
seismic data. The rose diagram in the lower right corner reprbsegéneral faults trends
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Figure3-13: Simplified structural map of the Melut Basin, showing the major faults interpreted from 2D
seismic data. This figure also shows the location of Ruman 3D seismic area and the location of the 2D
seismic cross sectid-A 6 wi t h relation wi t h Nuba Mount ai ns,
seismic(modified after Dou etal007)
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For Detail see Figure 3-15 Ingessana
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Figure3-14: Geoseismic crossections showing the relation between the basement rock on the subsurface
at the area of study and the surface basement in Nuba Mountains and Ingessana Hills. Locations are shown
onFigure3-13
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Figure3-15: Geaseismic crossectionsshowing the major thickkin (basement involved) faults in Ruman
area with relation to the Ruman wells



60

3.6 Fractureand LineamentsDefinedfrom Satellitel mages

Basement outcrops around the area of stumgmely Nuba Mountains and
Ingessana Hillsrepresent the dorops analogue of the subsurface basen{Eigure
3-13).

Satellite image for the basement rock around the study area were used as analogue
for two reasons: The first reason because the subsurface and surface basements have
same rock types and the secorshson because orientation analysis shows same

orientation in the surface and subsurface.

A digital GIS database has been generated for surface lineament using satellite
images (Figure 3-16). The satellite images due to its many capabilities such as the
synoptic aerial coverage, multi spectral captivity of data, temporal resolution, etc., they
canproduce better information than conventional aerial photogr@jllesand, 1979)so
the same has been selected for the task of extracting surface lineaitentsnal
lineament map has beg@noduced bythe satelliteemagedatausingGIS software Figure

3-17).

3.6.1 Lineaments Orientation Analysis

The surface linear features in thetcrops around Melut basiNgba Mountains
to the west and Ingessdthlls to the eagtwere interpreted from the satellite imagmyr
orientationsappeared NW-SE, NNW-SSE toN-S, WNW-ESE to E-W and NESW
(Figure 3-18). A majority of the surface linear features in the area are orientd@HSE,
NNW-SSE On the contrary, thessurface linear features orientedNiE-SW are less

prevalentFigure3-19).
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Legend

—— 3D Seismic Polygon
= Seismic Faults
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Figure 3-16: Satellite image around Melut basguperimposed over Sudan map, showing lineaments in
Nuba Mountains
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Legend
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Figure3-17: Integratedineamentmap superimposed oveatellite imagef part of Nuba Mountainanap
scale (1:250,000)
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Figure 3-18: Satellite image for Nuba Mountains and Ingessana Hills superimposed by the rose diagrams,
showing major trends in different part arounstudy areadetermined from lineameminalysis map scale
(1:1,500,000)
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Figure3-19: Histogram andose diagram, showing orientationaftcropdinear features around the study
area(Nuba Mountains and Ingessana Hiltgve four preferred orientations
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Lineamentswere extracted manually from the satellite imagéshe basement
outcrops around Melut basin (Nuba MountainBhese lineaments were analyzed in a
GIS framework, and categorized based on tbentation Figure 3-20, Figure 3-21,

Figure3-22, Figure3-23and Figure 24).

3.6.2 Basement Outcropslength Analysis

As the outcropped basement is used asnatogueof the subsurface basement
because they have teame rock typebBave the samerientation lengths were measured
for all the interpeted surfacdineaments from the satellite images. For the purposes of
statistical analysis, istogram and cdf (cumulative distribution functiowfthe surface
lineaments length at Nubbountain and IngasseHdls were applied Figure 3-20). The
number of interpretelineaments (fractures) is 672 fractures. The minimum length is 103

m, the maximum length is 4744 m and the mean is 22Ztgure 3-25).

