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ABSTRACT

Ogaden Basin is the largest sedimentary basin in Ethiopia covering anohrea
approximately 350,000 sg. km and having an estimated sediment thickness of kner

in the deepest part. The Karoo sequence which lies at the base of theesgtdity section

is a Permian - Triassic terrigenous clastics deposited in a tensiomi@n®-tensional
tectonic setting. The sequence thickness reaches 3000 m and contauenpgas reserve

in excess of 6 TCF. Previous studies of the Karoo sequence focused primarily on the
sedimentology and lithostratigraphy of the sectidrhis study presents the first
integrated sequence stratigraphic analysis of the Karoo section using seisthiwell

data and in addition investigates the hydrocarbon potential of the sequence.

The first phase of the work involved seismic data reprocessing. Seataiqulity in the
study area is generally inadequate for sequence stratigraphic analysisce, in the
current study, seismic lines with a total length 286s were reprocessed to improve
reflectivity and continuity, especially in the Karoo section. Analgkishot gathers
showed that proper removal of source related groundroll and amplitude oistes was
imperative to recover reflections. The trace edit and spike and bursteali$ were used
to effectively remove noise bursts and the groundroll noise was attetbiasing linear
Radon transform. Surface consistent amplitude correction, predictive decdiomand
velocity analysis looped with residual statics are among the othecqgssing steps
applied to the data. Stacking was done using the second pass véielctywhich was also

used in post stack migration of lines. The result of reprocessing, comparectheith
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previous processing, showed improvements mainly in recovering reflectivite iKaroo

section as well as in continuity of reflections.

The reprocessed seismic lines, two additional seismic sections and well datasedr®
define four second order sequences and at least four higher orderesegs in the
uppermost sequence. The transgressive systems tract and the overlying highstand
systems tract separated by a maximum flooding surface constitute the buikesé
sequences. The dominant depositional systems in systems tracts indiatdlews and
deep lacustrine, fluvio-deltaic and possibly sublacustrine fans arhmiditers. Our study
suggests that the major control in creation of accommodation space is relatedetach
tectonics which gave rise to narrow pull apart sub-basins and theiosoding steep
flanks. These structures are oriented NE-SW to E-W. The study also suggestsea of

potential hydrocarbon plays associated with the identified systems tracts.

At the last phase of the work, 1D and 2D basin and petroleum system mgadeds

carried outto analyze the hydrocarbon potential of the Karoo sequence basededin w

data and the new sequence stratigraphic interpretation. The modeling procestasasiu

S§Z e]Jv[e §Z BEu oU ZC &} & }v P v & S]}v v u} peydo S]}v
calibrated with Vitrinite reflectance (Ro) and temperature data, stibat heat flow

trends are similar throughout the study area with the exception of thestern basin

margin area which has consistently higher values. 2D modeling result shesaks
transformation in sequence two, three and bottom of sequence four sourcksravas

reached during upper Permian, middle Triassic and middle Jurassic respeatidehat
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at present all potential source rocks have reached complete transformatioml&ion
results also show potential reservoir targets are dominantly gas chargeugk ideeper

parts whereas shallower targets are filled with high GOR oil.

MEBATSEYON SHAWEL



Acknowledgments
First and foremost, | would like to express my deepest gratitude to GOD foy gmarthe
opportunity to study for a Ph.D. degree and for His all-round supihooughout my PhD

journey.

| would like to thank Professor Tilahun Mammo for all the help, guelamentorship and
remarkable classes. This research would not have been possible without his adpisorsh

and for this reason | am very grateful.

| also would like to acknowledge the contribution of Professor Vikram Unnfthraco-
working on my research and so much more. His comments and the several discussions

had have significantly improved my research.

| would also like to thank the PhD supervisory committee for all theirstructive
comments and the school graduate program coordinator Dr. Bayisa Regasss for h
remarkable facilitation of our study in the short time since he sthnerking in the
position. | would also like to thank the staff of the School oftE&diences for all the help

extended throughout the years of my study.

| would like to thank the Ministry of Mines and Petroleum, Dr Ket3eldesse and his
team for providing data required toacry out this research. | would also like to thank Li

Jianjun for the technical support and advice given in carrying outvbrik.

| also thank my student colleagues for all the good time we had togettediscussions,

the struggles we faced and the brilliant ideas that we were thrgwom one another.

MEBATSEYON SHAWEL



Lastly, none of this would have been possible without the support of my fandly am

grateful for all the help | have received.

MEBATSEYON SHAWEL



Contents

AB ST R A T oo e et ettt ettt e e e e e e et e et b e e e e e e e eeeeaaabea ([
ACKNOWIEAGIMENTS. ... e e e e e e snnrreee e VAR
IS Ao o T =P PPPPRPRE X........
LISt OF TADIES ... Xiil........
Chapter 13 INTFOTUCTION. ......oii ittt e e e e e e s s e e e e e e e enneees 1.
1.1 Problem SAIEMENT........ooiiiiiiiiie et 4.
1.2 AIMS OF thiS STUAY......eeeeeeeeiiiiite et e e e e e e e B
RSN CT=To] [o o [Tor= =T=] 1 1] o o TR U PUPUUPRPR PR B
1.4 THESIS OULINE. ...t e e S

Chapter 2 : Theoretical Background on Reflection Seismic and Well Log Data Analysis..11

2.1 SeiSMIC Data PrOCESSING ... .eiiieiiiiiiiiie e e ettt et e e e e e e e e s reeeeeaannes 11.....
2.1.1 DECONVOIULION.......uiiiieieeeiiite ettt e e e e e s e e e e e 12......
N A O Y/ | = = Lo 4 T PSP 14......
2. 1.3 MIGratiOn...cccceiieiiiiiiic e e e aaaaaas 18.......

2.2 Seismic and Well Data INterpretatiQn.............vuvvveeeiiiiiiiiie e 19...
2.2.1 Sequence Stratigraphy..........ccueeieii e 19.....
2.2.2 Sequence stratigraphic interpretation teChNIQUE...........coooeiiiiiieeeiiiiiiiieeeeees 25.

Chapter 3 : SeismiC Data REPrOCESSING .......coiiiurriiiieeeeiiiiiieieee e e st e e s e e snneees 60....

K oo [0 Tox 1 o o AP OO PPPOPRPN 60.......

3.2 Seismic data ProCeSSING SEQUEINCE ........uurtieeiiirtirieeaeeeiiiirrre e e e e s asieree e e e e s s aninneeeeens 62....
3.2.1 DAtA PreParatiONL.......eeeeeeeiiiiiiiieeieeee ettt e e e e e e s st e e e e e s s bbb e e e e e e e e s anbrnreeeeeeaanes 63......
3.2.2 DALA COMECHION. ....ciutiiee ettt e ettt e e e e et e e e e e ninneeeens 67......
3.2.3 Data reduction and enhanCemMEeNL.............oooiiiriiiiiiiie e 8l...

3.3 DiSCUSSION @Nd CONCIUSION. ........viiieiiiiieeiiiee et 84.....
3.3.1 Comparison With Previous STaCK...........ccuuuiiiiiiiiiiii e 88...

Chapter 4 : Sequence Stratigraphic Interpretation............ccceveeeeveeviieiiiieeeeeeee e, Q..

4.1 Data and MethOodOIOgY..........cooiiiiiiii i e e e e e e e e e e e e e aaa e a0.....
4.1.1 SeiSMIC 0 WEII T8, 9......

4.2 The Permian TriaSSiC Kar00 SEQUENCES..........cuiiiiiiiiiieiiieeeeaiiiireeeeeessniieneeeee e e 95...
4.2.1 SEQUENCE. L. ..ttt e e e e e e e e e e e e e e e e e e e e e e s a e 95......
4.2.2 SEQUEINCE. 2. ... ittt ettt ettt ettt et e e e e e e e aaaaaaaeaaeaaasaasaaa e e s nennbbbbbbbbenrennee 99......
4.2.3 SEOUENCE. 3.ttt ettt e e e e et ettt e e bt e e e e e e e e e e e ee bbb e e aaas 105....

MEBATSEYON SHAWEL



A.2.4 SEOUENCE.A.... e e e e et ettt et e e e e e e e e e e ee bbb a e e e 107....

4.3 Correlation with Well Log INterpretation.............oocvveeieeeeiiiiiiiieeee e 109
4.3.1 Sequence 1: 2763MR2865M (BASEMENLY.........uurrurrriiiiiirierreerreerrerrerrreeeeeeeaaaaens 109
4.3.2 Sequence 2: 2763 - 2650MM1.....cccooiiiiieeiiiiee e 111..
4.3.3 SequencCe 3: 265 240DMN......cuuirriiriiiiiiiieiieeieeeeae e e e e e e e e 113..
4.3.4 Sequence 4: 24002006M......ccurriiriiiiiiiiiiieiieeeeae e e e 119..

44 DISCUSSIONL. ...ttt ettt ettt ettt e et e e et e e e e e e e s e et e e e e e e e br e e e s s eas 131.....
4.4.1 Tectonics controlling sequence development............ccccccvcvviviiiiiniieeeeeeeeeeee. 131
4.4.2 Regional sequence stratigraphic correlation...........ccccccceveeee e, 132

4.4.3 Sequences, systems tracts and their implication for hydrocarbon explaratiari 34

4.5 CONCIUSION. ...ttt e e e e e st r e e e e e e e eeeeas 138.....
Chapter 5 : Basin and Petroleum System Modeling of the Karoo Sequence................... 140
SN i o To 0T 1 o] o N PP P PSP UP PP PPPPP 140.....
5.2 Karoo Group sequence stratigraphic model and related petroleum systems........ 143
5.3 Basin and petroleum system modeling...........c.uuevveeeiiiiiiiiiieee e 144.
5.3.1 SOUICE rOCK PrOPEITIES .....ceiiiiiiiiieee e ettt ettt e e e e e e s e e e e e ne 145..
5.3.2 Boundary ConditiONS...........ccoooiiiiiiiiiiirirrr e e e e e e e e e e e e e e e e e e e e 141...
5.4 BPSM results and diSCUSSIQIN.........ccoiiuiiiiiiiiiieeiiiiee e 149..
o0t R BN Y/ T T 11 [ o TP 149....
5.4.2 2D MOAEIING.....cciieiiit ettt a e e e e e e e e e e e e e aee e e e s s e e s s ae e s s annnnnnnnne 154....
5.5 CONCIUSIONS. ...ceeiiiiitiee et e e e e e e e e e e e e e e e e e nnneenes 1617.....
Chapter 6 : General Conclusions and Recommendatians...........ccceeeveeeiiiiiieeeeeeeenieeeee, 169
6.1 General CONCIUSIONS.........uueiiiiiiiee ettt e e e e 169....
6.1.1 SeiSMIC data rEPIrOCESSING.....ceiieiiiiuiiieieeee ettt e e e e e e st e e e e s e e e e e aneeees 169..
6.1.2 Sequence stratigraphic interpretation of the Karoo sequence....................... 171
6.1.3 Basin and petroleum system modeling.........ccccccvvvviiiiiiiiii, 173
6.2 Recommendations for future research............cccccoiiiiiii e 174.
REIEIENCES.....cce et e e e e e e 176.....

MEBATSEYON SHAWEL



List of Figures

Figure 1-1. Location map of the Ogaden Basin, also showing basement top map, well ared seismi
lines used in this study (modified after Petronas Carigali Sdn. Bhd. and Ministry ofdflines

(a1 o TE= T 024010 1) ) TR 2,
Figure 1-2. Stratigraphic column of the Ogaden Basin..........cccccvvevveeiiiiiiiiiiiiiiieieeeeeeeee, 3.
Figure 2-1 Different types of stratal stacking patterns related to forced regression, normal
regression and transgression. After Cateneau (2006)..............coooevieiiiieiecccccicninnnnieereeeee, 22..
Figure 2-2 Stratal stacking pattern in lowstand and highstand normal regressions. After
CALENEAU (2006 +eeeeeeeeietteie e e e ettt e e e e e e e e s s e e e e e e s s b e e e e e e e e e e e e e e eeas 22.......
Figure 2-3 Different types of terminations observed in seismic sections. After Emery argj Myer
2001 ) PR UOSPRRRR 30.........
Figure 2-4 Different types of reflection configurations. After Veeken (2007).................... 32

Figure 2-5 Gamma ray energy spectra and measurement windows. After M. H. Rider.(1d86).
Figure 2-6 Photoelectric Factor (PEF) log. The log is less sensitive to porosity and hedce a goo
indicator of lithology. After M. H. Rider (1986)............ccooiiiiiiiiiiiiicrrevee e 43...
Figure 2-7 Density log measuring bulk density of formations. After M. H. Rider (1986)..44
Figure 2-8 Typical example of a neutron- density overlay plot, its interpretation aredatmn

with other logs (after M. H. Rider (1988))..........ccoooeiiiiiiiiiii e 46....
Figure 2-9 Wireline log trends representing different depositional facies (after M. H. Rider
(1210 ) T OO PP OUPPTRPPRPTPUPRROURTRY - SUTO

Figure 2-10 Schematic operation of microimage log also showing path of focused cuftent (le
Pad and sensor detail of microimage log- an example from Schlumberger FMI tad|(&figpr

Serra and Serra (2003))....ccci i a e e e e e aaaaaaaaaas hl......
Figure 2-11 Inclinometer tool integrated with borehole image tool to determinentakion and

for speed corrections (after Serra and Serra (2003))...ccoiovurrrrieeeiiiiiieee e 51..
Figure 2-12 lllustration of borehole deviation and azimuth of a borehole that are requiredtto pl
image logs in proper orientation (after Serra and Serra (2003))......cccovvrvrrrrrieeniiiiiiineeeens 52
Figure 2-13 lllustration of image log plots. Dipping layers plot as sinusoidsSafta and Serra
022001 ) ) T SPRSRSTRR 54.........

Figure 2-14 Static and dynamic normalization of image logs (after Serra and Serra.(20%%)).
Figure 2-15 Sedimentary structures from high resolution borehole image logs (Amer, Glascock,

Schwalbach, Khan, and others, 20L1)......ccccociiiiiiiiiiiiiiiiiiiiirieeee e e e e e e e e e e e e 57....
Figure 3-1 Location map of reprocessed seismic lines, elevation along lines rang25rto

Y o P ERRRR 61.........
Figure 3-2 A summary chart of seismic processing workflow applied ta.data.................. 64
Figure 3-3 Raw shot gathers showing strong shot generated noise, ground roll noise and random
noise (Above). Frequency spectrum of respective shot gathers (below)...............eeveeee.e.. 65
Figure 3-4 Shot gathers from two different locations after trace editing and application ef spik
ANA NOISE DUIST QI 66.......
Figure 3-5 Shot gathers after spherical spreading and datum static corrections at two different

T o> ({0 £SO 69........
Figure 3-6 Schematic diagram of forward and inverse Tau-p transform. After Russell, Hampson,
AN CHUN (1990). ... tetteeeeeeiiite et e e e e et e e e e s bbb e e e e e e e e e aabb b e e e e e e e s annnbneeeeas 71.......

MEBATSEYON SHAWEL



Figure 3-7 Shot gathers after linear noise attenuatian..............ccccccvvieiiiieeeeennicciiieeee e L 2.

Figure 3-8 Shot gathers after deConNVOIULION...............oooi oo 75...
Figure 3-9 Shot gathers after surface consistent amplitude compensatian......................[6
Figure 3-10 Typical velocity analysis procedure showing semblance plot, corrected gather
panel, dynamic stack and stack functions panel.............cccccvvvivvieeieeeiieiieiiiieeieeeeeeeeeee 9.0
Figure 3-11 CDP gathers before (a) and after (b) residual statics.............c.coccvvvrveeeirnnnns 8a
Figure 3-12 Seismic section OG- A before (top) and after (bottom) residual statiesl &pphe

(0 > - TP PP PPPPPPRRPN 82.........
Figure 3-13 Final post stack time migrated seismic section, Lim®.OGx............cccvvvveeeernnns 85
Figure 3-14 Smoothed interval velocity field derived from stacking velocity ofisdisesnOGA.
......................................................................................................................................... 86..........

Figure 3-15 Comparison of original (above) and reprocessed (below) seisn@dAn......... 89
Figure 4-1 An example of a pad misalignment correction with the panel on the leftrghowi
borehole image before correction and the right panel showing image after correctigpséel
with red outline highlights the COrreCtION)..........cccccier e 94...

Figure 4-3 Seismic dip line OG-A in the southwestern margin showing interpreted Karoo
sequences, see Figure 1-1 for location. Sequence boundaries (SB) are unconformity and
correlative conformity surfaces bounding sequences; they are mainly identified by the
geometric relationships of reflections above and below the surface. SQ- sequences; MFS
maximum flooding surface; AL+ fluvial deltaic units; LA€shallow to deep lacustrine; BT-
basement top. Arrows indicate onlaps. Also showing Well-A gamma ray log.in red....... 97
Figure 4-4 Seismic dip line OG-B interpretation of Karoo sequences in the southweatgim,

see Figure 1-1 for location. Sequence boundaries (SB) are mainly identified by the geometric
relationships of reflections above and below the surface. SQ- sequendest fithwial deltaic

units; RDt regressive delta; LAGshallow to deep lacustrine; BE®ottom of transgressive
surface; BT- basement top. Arrows indicate onlaps; double arrows in bottom of sequence 3
indicate hummocky type refleCtionS...........ocuuiiiiiii e 98....
Figure 4-5 Seismic dip line OG-B (phase attribute) interpretation of Karoo sequences in the
southwestern margin, see Figure 1-1 for location. The phase attribute has a potential to reveal
geometric relationships. SB - sequence boundaries; SQ- sequenées fleiial deltaic units;

RD t regressive delta; BTthottom of transgressive surface; LAGhallow to deep lacustrine;

BT basement top. Arrows indiCate ONIAPS........uviiiiiiiiiiiiiii e 98...
Figure 4-6 Seismic line S-A across Bodle Deep showing interpreted Karoo sequences, see Figure
1-1 for location. Sequence boundaries (SB) are unconformity and correlative confeuniéges
bounding sequences. BTS- bottom of transgressive surface; BT- basement top; SQ- sequences.
Y g (o) T T a o [To= 1 (=T o] 4] =T o £ TP 100....
Figure 4-7Seismic line S-B along the axis of Bodle Deep showing interpreted Kasrmeegqu

see Figure 1-1 for location. SB - sequence boundaries; BTS- bottom of transgressiveBUfface;
basement top; SQ- sequences;FFlt fluvial deltaic units. Arrows indicate onlaps............ 100
Figure 4-8 Seismic strike line OG-C interpretation of Karoo sequences in the soathwest
margin, see Figure 1-1 for location. Sequence boundaries (SB) are mainly identified by the
geometric relationships of reflections above and below the surface. SQ- sequences; BT-
basement top. Arrows iNdiCAtEe ONIAPS........uuuuuiiiiiiiiiiiiie e 102.

MEBATSEYON SHAWEL



Figure 4-9 Seismic strike line OG-C (phase attribute) interpretation of Karoo sequences in the
southwestern margin, see Figure 1-1 for location. SB - sequence boundaries; SQ- sequences; BT-
basement top. Arrows iNdiCate ONIAPS.........ocuvriiiiie e 102.
Figure 4-10 Seismic dip line OG-D interpretation of Karoo sequences in the sstattmve

margin, see Figure 1-1 for location. Sequence boundaries (SB) are mainly identified by the
geometric relationships of reflections above and below the surface. SQ- sequences; BT-
basement top. Arrows iNdiCate ONIAPS..........uvuuriviiiiiiiiiiiiiiierreerre e e e e e e e 104..
Figure 4-11 Gamma ray, neutron-density overlay (higher percentage of mud indicated by wider
separation filled by red color and sand indicated by red filled minimum separation to yellow
filled separations) and an interpretation log of sequence 1 (sand indicated by yellowwahdym

(o[ g=T=T oI olo] (o] PRSP PRPPRPPPPPP 111....
Figure 4-12 Gamma ray, neutron-density overlay (higher percentage of mud indicated by wider
separation filled by red color and sand indicated by red filled minimum separation to yellow
filled separations) and an interpretation log of sequence 2 (sand indicated by yellowughdym

[0 TE=T=] g T el0] (o] ) TP PPPPPPPR 113...
Figure 4-13 Well A wireline logs from sequence 3 with facies interpretation using gamma ray,
neutron-density overlay, static and dynamic image logs as well as a dip tadpole plot and a
Stereonet PlOt Of AiPS......cco i e a e e e e e e e e e e 119....
Figure 4-14 Well A wireline logs from sequence 4 with facies interpretation using gamma ray,
neutron-density overlay, static and dynamic image logs as well as a dip tadpole plot and a
Stereonet PlOt Of AiPS......coo oo a e e e e e e e e e 126....
Figure 4-15 Cross bedded sandstone, refer to Table 4-2 and text for detailed description of

L= Lo = PO PPRPTP 128......
Figure 4-16 Laminated Mudstone, refer to Table 4-2 and text for detailed descrgftfanies.

Figure 4-17 Hetrolithic, refer to Table 4-2 and text for detailed description of facies.....129
Figure 4-18 Structureless Mudstone, refer to Table 4-2 and text for detailed description of facies.

Figure 4-19 Horizontally bedded sandstone, refer to Table 4-2 and text for detailed description
(o) i 1= (o1 [T TSP PPRPPRR 130......
Figure 4-20 Structureless sandstone, refer to Table 4-2 and text for detailed description of

122 Lo T PSSR 130.......
Figure 4-21 A simplified model showing sequence stratigraphic framework of the Karoo i&roup i
southern Ogaden Basin made up of four sequences and their constituent depositional systems.

SB - sequence boundaries; BT- basement top; SQ- SEQUENCES..........cevveeeeeriiiiiieeeeenn. 137
Figure 5-1 A summary diagram of model building and forward modeling stages in basin and
petroleum system modeling workflow. After Al-Hajeri et al. (2009)..........c.ccccoeeeeeeeinin. 142

Figure 5-2 Basement top map of the Ogaden Basin with dark brown color representing the deep
part and yellow color representing shallow part of the basin, modified after Petronas Carigali
Sdn. Bhd. and Ministry of Mines of Ethiopia, 2005. .BD- Bodle Deep; ST- Sioladgo. Also

showing BPSM profile line and well locations referred in teXt..........ccvvvevviviiiiiiiiiennennnnn. 145

Figure 5-3 (a) Hydrogen index (HI) versus oxygen index (Ol) showing kerogen types of Adigrat,
Gumburo and Bokh formation source rocks. (b) Plot of hydrogen index versus Tmax also

MEBATSEYON SHAWEL



showing kerogen types and maturity levels. Tmax values between 430 and 470 deg C indicate oil
(V71 e [0 Y AT PP S OUPPPPPPTP 148......
Figure 5-4 Vitrinite reflectance, present day temperature and burial history plots shown from
left to right in each raw for five wells modeled in the study area. Lines represent models, dark
dots represent measured vitrinite reflectance values and black plus signs represent measured
temperature. (a) WL-B well; (b) WL-C well; (c) WL-D well; (d) WL-E well; and (e) WL-A5&I
Figure 5-5 Calibrated heat flow trends used in 1-D models for all wells. Trends show very small
scatter at any geological time with the exception of WL-B, shown in blue, with a vertical offset
from the Other WEIIS............e e 154....
Figure 5-6 2D Geological cross section showing defined sequences and depositional systems,
sequence boundaries are shown by dark dotted lines (above) and modeled cross section from

Petromod (DEIOW)...........eeieeeeee s 156.....
Figure 5-7 Calculated temperature history of source rocks at the basin margin (a) and at the
basin center (b). Red lines represent vitrinite reflectance issline.............c.ccccccccceeee. 159

Figure 5-8 Calculated vitrinite reflectance maturity evolution along the modefrime upper
Permian (bottom) to present day (top) using Sweeny and Burnham (1990) Kinetic mod&0
Figure 5-9 Calculated transformation ratio history of source rocks at the basin margin (a) and at
the basin center (b). Thick dark lines represent vitrinite reflectance isalines.................. 163
Figure 5-10 Migration and accumulation simulation of Karoo petroleum system rsipojiti

flowpaths (green arrow) and gas flowpaths (red arrows). Also showing oil accumulations (green
filled polygons) and gas accumulations (red filled polygons). (a) present day; (b) 184Ma; (c)
191Ma; (d) 255Ma; aNd (€) 270Ma.......ueeeiiieee et 166..

MEBATSEYON SHAWEL



List of Tables

Table 2-1 Definition of some post-stack attributes and their applications after Subrahmanyam

AN RAO (2008, eeeeeeeeeitt ettt e e e e e e e e e e e as 27........
Table 2-2 Table showing well logs, properties measured by each log, and their geological
applications, After Octavian Catuneanu, (20086).............ccooieiiiiiiiiiurinniiiirrrrrerere e 317..