3.7 FractureDefined from Well Data

3.7.1 Fractures Identification
Image log analysis at Ruman wells (Ruaiih RumanN2, RumanlA, Ruman
NE-1 and Ruman NNEL1) detected several fracture types and their orientation, those well
were drilled in February 2007, June 2008, June 2009, July 2009, October 2009,
November 2009 respectively. The FMI (Formation Mitmeager) tool produces a high
resolution micreresistivity image log of the borehole wall, covering 80% of the wall in
an 8.5 inch borehole. Each mieconductivity button can read up to 1 cm into the

formation and in combination with adjacent buttons is capable of distinguishing

conductivity anomalies smaller than the tool
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Figure3-20: Lineaments with different direction interpreted from Satellite inafgbe eastern part of the
Nuba Mountains
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Figure3-21: Lineaments withtV\NW-ESEdirection interpreted from Satellite imagfehe eastern part of
the Nuba Mountains



68

N
\\}\ \\
QQ
B NS ‘\\ A
> X\ e
~N
N N &
3 : \\\\ \ \\
\ - \\ T \\\ '
<« \ O L
o N
\ S\ \\ " \
\\ N
NN
\ \
\
R \
\ \
\
i\ \ b %
=\ N ~
~ \
\ N
\ . 3
\ ~
>
N
~ N
\\\ \
\} ke \ \\\ N
X
Legend
—— NW-SE Lineaments (Fractures)
20 10 0 20 Kilometers 3D Seismic Polygon
| = = | &
Seismic Faults
. Ruman wells

Figure3-22: Lineaments witiNW-SEdirection interpreted from Satellite imagéthe eastern part of the

NubaMountains



69

N-S Lineaments

] ,\’
Wy

j A g
A

|
I/‘I W |/ L \ |
I /
\:\Il' : 1/ / ‘ /
iy \
1 1
|
: \\ \I
|
\
\
\
/
I
/ N\ ///’/
v/ II | ;
\ ’ I
|
R / I
\ / \
\ \
\
n NNE-1
RO 1A
Legend
—— N-S Lineaments (Fractures)
— 3D Seismic Polygon
20 10 0 20 Kilometers 2 5
N Seismic Faults

. Ruman wells

Figure3-23: Lineaments witiN-S direction interpreted from Satellite imagéthe eastern part of the
NubaMountains
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Figure3-24: Lineaments witiNE-SW direction interpreted from Satellite imagéthe eastern part of the

NubaMountains
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Figure3-25: Showing histogranand cdf(cumulative distribution functiowf surface linear features length
around the area of stuayea(Nuba Mountains and Ingessana Hills)
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The followingfractures classificatiodiscussions, and the individual well fracture
rose diagrams illustrated ifollowing section, are based on the application of these

imaging tools to the Ruman wells.

3.7.2 Fractures Orientation Analysis

Linear feature orientation is considered as one of the most important
characteristics as far as petroliferous locales are concerned.

Geological planes are defined by their dip (dip magnitude & dip azimuth) or by
their strike, byconvention the dip magnieus referenced to the horizontal plane and the
dip magnitude isreferenced to the Naffiigure 3-26 and Figure 3-27). Dips are
presented as tadpoles on a dip track graduated from 0 to 90 degrees. The tail of the
tadpole indicates the direction of thepdihile the head of the tadpole indicates the
magnitude of the dipRigure 3-28).

In Ruman N1 well, datistical analysis of the continues conductive fractures
scattered range of 10 to 60 degree dip magnitude, the azimuth direction towandSW
minor towards NandS. Themajorstrike direction NNW SSE andhe minor directionE-

W (Figure3-29).

The major fracture orientation between depth 1190 m and 1230 m is-SIS&V
while the major fracture trend between depth 1230 m and 1260 isVIEB\E. Betwen
depth 1260m and 1281 m the major direction became again toward NNW.

In Ruman N2 well, gatistical analysis of the continuesconductive fractures
average inclination range between 28 and 38 degreesdjoe azimuth direction toward

SW andminor towards NE. The main strike direction is NS Figure3-30).
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Figure3-28: Dips are presented as tadpoles on a dip track graduate® @80 degrees

73



74

Figure3-29: Statistical analysis of all basement fracture dip, azimuth and strike in Rurian N

Figure3-30: Statistical analysis of all continuous conductive fractures in Ruman N














































































































































