Table 4-1 Acquisition Parameters of Two-Dimensional Seismic Data in Southezn Bgsid93
Table 4-2 Summary table of description and interpretation of electrofacies identified in well. 127

MEBATSEYON SHAWEL



Chapter 1 : Introduction

The Ogaden Basin is the largest sedimentary basin in Ethiopia covering an area of
approximately 350,000 sq. km, located in southeastern part of the cpuhhe basin has

an estimated sediment thickness in excess of 7 km at the deepesHiantg 1-). Ogaden

Basin, according to Beicip-Franlab (1998) started to develop as a tri-rdtdsystem
known as Karoo rift in the Permian and evolved as a passive margin startingurassic,
intermittently affected by regional tectonics. The stratigraphy @& Basin can be broadly
divided into two main intervals ( Figure 1-2): a bottom sequence pitiyneomposed of
terrigenous clastics of Permian to Triassic age, also known as the Kgusmese, and an
overlying mega-sequence of Jurassic to Tertiary egmposed of predominantly
carbonates and evaporites (Petronas Carigali Sdn. Bhd. and Ministry ofdfliaésopia,

2005)

The Karoo section in Ogaden Basin, with the exception of the top Adigraation, is
completely subsurface and previous studies of the section are based on hydrocarbon
exploration wells drilled in the basin. Arous& wells are drilled to date with four gas

field discoveries of an estimated 6.&HRreserve and numerous other shows from the
Karoo section ( K. Tadesse, personal communication, July, 2021). Various geophysical
surveys leading up to drilling in most cases have also been conductéte basin
including over 20,000 line km 2D seismic and more than 200,000 ringr&vity and
magnetics surveys. Numerous geological and geochemical studies are also part of the

basins geo-database.
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Figure 1-1Location map of the Ogaden Basin, also showing basement topwdipand
seismic lines used in this study (modified after Petronas CarigaBBdand Ministry
of Mines of Ethiopia (2005)).

The first systematic study of the Karoo section in the Ogaden Basin wadvyderku
and Astin (1992). Their study characterized the group using data Gonwells drilled in
the basin using mostly lithostratigraphic principles. This was follaweky a number of
unpublished reports by Beicip-Franlab (1998etronas Carigali Sdn. Bhd. and Ministry of
Mines of Ethiopia (2005) and many others. These works have contributetlygieaur

understanding of the sedimentology and stratigraphy of the group. Howeveruesee
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stratigraphic analysis of the Karoo section which allows a better understaodlitige

evolution and fill of the basin during the Permiamarly Jurassic is still lacking.
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Figure 1-2Stratigraphic column of the Ogaden Basin (modified after Petronasaiarig
Sdn. Bhd. and Ministry of Mines of Ethiopia (2005)).

Sequence stratigraphic study is a revolutionary approach in stratigragphdies. It has
been used in different scales from regional studies to mappingigtaphic targets and

prediction of depositional facies in hydrocarbon exploration (eg. Flint et alL]l;2
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Galloway, 1989; Khalifa and Mills, 2014; Sattar et al., 2017; Zerfass et(d), 2be
approach has enabled better understanding of temporal and spatial stratigraphic
relationships of depositional facies (Posamentier and Allen, 1999) andeseg
stratigraphic framework is commonly used for correlation of sequenetigtaphic units.
The study is instrumental in frontier basins with limited data toabksh plausible

geologic models by effective integration of all available data

1.1 Problem statement

An integrated sequence stratigraphic study of the Karoo sequence, involvsmiseli
stratigraphic study and well log analysis, has not been conducted auegngBasin
previously. This study is needed for a robust understandinthe development and
evolution of the Ogaden Basin during the Permaifriassic. It is also an essential tool to
analyze the stratigraphic architecture of the Karoo sequence and itelpatn potential.
However, the quality of currently available seismic data is generally inadedaate
seismic sequence stratigraphic study and this is one of the reasons the aftlyroo
sequences has not been possible in Ogaden Baki@ poor quality of seismic data in
Ogaden Basin related to factors such as low fold of coverage, random noise, \Ervasi
multiple problems, penetration problems as well as poor ground conditions pBeici
Franlab, 1998). Hence, an optimized reprocessing of existing seismic dagprove
resolution and continuity ig required before sequence stratigraphic interpretation. In
addition, the use of only amplitude data for interpretation linthe potential information

that can be gained from the seismic data. Thus tests to see iighef other attributes
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contribute to our understanding of the basin are also required.alin well log
interpretation using all conventional logs, advanced logging tools l&kéadhehole imager
and independent information such as cuttings samples is needed to\ackhe least
equivocal interpretation and is required for ground truthing seismicatgjraphic

interpretations.

1.2 Aims of this study

The aim of this work is:

1- To present a sequence stratigraphic framework of the Karoo group in the
southwestern Ogaden Basin using seismic and well data.

2- Analyze subsidence episodes, depositional systems and their distribatibin
defined Karoo sequences.

3- Evaluate hydrocarbon potential of the Karoo group based on a geological model
established in the previous steps.

4- Improve seismic data quality for interpretation through reprocessing.

5- Analyze utility of seismic attributes for enhanced resolution andtinaity, to
incorporate in the sequence stratigraphic interpretation workflow.

6- Correlate seismic sequences with well log Interpretation carried out usnegjive

logs, cutting sample and other geologic data.

1.3 Geological setting
The early history of the Ogaden Basin is related to a Permian tectefaoonhtion that

led to the deposition of Karoo group between the Permiagarly Jurassic. The major
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structural elements that controlled deposition of the group include 8W- NE trending
Bodle Deep, a northern extension of the Mandera- Lugh basin and tEetiENding
Shilabo trough and its extension east of the Marda Fault Zone (Purcell, \A/@06t, 1979)
(Figure 1-1). During this time the surrounding basement higtsdimg the Bur Acaba in
the south, Negele in the southwest and Chercher to the northpBeg most of the
sediments deposited in the Bodle deep and the Shilabo trough areafabireis thought
to have formed under tensional and transtensional stresses that affectathya part of
eastern Africa related to the southwards development of the Neo- Tethys (Beicifabra

1998)

However, onhafew major bounding faults are mapped to date in the basin, includieg t
Shilabo trough bounding faults with more than 3000m throw at ieoo level. In the
Bodle Deep steep flanks bound the sub-basin containing Karoo sedinoempgiable in

thickness to Shilabo trough.

The Karoo group in Ogaden Basin has a thickness of over 3000 m in the qeepest
the basin. The Precambrian to Ordovician age basement is made up of both Idwgand
grade metamorphic rocks and partly belong to the Mozambique Belt. Gneiss, ntggnati
amphibole, quartzite of Archaean age represent the high grade metamorptis end
low grade types include phyllite, schist and stromatolitic limestontl wlight or no
metamorphism and intruded by granite and granodiorite. The overlying Karomprises
of four formations namely: Calub, Bokh, Gumburo and Adigrat from botipmCalub

Formation is of Permian age and is deposited in a pre- to early tectstage
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unconformably overlying the basement complex. It is composed of manelydimedium
grained arkosic sandstone with conglomerates and minor fine clastics, hawviagisum
thickness of 260m. The environment of deposition is interpreted variablp aiser
dominated alluvial fan (Worku and Astin, 1992) and as debris flovaoiagenvironment

in the bottom part and fluvial in the upper part (Beicip-FranE®98).

At the tectonic climax in late Permian to early Triassic, the overlying Bohk Fommat
composed of mostly carbonaceous, pyritic, red to brown shales, was depositad in
shallow to deep lacustrine environment. It has a variable thicknessdezt\® and 360m.
The overlying Gumburo Formation was deposited in the mid to late Triassitaie to
post-tectonic stage. It has a maximum thickness of 750m and consists of grey to yellow,
fine to medium to locally coarse grained sandstone, quartizitic and conynfieldispathic

in composition, occasionally interbedded with shale units. Gumbuioté&preted as
fluviatile and possibly deltaic in the middle part. Adigrat Formatiorstituries the top of
the Karoo group. It is extensively deposited in the Ogaden Basin duerlgte Triassic
but generally has diachronous age. Lithologically, fine to medium graaedstone
dominates the section with minor carbonaceous shales deposited in fluviadal flat

environment. It has an average thickness of ~140m.

The post Karoo period in Ogaden Basin mainly represents a tectonically quiestiagt se
as the basin evolved into a passive margin with the drifting away afagiescar, India

and Australia from the African plate (Petronas Carigali Sdn. Bhd. amstiyliof Mines of
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Ethiopia, 2005). During the Early Jurassic, a transition zone made uprbéuhded clastic

and carbonate rocks and the overlying Hamanlie Formation were deposited astaofesul
a first transgression. Hamanlie is predominantly a thick limestone subdiintetbwer,
Middle and Upper units. Lithologies consist of limestone with interedlahales in the
lower section, anhydrite, dolomite and limestones with local oolitic amdnsatolitic
beds in the middle section and bioclastic/ oolitic limestones in theeumost section. At

the maximum flooding stage (Callovian - Oxfordian), Uarandab Formation compbsed
dark laminated marls and limestones containing a pelagic marine faunaeypasited.

The overlying Gabredarre Formation (Upper Jurassic) comprises of bioclastily, local
oolitic and reefal limestones deposited as offshore bars and small reefal-uigosl

In the Lower Cretaceous, a broad sabkha environment prevailed over vast areas of the
basin. The lower Cretaceous Gorrahei Formation comprising of a basal shallowe mari
sequence of carbonates and shale, and an upper part contaihicl evaporites and
minor salt in the basin axis is observed from wells. The basin edge igdnaykthe
continental Amba Aradam sandstones. The regional Aptian- Albian transgresaréa

still another cycle of sea level rise and led to the deposition ofaraates and shales of
the Mustahil Formation. Later, a late Albian regression led to an eitapenvironment

over the eastern Ogaden Basin, and the Ferfer gypsum was deposited.
Widespread uplift and erosion took place in middle Cretaceous, its effgebnounced

in the Ogaden Basin and all coastal basins of East Africa and has eigddatant
thickness of sediments varying from place to place. In the Upper Cretacdmus, t

Cenomanian Belete-Uen Formation and overlying Turonian to MaasamchEaf
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Formations mainly restricted to the area east of MFZ were deposited. Theyiogerl
Tertiary sediments are similarly limited to the eastern Ogaden Basin, éxglud
continental sandstones that formed locally in many areas. The Jessoma sandsbome,
marine, fluvial, deltaic sequence that spans Cretaceous/ Tertiarydaoyns a coarse to

fine grained quartzose sandstone with very little age defining fauna. Ecsediments

are mainly marine deposited during the last transgression. Auradu limestone was
deposited during this time and it is generally characterized as dense oneltb
packstone, locally dolomitic, that grades to a gray shale deposited in an ehedf

environment.

1.4 Thesis outline

This thesis is structured in the following way: Chapter 1 deals with general
introduction and geological setting of the Ogaden Basin. Chapter 2 wehltheoretical
aspects related to seismic data processing, sequence stratigraphy and inédipmet
techniques including seismic stratigraphy and well data analysis. Chagiscu&ses the
seismic data used in this study and the different processing sa@pdied to data to
produce the final migrated stack that is ready for interpretation. Caagtis devoted to
detailed sequence stratigraphic interpretation of the Karoo group usamgmic lines. The
result of the seismic interpretation are correlated to a detailed wellildgrpretation
carried out using all available information at the well. The new sequence stratigraphi
framework and geologic model are also discussed, in this chapter, inoreftti the

regional geotectonic context and its implication to hydrocarbon explorati@mapter 5
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deals with basin and petroleum system modeling where the newly cocisiiu2D
geologic model is simulated for its hydrocarbon potential. Chapter 6 sissuthe
important conclusions drawn from the research and outlines directifmrsfurther

research in the future.
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Chapter 2 : Theoretical Background on Reflection Seismic and Well Log

Data Analysis

2.1 Seismic Data Processing

The seismic reflection method employs seismic waves, primarily P- or compressional
waves. These waves are generated using an artificial source at or close to the sfirface
the Earth and travel through the interior of the Eattheventually return to surface after
reflection at layer boundaries. Reflections are the result of contrast in piywioperties
(velocity and density) of the subsurface layers. On the surface geophones anetlaid
detect these upcoming waves. The seismic reflection method can be divitgethiee
branches: acquisition, processing and interpretation. The widely used acquisition
technique is the common mid-point (CMP) method which involves redundant
measurement of points known as midpoints along a survey line using diffecemce-
receiver pairs. The redundancy in measurement improves signal to noise ratioaand h

other benefits in multiple suppression and velocity model building.

Seismic processing is the production of an interpretable image afubsurface from raw
data acquired in the field. This involves a number of steps appliedguence which
includes amplification of signal and noise removal, achieving a betdical and
horizontal resolution and constructing a correct geometry of reflectorght final
product which is a more accurate seismic image of the subsurfeismic processing
sequences are drawn after analyzing acquired data which strongly dependiata

acquisition parameters and conditions. These factors include the type of sswehyas
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onshore/ offshore, type of source used, in case of onshore surveys the gommaition
(loose, competent or hard ground) and many other factors dictate the typearfessing

performed on a seismic dataset.

Once all processing is performed to the data, it is ready for the neasehe. seismic
interpretation. Seismic interpretation can be qualitative which idelsi stratigraphic and
structural interpretations and if available by integrating with &oole logs and other
geological data. Quantitative interpretation deals with inferring phalgiroperties such
as lithology, velocity and fluid content from pre- and post-stack data usgttods like

Amplitude Versus Offset (AVO), Impedance inversion and spectral decomposition.

In this section, a brief discussion of the three main processing steps whéh ar
deconvolution, stacking and migration follows. The application of praogsseps to data

used in this study is the subject of chapter three.

2.1.1Deconvolution

A seismic trace is modeled as a convolution of Harttpulse response e[n] with a seismic
wavelet w[n]. The seismic wavelet is a source signature modified by the immediate
surrounding of the source point and other factors such as recordieg, fieceiver array
response and so on (Mousa, 2019). Deconvolution is a process of compressing this
wavelet to produce a trace that would have been recorded if the Hartju %o ptoe @E %o}V e

was convolved with a spike, thus achieving a higher temporal resolution.
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Deconvolution can be effected by an inverse filter that when convolvéld avseismic
trace outputs a reflectivity series. This is called a deterministic spiking delcion and

for a seismic trace s[n] given by:

S[n] = e[n]Gw[n] (2.1)
Aninverse filter f[n] when convolved with seismic trace s[n] will yielBarth[¢ Ju %o L O ®

response e[n] as:

e[n] = s[n] U[n], (2.2)
which implies
s[n] = s[n] U[n] Uw[n] (2.3)
and hence
(2.4)
f =
] @] W[ ]

f[n] can be obtained by using Z-transform. This approach is determibistause it

assumes the wavelet[n] is known and works well with minimum phase wavelets.

The other approach for spiking deconvolution is using the Wiener filtéchmthoes not

necessarily require the wavelet to be known. It is given by the matrix form equgib):

§R,® @ R, 1 >(@ R.n 1 -8 0@ - gw
R, @ R, 0> (@ RN2’>f@@

o

Kr1 @R, vn2 @ RO ;E5>V@1@ 0 ¢

MEBATSEYON SHAWEL



In this matrix formR{n] are auto-correlation lags of the input wavelet, while the cofu
matrix elementgy[n] in the right side are lags of the cross-correlation of the rayspike
with the input wavelet and[n]- are filter coefficients of length N. The Wiener filter is also
used in shaping the wavelet to a desired form such as a delayed spderp- phase
wavelet or a time advanced form of the input wavelet by defining tlesired output
accordingly. This filter similarly works with a minimum phase wavelet anduioerical
stability a white noise is usually added to the amplitude spectafithe input known as

pre-whitening (Mousa, 2019).

2.1.2CMP stacking

Seismic data is usually acquired with a CMP method that results frotiplawdource-
receiver pairs at successive mid-points with increasing offset from zero ttattieest
offset which is equal to the cable length. This method of &ition is required for velocity
estimation where non-zero offsets provided by common mid point reiogrduccessively
show reflection moveout that is analyzed to determine velocity. With estimattdcities
we can correct for non-zero offset and compress the recorded data volumadjpoint-

offset-time coordinates) to a stacked section.

For a single constant- velocity horizontal layer, the traveltime curve asctidua of offset
is a hyperbola. The hyperbola is a good fit to small offsets and far offsetsdendve
away from the curve. A normal moveout (NMO) refers to time difference between
traveltime at a given offset and at zero offset and the velocity used to cofoectormal

moveout is called the normal moveout velocity.
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The traveltime equation in a horizontally stratified Earth with each omediomposed of

horizontal isovelocity layers, by making the small spread approximation, is given by:

t? x 20 X/V (2.6)
Where x is the distance between source and receivak, i8 Root Mean Squared (RMS)
velocity of the media above the reflecting surface, and t(0) is twice the treneslilong
the vertical path. This equation can also be used to approximate alelarers with
arbitrary dips as long as the dips are gentle and the spread is smadlti@ndMO velocity

is estimated, the traveltimes can be corrected to remove the influence oftoffee NMO

corrected gather then are summed to obtain a stack trace at a particular CMPolucati

Conventional velocity analysis is based on the hyperbolic assumption. Velorigtest

is commonly done using constant velocity stacks (CVS) where diffekéDtdérrections

are applied to CMP gathers using a range of constant velocity vdlaagisplayed side

by side. The velocity that best flattens each event as a function of affggtked as its
NMO velocity. Alternatively, velocity spectrum (semblance plots) are useddé#a is to
display some measure of signal coherency on a graph of velocity versus two-way zero-
offset time. The underlying principle is to compute the signal cohgremcthe CMP
gather in small time gates that follow a hyperbolic trajectory. Stackglgcities are
interpreted from velocity spectra by choosing the velocity function ghaiduces the

highest coherency at times with significant event amplitudes.

When the S/N ratio of the input data is poor, then the stacked anonidi may not be the

best display quantity and different coherency measures such as naedastacked
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amplitude, normalized crosscorrelation sum and semblance can be used astatribu
computing velocity spectra. Semblance which is the normalized otdpput energy is
one example given by:

| 2

P S

t

1
NE o — (2.7)

IEE:
710
4l

Wherefi ) is the amplitude value on thi# trace at two way time(i) lies along the trial

stacking hyperbola, M is number of traces ant given by:

S i:l fio (2.8)

The presence of static time shifts due to near surface velocity variatiansecan
imperfect hyperbolic moveout. Statics can also severely distort the reflebtyperbola
when there are large surface elevation changes. Residual statics variationtorsfatics
that remain in the data after initial corrections for estimated weering layer variations
and elevation changes have been done using refraction statics. The comgefdr these
residual statics normally must be estimated and applied to CMP gatiefore stacking,
and If not corrected, residual statics may cause false structures. Afterctiomge

traveltime deviations show better alignment of reflections.

Estimation of residual statics is done after preliminary NMO correction wsthgr a
regional velocity function or information from a series of preliminegjocity analyses

along the line. To estimate the time shifts from the time @frfpct alignment, the
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traveltime tj, that corresponds to thej source station, thei receiver station and the

kth midpoint along the ¥ horizon can be approximately modeled as:

tih=§ +  + Gn + M X8, (2.9)
where s is the residual static time shift associated with tHespurce station, iris the
residual static time shift associated with tHeneceiver station, and &is the difference
in two way time at a reference CMP location i and the traveltime atdkhCMP location
along the H' horizon. This term refers to structural variation along the horizog, ¥ is

the residual moveout that accounts for the imperfect moveout correction.

This is an over determined problem and is solved by minimizing the surre dédist

ecpu E+ EE}E v EPC 3A v gandihe n@Edeled kst S|

E ;1 (tn T )? (2.10)
i
In general, residual statics corrections involve three phases which &iagitome values
S{U }u %o} e ]S ]ihvintp(itss §omponents and application of derived source and

receiver terms to pre- NMO corrected CMP gathers.

Refraction based statics, on the other hand, are used to correct for lengdostatics
components, by using first breaks, to account for weathered top layeredeehation
variations. Different methods of refraction statics to estimate velocity timckness of
weathered layer and velocity of the bed rock include plus-minus, GRMrefraction

tomography.
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2.1.3Migration

Migration is an imaging technique that moves dipping reflectors into theér subsurface
positions and collapses diffractions, thereby delineating detaildasgriace features
such as fault planes, synclines, anticlines and so on. It is alsolatdied deconvolution

because it improves lateral resolution (Schneider, 1978). Migration can be daoimeein
or depth domain as well as in post stack sections and pre- stack gathersdilegpen the

structural complexity in a survey area. The most common types of migration afenfeK,

difference, reverse time and Kirchhoff.

Kirchhoff migration is based on the scalar wave equation and can bieajpp time and
depth domains. It uses RMS velocity field that varies temporally as well asllgpati
Kirchhoff integral represents the wave field p(y,z,t) at any point in image space in

terms of observations of the wave field p(x, y,z=0,t) on the surface as:

pP(X;, Yy, 2, 0) 3%\—\4:/(x,y,z 0,t r/c )dxdy (2.11)
Where
role ¥ (v W 71" (2.12)

C=v/2 is the half velocity for a two way travel time t abid the angle between the z axis

and the line joining (xy1,z1) and (x,y,z=0) (Gazdag and Sguazzero, 1984).

Equation (2.11) is used to compute the wave field at any depthezntigrated section is

obtained by performing the integration and setting t=0 for each outmaation. The
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imaging principle is applied by mapping amplitudes of the respitiave field at t=0 onto

the migrated section at a corresponding output time.

The time derivative of the measured wave field modifies the walefphase and
amplitude spectrum whereas the cosine of the angle theta of propagation dsri@cthe
angle dependence of amplitude called directivity term or the obligtatctor. The 1/rc
factor is the same astvand corrects for amplitude decay and is known as the spherical

spreading factor.

2.2 Seismic and Well Data Interpretation

2.2.1Sequence Stratigraphy

Sequence stratigraphy is a sub discipline of stratigraphy that diadesdimentary
section into genetic packages bounded by unconformities and their correlative
conformities (Emery and Myers, 2009). Sequence stratigraphic angsbodies of
sedimentary rocks that are defined based on stratal stacking patterns teatitjgaphic
relations. The bounding surfaces that mark changes in stacking pattern are calle
stratigraphic surfaces and together with the sequence stratigraphicare used for a
genetic, process-based stratigraphic correlation and mapping (Catuneiaal, 2005)
This approach sets sequence stratigraphic correlation apart from otherstyfe

stratigraphic correlations.

Sloss (263)was among the pioneers to define sequences by dividing the North American
Phanerozoic sedimentary section into six unconformity bound sequences, even though

the use of unconformity surfaces to divide sedimentary successions was applie&drie

MEBATSEYON SHAWEL



that time (eg. Barrell, 1917; L L Sloss, 1949; Wheeler and Murray, Y@a&gler ( 1964)
introduced the concept of a correlative conformity which led to wligfin of sequences
that are bounded by unconformities of smaller magnitude and areal extemipared to
Sloss (1963), where unconformity surfaces were interregional; this led to rhighe
resolution in stratigraphic analysis. Then in the seventies, the developnreseiamic
data acquisition and processing led to higher resolution images of th&usiace and to
the recognition of seismic scale sequences (R M Mitchum Jr et al., 1977)yemtdeot
increasing resolution then integrated well data analysis and was tetmggd resolution

sequence stratigraphy (Van Wagoner et al., 1990).

The fundamental unit of sequence stratigraphy is the stratigraphguesece. A full
stratigraphic cycle which starts and ends with the same type of segusinatigraphic
surface such as an unconformityo]v § e Ze <u v [Xtypicglly consist of

two or more systems tracts whichre defined as a linkage of contemporaneous
depositional systems (Catuneanu, 2006). Systems tracts may consist of bedsets,
parasequence sets, or sets of higher-frequency sequences (Brown Jr andlRgkggnd

may succeed each other in different orders depending on the camditiof
accommodation and sediment supply at the time of deposition (Csato anth€mu,

2012)

The development of sequences and constituent systems tracts is dedtrby the
interplay of two fundamental variables which are accommodation andhsect supply.

Accommodation refers to the space available for deposition of sedimentssltaeated
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by the interplay of tectonics, climate and sea level changes. Chamgesommodation

are described as changes in relative sea/ lake level or base level. Sediment suipipdy, o
other hand, refers to available sediment for transport and depositida basins which

can be terrigenous sediments sourced from surrougdereas or chemical and
biochemical sediments. The interplay between sedimentation rate and change in
accommodation creation rate leads to transgression - regression cycles whickolead
different types of stratal stacking patterns such as aggradation, progoadatind
retrogradation. It is these stacking patterns that provide the basis fdmitien of

different bounding surfaces and systems tracts.

2.2.1.1Base level change and systems tracts

When sediment supply outpaces the amount of accommodation generated by eslativ
sea-level rise at the shoreline, a normal regression occurs and resulssratal stacking
pattern defined by a combination of forestepping and upstepfi@gtuneanu, 2006 A
normal regression that comes after forced regression is calle 0}A«8 v [ VIEuU o0
regression (Figure 2-1). Lowstand normal regressive shorelines typically indicate
concave-up trajectory Higure 2-) in response to the increase in the rate of
accommodation creation during lowstand normal regressions. A lowstand systems tract
is defined by a normal regressive stacking pattern (Figurgtzatis bounded at the base

by the subaerial unconformity and the correlative conformity and at the lgpthe
maximum regressive surface. Lowstand systems tracts typically include a continental

topset and a marine foreset and bottomset.
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Forced regression i
Basinward

Offlap

l RSL fall Stacking pattern: forestepping with downstepping

Interpretation: progradation driven by relative sea-
level fall (negative accommodation). The coastline
is forced to regress, irrespective of sediment supply.

subaerial unconformity

Normal regression

Topset Stacking pattern: forestepping with upstepping

Interpretation: progradation driven by sediment supply.
Sedimentation rates outpace the rates of relative sea-
level rise (positive accommodation) at the coastline.

----------- shoreline trajectory

Transgression

Stacking pattern: backstepping
T RSL rise

Interpretation: retrogradation and upstepping driven
by relative sea-level rise. Accommodation outpaces
the sedimentation rates at the coastline.

| transgressive surface of erosion

Figure 2-1 Different types of stratal stacking patterns relateftoed regression, normal
regression and transgressigafter Cateneau (2006)).

Lowstand normal regression (accelerating RSL rise)

Topset RSL

The rates of progradation decrease with time,
the rates of aggradation increase with time.

---------- shoreline trajectory (concave up)

A lowstand normal regression typically follows
forced regression.

Highstand normal regression (decelerating RSL rise)

e T The rates of progradation increase with time,
K the rates of aggradation decrease with time.

A highstand normal regression typically follows|
transgression.

Figure 2-2 Stratal stacking pattern in lowstand and highdtaarmal regressions (after

Cateneau (2006)).
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regression where shorelines typically describe a convex-up trajectogyré 2-).The
highstand systems tract shows normal regressive stacking pattern (Figure 2-1havith
maximum flooding surface as the bottom boundary and the top boundasysafbaerial
unconformity and the basal surface of forced regression (i.e., where followéaordgd
regression). Highstand systems tracts are characterized by a continental topsetas

the foreset and bottomset are marine in nature.

Forced regression results from relative sea-level fall and shows a stratal stackiemp patt
defined by a combination of forestepping and downstepping (Figut¢. Zhe rate of
forced regression increases as the rates of relative fall and sediment snpagises and

is also a function of seafloor gradients. The falling-stage systems tract nedidly a
forced regressive stratal stacking pattern (Figure 2-1). The systems tract is bounded at th
base by the basal surface of forced regression and at the top by the malbae
unconformity and the correlative conformity. The downstream continentalisgtis
subject to erosion or sediment bypass during relative sea-level fall excesoting fluvial
deposits due to lateral accretion. Hence the falling-stage systemsisrdw only systems

tract that consists only of marine deposits.

Transgression is characterized by a stratal stacking pattern of a combination
backstepping and upstepping (Catuneanu, 2@8§ure 2-1). Transgressions occur when
sediment supply is outpaced by the amount of accommodation generateelative sea-

level rise at the shoreline. Fluvial aggradation is typically high during transgiession
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Consequently, sediment starvation of the marine seafloors takes place since most

sediment is trapped within fluvial and backstepping coastal systems. Thegtessive
systems tract is defined by a retrogradational stratal stacking patternbéuisded at the

base by the maximum regressive surface and at the top by the maximum floodiagesu

2.2.1.2Hierarchy of Sequences

The classification of sequence stratigraphic units and bounding surfaces basgeeiron
relative scale and stratigraphic significance defines the cormfeggquence stratigraphic
hierarchy (Catuneanu,045) Stratigraphic cyclicity can be observed at different scales
and is in general basin-specific. Hence the definition of a hierarchy syistdmest
approached on a basin-specific basis, rather than using any global staratarference
cycle charts. Hierarchical orders in a sedimentary basin may be assignedyssatfirthe
basin fill as a reference. A first-order sequence is defined asritiee sedimentary-basin
fill that accumulated within a specific tectonic setting; in tase of Z %0} 0 C % Z * |
first-order sequence boundaries mark changes in the tectonic settirnt@inM first-order
sequence, lower-rank sequences may be defined as a function of theveehatignitude
of facies shifts that are associated with their formation. In this approsefguences of
different hierarchical orders have no time or thickness connotationsobly a relative

stratigraphic significance in relation to each other.

The possibility that stratigraphic frameworks may correlate from one liasamother in
response to global controls on accommodation may not be excluded, particuldHg in
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of local controls on accommodation, particularly in the case of tectonicalilyealsasins,
cannot be underestimated and should be considered as a safe namthis reason,
hierarchical orders are only meaningful within the context of theimeditary basin in

which they are defined, and their meaning may change from one basindther.

2.2.2 Sequence stratigraphic interpretation technique

2.2.2.1Seismic Stratigraphy

Seismic stratigraphy is a technique of using seismic data for the interpretafion
stratigraphic information (Emery and Myers, 2009). The method was first intraduce
the seventies and is described in a series of papers (Vail et al., 19 Reyrboncept in

the method was that seismic reflections follow time lines which mehat correlative
impedance contrasts come from bedding interfaces and not from lataci¢$ changes.
Reflections can therefore be considered as time lines or time surfatesemdimensions

that separate strata in terms of age. Hence, seismic sections provide both
chronostratigraphic information using time surfaces and lithostratigrajfiecrmation

from internal reflection characteristics.

Seismic data resolution

Vertical resolution in seismic refers to the minimum vertical thedehbetween layer
interfaces that is resolved by seismic data. This is a function of thelerath of the
seismic wavelet where shorter wavelengths give rise to higher resolutiopae@d to

long wavelengths. In general, interference between top and bottom fatars begins
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when the separation between the interfaces is less than a quartdreoiavelength; this
is known as the thin bed effect or tuning. The other factors that &ffesolution are
related to attenuation of high frequencies as travel path of seismic wawesadse and
the effect of increasing velocity with depth that results in iragiag the wavelength of

the seismic wavelet.

Lateral resolution depends on the Fresnel zone which is a functidineqtiency in
unmigrated sections. The Fresnel zone refers to the portion of the reflectingcguifom
which the energy returns to a geophone within a half-cycle afterotmget which implies
an area a quarter of the wavelength later the onset of reflection (Sheriff2R0The
wavelength dependence means that the shorter the wavelength the emihié Fresnel
zone and the longer the wavelength the larger will be the Fresnel zoneatibig
improves horizontal resolution by removing the Fresnel zone smgatiowever,
migration noise and incorrect migration, resulting from out of plandertions, are

introduced as a result of migrating data.

Seismic attributes

Seismic attributes are defined as any measure of data that helpualljissnhancing or
guantifying features of interest (Chopra and Marfurt, 2005). A gooshseiattribute is
either directly sensitive to the desired geologic feature or physicglgny of interest or

allows to define the structural or depositional environments.

Taner et al., (1994) divided attributes into two general categories: georaétend

physical. The objective of geometrical attributes is to enhance théilitgiof the

MEBATSEYON SHAWEL



geometrical characteristics of seismic data. Physical attributes, on the other tiaad,
with the physical parameters of the subsurface and so relateholbgy and pore fluid
The classification may be further divided into post-stack and pre-stadkues. Pre-
stack attributes are computed from pre-stack data and reflect variatiomibérent

attributes such as amplitude and instantaneous frequency witlsedff Post-stack
attributes are most commonly used attributes and are computed tacked sections

based on the complex trace concept which is defined as:

F(t)=f(t)+if*(t) (2.13)

WhereF(t)represents the complex trac}) is the seismic trace arit{t) is the imaginary
component determined uniquely from the real part using Hilbert transf (Taner et al.,
1979) Attributes defined using complex trace include envelope, derivatives,
instantaneous phase and frequency. The expressions for some of the commonta#trib
and their applications are shown in Table 2-1. These attributis goh important role in
seismic stratigraphic interpretation by enhancing visibility of geomefgimtures of
seismic events such as event terminations, continuity and curvature of events

unconformities etc.

Table 2-1 Definition of some post-stack attributes and theptiegations after
Subrahmanyam and Rao (2008)

Attributes Expressions Applications

Signal Envelope (E| E(t)=SQRT{f2 (t)+f*2(t)}| For identifying bright spots, gas
or Reflection accumulation, sequence

Strength boundaries, major changes or
depositional environments, thin-
bed tuning effects, major changes
of lithology etc
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Envelope
Derivative (RE)

RE()=dE(t)/dt

To highlight change in reflectivity
sharp interfaces, discontinuities

Phase

Instantaneous At)=arc tan |f*(t)/f(t)|

Best indicator of lateral continuity,
can be used to compute the phas
velocity,

shows discontinuities (but may no
be the

best tool), sequence boundaries,
detailed visualization of bedding
configurations

Instantaneous
Frequency

F()=d(A0)/dt

Instantaneous frequency can
indicate bed thickness and also
lithology parameters.

Chaotic reflection zone indicator,
bed thickness indicator. Higher
frequencies indicate sharp
interfaces or thin shale bedding,
lower frequencies indicate sand
rich bedding. Sand/Shale ratio
indicator.

Acceleration AC(t)

Instantaneous AC(t)=d(F(t))/dt

Highlights change in instantaneou
frequency which may be indicative
of thin bedding or absorption,
accentuates bedding differences,
higher resolution, may have
somewhat

higher noise level due to
differentiation.

Seismic sequence analysis

Seismic sections can be subdivided into depositional sequences usingfamaity

surfaces. Unconformities and other sequence stratigraphic surfaces are delinegated

mapping reflection terminations. Reflection terminations are characterigegeometric

relationships between the reflection and the seismic surface against whetminates.

Terms such as lapout, truncation, baselap, toplap, onlap and downlap areaudesldribe

reflection termination types. These are briefly described below and showigure 2-3.
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Lapout:refers to lateral termination of a reflector at its depositional limit.

Baselap refers to termination of reflectors against an underlying seismic surface. A
baselap can be a downlap when the dip of the underlying reflector isHassdip of the
terminating reflectors. Whereas an onlap is where overlying reflectors termiagéinst

asteeper underlying surface.

Toplap refers to termination of inclined reflections against an overlying lowepes|
surface. An apparent toplap surface occurs when the topset are too thin to resolve

seismic or when erosion removes the topsets.

Erosional truncation refers to termination of strata against an overlying erosional
surface. Truncations are usually more extreme than toplaps. Apparentdtions is
when low angle reflections terminate beneath a dipping seismic surfacehwepresents

marine condensation and it occur at the distal deposition limit.
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UPPER BOUNDARY

Truncation

Apparent truncation

Downlap Onlap
(marine)

Downlap

LOWER BOUNDARY

Figure 2-3 Different types of terminations observed in seismic sectdterEmery and

Myers, (2009))

Seismic facies analysis

This step is described as the interpretation of depositional faciessie@mic reflections
(Sangree and Widmier, 1979). It involves definition of seismiesfagised on reflection
characteristics such as reflection configuration, continuity, laoge, frequency content
and seismic velocities. Reflection configuration plays a majorratentifying different

depositional facies and includes several principal types deddoglow and illustrated in
Figure 2-4.

Parallel to wavy reflectionthis pattern indicates uniform sedimentation conditions in
both shallow and deep waters and can be found in clastic and carbaiegtesitional

environments. Subdivisions can be further made using continuity, amplitak
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frequency of events. High amplitude reflections are generally related to coirtgast
lithoglogies such as sand and shale whereas low amplitude indicatek draafes in
lithology across the reflector such as sand and silty shale (Veeken, E@83)ency can

give some information on bed thicknesses. Continuity of reflections sugtestsvel of
energy of the deposits where high continuity suggests similar sedimentation conditions
in low energy environments whereas discontinuous reflections indicagé kenergy

environments.

Divergent reflections indicate geometries with wedge shape in asymmetric sediment
thickness distribution. These can be due to variable sedimentatibes across the

section or it can be related to syn-depositional differential tecton@ements.

Clinoforms/ foresets are the result of progradation and can be further classified into
different types based on shape and angle of repose which are a functi@ctofs such

as composition, sedimentation rate, water depth and others. Oblique shapksate
topsets are absent implying an area of sediment bypass and little develugénimsets
imply a sediment starved distal part of the basin floArsigmoidal shape is when the
topset and bottom sets exist, it is usually related to relative rise & Isgel and a
reasonable rate of sediment supply and it is usually related with lowergy
environments. Shingled shapes have smaller foreset heights and low angle of foigsetti
They are formed due to progradation in high energy shallow marine envirotsnheih

can also be found in deeper marine conditions resulting from massflooepses.
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b) PARALLEL OBLIQUE

e PARALLEL

¢) TANGENTIAL OBLIQUE f) HUMMOCKY CLINOFORMS

Figure 2-4 Different types of reflection configurations (aNteeken (2007))

It is possible to use clinoforms as a measure of water depth iohathey were formed.

By taking the difference between the top set and bottomsetaetibn times and then
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using appropriate interval velocity, after decompaction effects aremesed, the

thickness of clinoforms can be determined which roughly estimates wafethd

Hummocky reflectionsrefer to irregular and discontinuous reflection types with variable
amplitudes. These type of reflections show little systematic reflection terntinatand

are related to cut and fill geometries and contorted beddings.

Chaotic reflectionsrefer to highly disordered internal organization of reflections due to
channel fills, slumped deposits, overpressured shales, volcanic rocksgmsaltd and

similar deposits.

Reflection free zonesare due to weak acoustic impedance contrasts in homogenous
gross lithology. Geologic units that show no or weak reflections includ& ghales,

limestones, massive reefal buildups and igneous bodies.

In addition to delineating geometries in 2D seismic sections, the three dimensioaaé

of these seismic facies or their external morphological shape is another seol i
identifying depositional environments. Different types of external shapas be
observed in seismic sections. Sheets or sheet drapes are one type of external shape which
result from uniform sedimentation conditions generally relatedite grained sediments.
Wedge is another type which indicates a lateral change in sedimentaate whereas
Banks and monoclines have an elongated shape and indicate a major difigoenin
sedimentation pattern. Mounds represent another type of external shape whasle BD
depositional buildups and which can be due to carbonate bupd, submarine fan
complexes, contourites or volcanic cones. Slope front fills, erosivaridiion- erosive
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fills represent still other types of morphologies with implications depositional

environment interpretation.

Recognition of systems tracts from seismic sections

Systems tracts are defined by the nature of their boundaries and their iatestacking
patterns. The recognition of systems tracts from seismic applies the same principles. The
key surfaces that divide sequences into systems tracts are the sequence boundary,
transgressive surfaces, maximum flooding surface and marine onlap/ downlap surfaces
between the lowstand fans and lowstand wedge. Sequence boundariesyudaaélop a

high relief truncation surface and a basinward shift of coastal onlap atbeeoundary.

A lowstand systems tract is bounded by a sequence boundary from belowaand
transgressive surface from above. A transgressive surface marks the end of lowstand
progradation anda start of a transgression. It is identified as the boundary between a
topset- clinoform interval and an overlying topset only interval. Asgressive systems
tract is bounded at the bottom by transgressive surface and a maximum floodingesurfac
upper boundary. It shows backstepping topsets and is usually thin. The maxiouimg
surface is recognized by clinoforms downlapping underlying transgressive topsets.
However not all downlapping boundaries represent maximum flooding surfaaesuse

a downlap surface also exist at the base of a lowstand progradingeved highstand
systems tract overlying the maximum flooding surface showing progradation atie b

margin and is bounded at the top by a sequence boundary.
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2.2.2.2Well log sequence analysis

Sequence stratigraphy using outcrop and well data was developedkdb Seismic
stratigraphic techniques during the early 1980s (Emery and Myers, 2009). The fwork o
Van Wagoner, J.C., Mitchum R.M., and Rahmanian (1990) is among the eadyowork
the subject that introduced the concept of high resolution seqeestratigraphy by
integrating outcrop and well data to seismic sequence stratigraphy. Well-logy idat
generally used for analysis of vertical stacking patterns, grading trends, depakiti
elements and systems as well as to infer lateral facies trends and calg®isimic data
(Catuneanu, 2015). Sequence analysis using well logs involves intagorets
depositional lithofacies from wireline logs which are used for paleogeograghd
depositional environment reconstructions. The interpretation of seweestratigraphic
surfaces and systems tracts is accomplished by analyzing the spatial and temporal
relationships of depositional systems, which are the products of sedatien in
particular depositional environments, including their shift directidhrough time.

Analysis of depositional environments in the subsurface, in the absenageflata, is
usually done using wireline logs (for example, M. H. Rider, 1986; Serra, .198&)
approach involves the study of electrofacies associations, the equivalent of facies
associations in sedimentology, where we examine the context in which an dbgee

or a specific log pattern exists. Hence individual log patterns mapuwefin different
environments however when considered together with the overlying and underlying
patterns, it is possible to narrow down the possible depositional envirorisien a given

log signature. However, the interpretations using only well logs are usuathunique
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and so constraining it with independent data set such as coresngusamples, seismic
and other data is essential; to a minimum, well cuttings routinely catetd provide
information on lithology, fluid contents, and biostratigraphy canieorporated in the

analysis

Well logs used in sequence analysis

Well logs have a number of applications in the study ofsinesurface geology from
identification of lithology and stratigraphic correlations tletermination of reservoir
properties such as porosity and permeability and imaging fractamesassessing stress

fields (See

Table 2-2 for details). In sequence analysis, the focus is on detegritiiologies,
sedimentary structures and other attributes of rock bodies that can be used
characterize sedimentary successions and decipher the evolution aheetiry basins.
In this regard, lithologs (gamma-ray, density, neutron, sonic and similar pags)an

important role.

There are a number of log types that are measurements of either an induced or

spontaneous phenomena; the most common types are listed in

Table2-2below. Most logs are labeled conventional for being used over time while other
are advanced log types such as NMR and borehole imaging (BHI) logs et@ckaently
introduced. The micro-resistivity logs combine the methods of conventimsastivity

and dipmeter measurements to produce high-resolution images that simula¢e t
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at a millimeter scale, including sediment lamination, cross-stratiboatbioturbation,

etc., in three dimensions (Catuneanu, 2015). In this section | wildunce some of the

wireline logs that were also used in this research in more detail ifaff@ving table.

Table 2-2 Table showing well logs, properties measured by each log, and thegicgol
applications, AfteOctavian Catuneanu, (2006)

Log Property Units Geological
measured interpretation

Spontaneous Natural electric Millivolts Lithology,

potential potential correlation, curve
(relative to drilling shape analysis,
mud) porosity

Conventional Resistance to Ohm-metres Identification of coal,

resistivity electric current bentonites, fluid
flow (1D) types

Micro resistivity | Resistance to Ohm-metres Borehole imaging,

(electron density)
(includes pore
fluid in

electric current and degrees virtual core
flow (3D)

Gamma ray Natural API units Lithology (including
radioactivity bentonites, coal),
(e.g., relater to K, correlation, shape
Th, U) analysis

Sonic Velocity of Microseconds/metrel Identification of
compressional porous zones, tightly
sound wave cemented zones, cod

Neutron Hydrogen Per cent porosity | Porous zones, cross
concentration in plots with sonic and
pores density for lithology
(water,
hydrocarbons)

Density Bulk density Kilograms per cubig Lithologies such as

metre (g/cm3)

evaporites
and compact
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measurement) carbonates
Dipmeter Orientation of Degrees (azimuth | Paleoflow (in

dipping surfaces and inclination) | oriented core),

by resistivity stratigraphic,

changes structural analyses
Caliper Borehole Centimetres Borehole state,

diameter reliability of logs

Gamma ray (GR) log

Gamma rayare packets of electromagnetic radiation also known as photons. Radioactive
decay is spontaneous transition from one nuclear energy state tohanaand is the
process that leads to emission of gamma rays (Ellis and Singer, 2007). The use of GR
measurement in well logging is associated to radioactive isotope concentsation
formations Radioactivity in sedimentary rocks mainly comes from uranium, thoriun an
potassium. The largest source of formation radioactivity is potassium, a fairly commo
element in the Earthe @&ueSX dZ u]v € o }vS JV]VP %}S e¢]pu
formations include sylvite, Feldspars, which, after quartz, aeentbst abundant minerals

found in sandstones. The energy emitted by the three elements show a discretewspectr
between 0 t 3MeV and it is possible to differentiate each element byspectral
signature. Peak frequencies for uranium are recorded at 1.76MeV, foiuthoat
2.62MeV and for potassium at 1.46MeV. As the gamma rays interact with surrounding

formation, however, their energy is lost by Compton scattering ared fihal spectral
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signature recorded at boreholes is a complex continuous spectrum thatetéihs the

characteristics of the discrete spectrum.

The tool used to record gamma rays consists of a scintillation cowttieh is a sodium
iodide crystal that flashes when interacting with gamma rays (Rider, 198é3eTare
collected by a photo-multiplier for a fixed period of time aa@ taken as a reading far
given depth point. Tools can be conventiooalspectral type which measure the total
emitted radiation and the radiation emitted by uranium, thorium ampdtassium
respectively. The unit adi gamma log is API, it is defined with reference to a specially
constructed well in University of Houston, Texas that is used as alasthnof

measurements and for calibration of instruments.

Gamma ray measurements are affected to some dedmeborehole environment. The
drilling mud and borehole irregularities such as cavings are two maiorfsittat need to
be compensated for by using various correction charts. Another factbeig/pe of mud
used in drilling, additives such as barite which absorbs gamma raykG@inghich adds
unwanted energy to mesurements These factors are similarly accounted for using

correction charts.

Gamma logs are one of the most commonly used logs in sequence stratigraphy and are
run in most wells. In general, they are considered as a measure of clay camtent
formations which has implications on depositional energy (Emery and Myers).2009
Increase in gamma ray readings is correlated with decreasing depositional energy.

However, interpretations are not always unique; there are examples of nonradreacti
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clays and highly radioactive dolomites. The precipitation of uranium stddes in
sandstones, arkosic sandstones and concentration of heavy minerals in chameé|

still other alternatives that need to be considered in inter@t&in. The use of spectral

gamma ray devices in this regard can discriminatgu o] ¢ ey Z  "~Z}S  }o}u]s

other formations with some unusual excess of U, K, or Th.

Density and Photoelectric logs

The density log is a measure of formation bulk density using an attivee of gamma
rays. Compton Scattering and Photo-Electric Absorption are two important phenomena
associated with density logs. Gamma rays emitted from a source interact with
surrounding rocks and through this interaction lose their energies byp@onscattering.

A gamma ray with an initial single peak energy spectrum will gradually sinodeaing
spectrum to lower energies as the gamma rays travel longer distances into the fonmati

and depending on number of collisions each ray undergoes

As some of the most scattered gamma rays energies approach 0.2 MeV, the gamma ray
can be completely absorbed by the atoms in the rock. This is calletb4ethectric
absorption, and is a different process from Compton scattering. Diffareterials have
different abilities to photo-absorb gamma rays such as a low, medium orhigbrption
indices as shown in Figure 2-5 for gamma rays that have travelled throughetti@ to a
detector. The count rates measured in the higher energy shadedomirftbr hard gamma

rays) measure Compton scattering and hence the electron density whitle isame as

density of the formation. Whereas the count rate of the soft gamma rays in the lower
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energy shaded window in Figure 2-5 is a measure of the effective efedémsity of the

rock.

Soft Gamma
Ray Window Hard Gamma Ray Window

‘_
Low U
A Low Z
[ N
Medium U
_'CI_.II ﬂledium 4
@
:|[[/ oy
1
5 7 \ °
3 / / 0.662 MeV
Source
7 \\ I
\'i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Energy (MeV)

Figure 2-5 Gamma ray energy spectra and measurement win@@dtes M. H. Rider
(1986)).

The tool used for density and PE measurements has a focused gamma ray sauace an
far and near scintillation detectors; two detectors are used for tmerpose of
compensating borehole effects. Recent tools use more efficient detectioighvmeasure
both density and photoelectric factor. Depth of investigation is usually skallow and

therefore the tool is likely much affected by hole conditions.

In dense formations Compton scattering is extreme and few detectable gammigeeys

S}}o[+ § aBd d&e versa. Detector counts are then converted to electron density
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and although electron density and density are almost identical,etreme differences
when water (hydrogen) is involved. For this reason, the actual values presentég on t
density log are transformed to give actual values of calcite (2.71g/cc) and puez wat

(Rider, 1986).

Density log is usually accompanied by a curve that shows boremolenaud cake
corrections which have been automatically applied. Tool is typicatlyas a density-
neutron combination along with gamma tool. The caliper is an essentahgmniment
for QCreasons. Its shallow depth of investigation means that in porous rocksl|l it w

measure in the invaded zone.

The Photoelectric factor log (PEF) is strongly dependent on the average atanbemu
Z of the constituents of the formation and so the lithology. The effect mbgty is
minimum, that is, the difference between PE values of two matriggyp more significant
than the variations within each individual matrix type caused by porasianges. Hence,
principal use of PE is as matrix indicator, either alone or especially whenncudtgslied
with density log to produce the value U. The method is generally usefcbrmplex
carbonate evaporite lithologies, where porosity is lithology dependent, eajwean the
presence of gas which does not affect the PE value. In sand shale sedhereffect is

less evident. PE is ineffective when barite is used in the drillirdy mu
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Density logs are used for mineral identification and therefore theyvamy useful in

sequence stratigraphic interpretations. However, they only detect chamgkhology if

the adjacent lithologies have different densities, so they have to be used jonmion

with other logs. On the other hand, the neutron-density log camabion is probably the

best indicator of general lithology especially in the presence of a validuP#: Density

log can also be used to identify high TOC values.
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Figure 2-6 Photoelectric Factor (PEF) log. The log is less sensitive to potbkapnce a
good indicator of lithologyafter M. H. Rider (1986))
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Figure 2-7 Density log measuring bulk density of format(afiter M. H. Rider (1986))

Neutron logs

Neutron logs measure porosity of formations by using neutrons emitted &dool that

also has detectors to measure returning neutrons after interaction withmédrons

Neutrons interact with matter in two ways, by collision and absorptiBider, 1986)

Collisions take place at higher energy state whereas absorption takes pk lower

energy. A free neutron in the early stage of its release has an eneigyrstmely fast

that degrades with time to epithermic and finally adghermic state. The energy loss also
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results in velocity loss through elastiattering. Collision with hydrogen nuclei reduces
the energy of neutrons much more than collision with heavier elemesiich as silicon.
As collisions continue the thermal energy state is reached, at which poittamsustart

to diffuse through formations to finally be absorbed by nucleiooffations.

The neutron tool consists of fast neutron source and two detectors whiedisure energy
loss. Tools commonly detect both thermal and epithermal neutrons.nBae detector
measures borehole effects whereas the far detector measures both the effeitteof
borehole and formation. Therefore taking the ratio between the far apdr detectors
borehole effects are removed. The measurement unit is given direatlgutron porosity
units. Neutron porosity is real porosity in clean limestones, but othieolligies require
conversion factor. Tools usually have depth of investigation betweeh 2%cms and a

good bed resolution.

There are three factors that lead to perturbation of neutron logs (&fd Singer, 2007)
The first one is related to calibration where neutron porosities araligealibrated using
limestone or sandstone. It is important to know to which matrix type thedaglibrated.

This is because in a limestone calibrated log a sandstone formation wittathe water
filled porosity as a limestone equivalent will read a lower porosity thartriine porosity.

The other factor is related to high values of porosity in shales. i$hiecause of the
hydroxyls associated with the clay mineral structure. Therefore large appareosipor

values are recorded primarily because of the hydrogen concentration associdkethev

shale matrix. The third factor is related to gas filled pore spaces. Gases have lower
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hydrogen density compared to liquid which are used in calibrationeoitron porosity
Hence the lower hydrogen density will result in a decreased apparent pprasiis error

has been exploited for detection of gas in combination with density log.

The density- neutron overlay is the best indicator of lithology as showdmi 2-8 and so
can be used to study depositional trends. The logs are scaled to syjzese in clean
carbonate lithologies but in clean sandstones there will be smaérs¢gipns which may

be larger if feldspathic sand is present (Emery and Myers, 2009).
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Figure 2-8 Typical example of a neutron- density overlay platfétpretation and
correlation with other loggafter M. H. Rider (1986))

Interpretation of log motifs
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The most common types of log patterns include blocky or cylindrical, irregusarrated,
fining-upward or bell shaped and coarsening-upward or funnel-shqaetdrns (Figure

2-9;, Posamentier and Allen (1999)).

Blocky motif generally implies a constant energy level, and constant sediment sapgly
sedimentation rates. It can be observed in a broad range of depositional envirdame
ranging from the nonmarine to the deep marine including fluetennel-fill sandstone,

tidal-channel-fill sandstone, and nearshore-marine deposit.

Serrated motif this pattern is indicative of a heterolithic lithofacies, implying depasit
under rapidly alternating high and low energy. It can be observed madbvariety of
depositional environments, ranging from fluvial to deep marine. This altiemaan
occur in nonmarine floodplain environments, lower-shoreface to offshore transition
environments, shallow-water transgressive settings, and deep-water turbidite

environments.

Fining-upward motif this trend can be formed in almost every depositional environment,
where there is a decline with time in energy levels. This kind atrefacies element is
indicative of deposits associated either with waning depositional eventsasisediment
gravity flows or progressive shifts of a depocenter away from the section in questign (i
transgressive deposits), or due to a progressive decrease of available energy at the

location of deposition (e.g., channel-fill deposits).
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Figure 2-9 Wireline log trends representing different depositional facies (after M. H. Rider
(1986)).

Coarsening-upward motifindicates a gradual shift towards a progressively higher-energy
depositional environment. This log motif is the least equivocal ofealpecially for
repeated sections 80 m thick (Posamentier and Allen, 1999). Typical examples of
depositional elements that generate this log motif include progrgdiistributary mouth

bars (deltaic settings) or prograding shoreface deposits (open shoreline settings).
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However similar log pattern may also relate to crevasse splay deposits and gi@awity-f

systems in deep-water environments.

Borehole image log (BHI)

Borehole image logs are high resolution images of the borehole wall generated u
mainly electrical resistivity and acoustic imaging tools. They are usedifferedt
purposes including sedimentological studies, structural analysis androésparameter
determination. Lithology, texture, dip and azimuth of bedding plalaults and fractures
are some of the sedimentary features interpreted from image logs. Boramalges have

resolution that is much higher than seismic data and lower than a corelsamp

From the two main types of borehole imaging tools, electrical resistioiy is widely
used because it is particularly effective at better imaging geologieaurfes due to
inherent high-resolution capability and the wide dynamic range of theasured
formation property (Serra and Serra, 200Bhe borehole coverage of resistivity image
tools vary (e.g., 30% to 80%) depending upon the number of pads anddbersize.
Ultrasonic imaging, on the other hand, delivers a high-resolution acoimstge of the
360 degree borehole wall because the tool sends an ultrasonic wave otheweellbore
and the reflection of the wave from the entire borehole wall is releat in the receiver.
Use of this type of log, however, is limited to low solids in drilling endimud densities
less than 11 Ib/gal, because of attenuation of the sonic waves. Ultrasoniaigrags are

slower than conventional electric logs and when compared to a resisiiviiige, a
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resistivity image log has about 10 times the spatial resolution and 500 times {biézhe

resolution.

Resistivity Micro Image measurement

Borehole imaging tools usually have four pads attached to arms that exiethdetract

to maintain contact with borehole wall. Each pad contains a numbefeatrodes called
buttons, 24 in case of FMI tool from Schlumberger, that are arranged in twooe rows
(Figure 210). During measurement, high frequency current is emitted from each button
(Figure 210). The pad face and buttons have the same potential and an equipatent
surface is created parallel to the borehole wall and in these comditibe button current
varies with the conductivity of the formation in front of the tool focuses the current a
short distance into the formation and potential differences are meadbetween each
button and the upper tool cartridge housing (tool upper electrodéje resulting raw data
presentation would be a massive number of resistivity curves plotted inapelot. In
imaging tools such as the FMI tool, formation microresistivity values are measured a

vertical resolution of 2.5 mm.

The tool also includes inclinometry tool which has a triaxial acoeleter and three
single-axis magnetometers (Serra and Serra, 2003). The three-axis accelerometer is
housed in a single unit and where Al, A2, and A3 axes correspqaditl, pad 2 and the

tool axis direction, respectively (Figure 2. Accelerometer information is used to derive

tool axis deviation and make speed corrections to the recorded curves.
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Figure 210 Schematic operation of microimage log also showing path of focuseent
(left). Pad and sensor detail of microimage log- an example from Schlumibdigéool
(right) (after Serra and Serra (2003))

Figure 211 Inclinometer tool integrated with borehole image tool to determine
orientation and for speed correctiofafter Serra and Serra (2003))

Azimuth information is obtained by measuring the direction of the Eartl@gnetic and
gravity fields with respect to the tool axis. Because the tool is esserdiajjinder, its
orientation is described by three angles namely: Deviation of the toal fa@m the
vertical (DEV), azimuth of the projection of the tool axis in théziootal plane (HAZI) and

a rotation angle of the tool about its own axis (Figurg22-
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Figure 212 lllustration of borehole deviation and azimuth of a boreltb& are
required to plot image logs in proper orientati(after Serra and Serra (2003))

Image log processing

A number of processing steps are taken before geological interpretatidreafrtage logs
can be performed. The main processing steps to generate the image logs from
measurements recorded by electrode tool include speed correction, magaetiination

correction, and depth shifting offset.

Speed correction is applied to correct for irregular tool motiowl &0 convert the time-
based recorded data into a depth-based data. The acquisition system sedatd with
reference to the cable depth. If the tool speed is greater thamdhble speed, the data
attributed to a given interval of curve need to be stretched out over gdointerval. The
image has a compressed appearance in this case. Conversely, if the tool speddus too
the curves or images appear stretched. The irregular motion of the toolglthienlogging
due to sticking, variable tool friction, rig heave, and cable stretclon®cted by using

accelerometer-based speed correction. This correction returns the miss-positaata
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to the correct depth point. Magnetic declination correction is g to inclinometry
measurements recorded by the tool relative to the magnetic North to edrthem into
geographic North. Depth shift offset correction is done to matchithage log and the

other logs in depth using the GR log correlation from these runs.

These corrections are partly done by the service companies and they deliveeticagn
declination corrected and depth-based image data. However, a number of progessin
functions are applied to the image data by the interpreter to enhanesitige accuracy

and quality. Depth matching of the logs between image logs and the ethieline logs

are sometimes not adjusted by the service companies and has to be done before
interpretation. Usually The GR log from both runs is used for thislatio;e. Additional
minor processing may be applied to the data to remove saw tooth artifa@unctions

of buttons, misalignment of pad/pads, filling small gaps on data, and vemgodead
buttons. In all these corrections, filters can be applied to enhaheelog quality and

increase the geological and structural features resolution.

Image Log Presentation

To display an image log of a cylindrical borehole, the well geometries agmtaiions
have to be known besides the image data. The three important logs usdHisgpurpose
are borehole deviation (DEV or DEVI), borehole azimuth (AZI or HARBlatide Bearing
(RB). The first two logs are needed for well wellpath, iso-core \atical depth
calculations. The imaging tool rotation during logging is measured as tle between

the borehole azimuth and reference pad azimuth at every point arkthown as Relative
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bearing (RB). In general, these three logs are needed for accurate plottihg whage

logs in correct depth position.

Op aonpuition it bas

{ . . o i~ -
: X Tt o1 3 e
fnages Viewed lnside O >

Figure 213 lllustration of image log plots. Dipping layers plot as sinug@ifter Serra and Serra
(2003).

The processed image which represents resistivity image of a borehole surfdmnis
unwrapped at the north azimuth for display¥igure 213). The horizontal axis of the
unrolled panel represents azimuthal directions and the vertical axispth. To visualize
the image logs, two different types of color normalizations are done endta; Static
and Dynamic normalizatiorFigure 214). Static normalized images have the same color

scaling over the entire logged interval and thus show large-scale végistariations
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related to lithology changes and structural events (faults, fractures unconities, etc.).

Static normalization Dynamic normalization
data ijF" entire well fI selected  data
fr y y e window \ / Z
” ;
/ » ; /
resistivity

Figure 214 Static and dynamic normalization of image |¢afer Serra and Serra (2003))

Dynamic normalized images are color scaled onfiasliding window, thus maximizing
rock fabric detail (texture) and bedding information. In the statior normalization
procedure, the resistivity values are color coded from highest resistivity vatueside

to the lowest resistivities as black in 32 color ranges. In dynamic normatizatspecial
range of resistivities are used to plot the data in a high resoluflymamic normalization
allows a detailed resistivity image data visualization. Dips aserekd on both image,
but picked preferentially on dynamic images. On this display flattmttacts plot as
straight lines whereas dipping bedding planes plot as sinusolussevlowest point
defines dip direction and the difference between peak and trougkséd in calculating
dip amount There are a number of other features that can be interpreted from image

logs as shown in Figurel®:

Recognition of sequence stratigraphic surfaces and systems tracts froroasll

Subdivision of a stratigraphic section through the identificatiordifferent sequence

stratigraphic surfaces from well logs is not an easy task. Surfaces are markddrantlif
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locations have different characteristics and therefore it is always recended to know

the physiographic location of the well data before pursuing wighirgtating different
surfaces that bound systems tracts. It is relatively easy to identify maxiffaoding
surfaces because it is usually associated with high gamma log response. Condensed
sections at the climax of relative sea level rise result from sediment starvation gseng

to thin units of hemipelagic to pelagic sediments that cover a largegbdhe basin.
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Internal sedimentary structures Bedding undersurface (sole) structures

Figure 215 Sedimentary structures from high resolution borehole image(fager et al.,
2011)

1- lamination; 2- bedding; 3- inverse/ reverse grading; 4- conglateeb- massive bed;
6- convolute bedding (slump); 7- sediment deformation; 8- watapesstructure; 9- sand
injection; 10- crossbedding; 11- groove cast; 12- load cast; 13- swal- scour surface;
14- erosional channel base with lag; 15- flame structure.

The high GR log response of condensed sections can be easily correlated between

different wells, however high GR log response is not always an iraicaitia maximum

MEBATSEYON SHAWEL



flooding surface and a more appropriate way to define this surface is from comarge
of time horizons at different well locations or from observations in saissactions

(Posamentier and Allen, 1999).

Sequence boundaries are more difficult to mark in well logs bexaf their varied
expression in different parts of a basin. It is therefore preferalolepick sequence
boundaries after maximum flooding surfaces have been identified. Because sequence
boundaries are located between successive MFS we will search for candidatsesun

the interval taking into considerationthe depositional environment and the

physiographic setting of the well location.

The overall log pattern is also a good indicator of sequence stratigraphic surfaces
especially in shelf areas where it is easy to observe progradational, aggradatidnal an
retrogradational stacking patterns. In general, maximum flooding surfaces are docate
between retrogradational stacking pattern from below and progradational or
aggradational stacking pattern above. Sequence boundaries, on the othet, hian
between a progradational trend below and retrogradational or aggradational stacking

pattern above.

Identification of systems tracts that accommodate the space defined by dingn
surfaces identified in the previously is based on interpretation of odémnal
environments and their stacking patterns. Highstand systems tracts lie overakienum

flooding surface and show progradational pattern especially on the shelf. Howéweer, t
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overlying lowstand systems tract also shows the same character and defining the

boundary between these systems tracts is not straightforward.

Transgressive systems tracts have a retrogressive stacking pattern and depending on
physiographic locations in the basin it may ovealieghstand or lowstand systems tracts.
Transgressive systems tract can vary in thickness between a thin condensed layer and
thick retrogradationally stacked succession depending on the rate of accdatron
creation and the rate of sediment influx and additional factors sashwaves and
currents. The lowstand systems tract has different expressions landwardeaveard of

the shoreline. On the side of the correlative conformity, upward coarsenimgj a
thickening progradational section is present. Whereas, over the subaerial umoutyfo
fluvial deposits dominate which also can be confused with highstanflsystems. It is
therefore advisable to integrate all available data to produce tbast equivocal

interpretation of systems tracts and stratigraphic surfaces.
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Chapter 3 : Seismic Data Reprocessing

3.1 Introduction

The earliest seismic surveys in the Ogaden Basin date back to 1950s. These sem@eys w
mostly regional with the exception of surveys in the area aroWidE 1 and Shilabo 1
wells where a dense grid of 2D lines were acquired. Over 20,000 line lsmistbic data

has been acquired up to the present and from these lines 30% wereradqure-1970.
These pret 1970 seismic sections are generally outdated and are found in paper print
outs with data ranging from single fold to 6 fold of coverages acquinethly using
dynamite sources (Petronas Carigali Sdn. Bhd. and Ministry of Mines of i&tl#005)

From the early 70s, 24 and 48 fold data were acquired using vibroseis ardaarti 90s,

80 and 90 fold data were acquired in different parts of the basinokitgjof the seismic
lines show fair to poor data quality and some of the problems relatedbta quality are

low fold of coverage, random noise, pervasive multiples and penetrationgmabas well

as poor ground conditions (Beicip-Franlab, 1998).

The data used in present study was acquired in 2006 in the western ptré ddgaden
Basin. A total of four lines with 3 dip lines and 1 strike line conmg@tll dip lines were

obtained from the Ministry of Mines, Ethiopia having a total léngt 296kms (Figure

3-1)X WE A]}pues % E} e++]JvP }( 8Z o]v e A+ }v C EIEEM ¢

Kuala Lumpur and the result showed poor reflectivity and continesiyecially in the
Karoo section. The sections were of limited use for stratigraphic interpoetatd hence

seismic reprocessing was initiated to improve data quality in terms fiéctevity,
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resolution and continuity. The objective of the current reprocessingaeetore to tackle
problems related to random and coherent noise, improve stacking through leétai
velocity analysis and enhance vertical resolution as well as lateral resolthierzone of

interest is the Karoo section found between 1.3.5 seconds.

ELEVATION
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X-axis
320000 360000 400000 440000

600000 P

580000

560000

540000

Y-axis

520000

500000

480000

460000

320000 360000 400000 440000
X-axis

Figure 3-1 Location map of reprocessed seismic lines, elevatioyn lades ranges from
225to 475m.

The seismic lines were acquired using an asymmetrical split-spread, witd & 220
channel geometry and a 25m group interval. A vibroseis source was used with 50m
vibration point interval, producing a 10 - 80Hz frequency bandwitile. geophone array
configuration was a linear type with 2.5m geophone spacing. Data was sztoiging

SERCEL 408 system; the seismic record has a total length of 6 seconds with 2ms sample

MEBATSEYON SHAWEL



interval. During recording low cut filters were not used and higfittets were set at 0.8

of Nyquist. The nominal fold of coverage of the data is 90 and GfdiRal is 12.5m.

3.2 Seismic data processing sequence

Promax v.5000.10.0.4, Landmark Graphics Corporation software was used for data
processing. The processing steps applied to the dataset were first tested on iag¢est |
subset extracted from liINn©®GA. Numerous tests were carried out using different tools
and parameters before the final workflow was established. The tests mainly hcuse
amplitude recovery, attenuating linear and random noise, demutigpimultiples, and
deconvolution. In this section the final processing steps, summarizedumeF3-2, are

discussed from data import to the final migrated stack.

Seismic processing workflow can be grouped into four main tasks: data prepeaddita
correction, data reduction and data enhancement (Dondurur, 2018; Mari et 89)19
The data preparation step includes importing and converting data saftware data
format, geometry assignment and trace editing. The data correction involeps stuch
as amplitude correction, noise attenuation, static corrections and vegloaitalysis.
Reduction refers to mainly to CMP stacking step and multiple attenuatamally,
enhancement relates to improving resolution and steps includedhia class are
deconvolution, migration and filtering and scaling. A processing flow may rotvfal
progression from one class to the next in the order presented especiallyeket
reduction and enhancement and occasionally looping between differsgrps is

common.
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3.2.1Data preparation

Data import and geometry setup

Data import from SEG-D field records and reformatting to ProMAX formmat was the

first step. Once in the system, the next step was geometry assignment. Trace fieader
were updated using SPS files which were supplied with the. ddte geometry assigned
traces were checked for accuracy using graphical tools. These tools applyrimezout

to shot gathers and splice multiple shots to check if there arelprob with the geometry
assignment which will show up as anomalies along the gathers. In addiitaipase tools
were used to check different attributes such as live receivers per €, fold variations

and others.

The geometry assigned shot gathers were then analyzed for frequency cotitent,
change in energy in spatial and temporal domains and the types of noiserrien the
data. Accordingly, frequency spectrum of raw shot gathers show a narroweney
range below 50Hz and peak frequency at ~20Hz (Figure 3-3). The aemitevents
rapidly falls in both spatial and temporal directions and the main sygfenoise identified

are the source generated ground roll and random noises (Figuje 3-3
Trace editing

Trace editing was done to remove amplitude bursts and dead traces m$orghation
AlJo o (E}u} e EAE E %}ES v pe]JvP & « 3l}oe &} -«
traces. Random noise bursts and spikes that are not removed by these steps were

removed using spike and noise burst edit tool.
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Processing Flow Chart

SEGD import, Reformat

4

Navigation Merge (SPS Merge)
Shot & Channel Edits

-

Spike and noise burstedit
Spherical Divergence, TV2(t)
Datum statics correction
Linear Noise Removal

—

Spiking/ predictive deconvolution

-

Surface Consistentamplitude
correction

-

1st— Pass

Velocity Analysis > Residual Statics

=

2nd — Pass NMO, Outer Mute
Velocity Analysis Stack

-

Smoothed Velocities
Post Stack Time Migration

=

Bandpass Filter, AGC

-

Figure 3-2 A summary chart of seismic processing workflow appliedao d
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Figure 3-3 Raw shot gathers showing strong shot generated noise, grollindise and random noise (Above). Frequency spectrum
of respective shot gathers (below).
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Figure 3-4 Shot gathers from two different locations after tracaregand application of spike and noise burst edit.
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In the spike and noise burst edit module spikes are single samplesfielérty using a
sliding window that measures average amplitude around each sample thatdescihe
sample itself. Then a ratio of the sample absolute amplitude to the average absolute
amplitude is computed. If this ratio is larger than a specified threshiit, the sample
is classified as a spike, and is linearly interpolated from the sarapl®ge and below it.

The gate is then moved down one sample, and the process is repeated.

Noise burst refers to multiple sample bursts of noise and are edited lgrméting a
normal surrounding trace amplitude, and comparison of a three sample, runninggevera

of the absolute value of the differential amplitudes to this normapéitade. A threshold

is set to identify noisy samples and once they are identified tgerdhm attempts to
connect adjacent picked samples to make a more continuous noise samples bloegs.
picked noise bursts must have a minimum noise burst length to beaegland this is

also set. The noise bursts samples are replaced with trace segments interpolated from

adjacent traces. The noise burst samples can optionally be simply zeroed.

Trace editing using all tools mentioned above has been applied to shutrgaand the

result shows improvements in noise level of data (Figuré. 3-4

3.2.2Data correction

Spherical divergence correction

A time variant gain function was applied in order to compensate folldks of energy
due to spherical spreading. A number of tests were conducted to ecenwhich factor

would produce the best result and the gain correction funcigt)=t*v3(t) was selected;

MEBATSEYON SHAWEL



v(t) is RMS velocity field which varies spatially and temporally. It welsegiin a
preliminary processing step and was subsequently used in spherical spgyeadiaction

(Figure 3-5).

Datum statics correction

Static correction is normally associated with land data and is essentiebfiopensation

of elevation variations along a profile and to compensate for the eftéateathered
layers. It involves determination of corrections needed to bring all sources and rexeiver
to a planar surface which is usually defined close to the surfadeedbpography. In this
work both elevation and refraction statics were attempted. However, theaation
statics solution was unreliable due to poor first break picks and wassed in the final
stack. The elevation statics was applied and a replacement velocity of 4500mis&hs

similar to the value used in previous processing and a final datuf@h was used.

Linear noise attenuation

Linear noise attenuation was done by transforming data from tinoéfset domain to tau
- P domain using radon or slant stack transform (Figure 3-6). The datsmanding to
linear noise was muted in this domain and an inverse transform wasedpio data to

time t offset domain.

The Radon transform has many applications; in seismic refraction it istoggdduce
velocity depth models and in seismic reflection processing, it is used toveemaltiples
and to eliminate spatial aliasing (Stoffa et al., 1981). Radon transforrtins ategral

that transforms series of curves in the X-
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Figure 3-5 Shot gathers after spherical spreading and datum statectiorns at two different locations.
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T plane to tau-p plane. The curves can be linear, parabolic or hyperbaiasdrof a linear
radon transform or slant stack, tau is defined as intercept time andgtoisness. The

forward transform along linear paths in the X-T plane, defined by:

WT pX (3.1)

is given by (Stoffa et al., 1981):

F(,p) 3W pX X)dx (3.2)

Whereas the inverse transform is given by:

f(x,t) F(p,t pXdp (3.3)
For the present data shot gathers were forward transformed with a minimum ses/n
500ms/km and maximum slowness 500ms/Km and a time of interest used was between
0-3000ms. In the tau-p domain a time variant mute was manually piekeldapplied
before transforming the data back to X-T plane. The result shows most afidae hoise
has been attenuated by the process (Figure 3-7) and compared to otstiiods such as

the F-K, these results were superior in quality.

Spiking/ Predictive deconvolution

Deconvolution corrects for undesirable effects such as reverberations, attemuand
multiples. These effects are modeled as linear filters and in deconvoluatiense filters
are designed to remove them as highlighted in chapter 2. The wiener-Levinson least

square algorithm is used to design and apply predictive deconvoluti@epditameters
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Figure 3-6 Schematic diagram of forward and inverse Tau-p transfoter. Rdssell,
Hampson, and Chun (1990)

that control the results of deconvolution are operator length, predictiag and percent

prewhitening. These are discussed briefly below in relation to thegssed data.

Operator length- short operators yield spikes with small amplitudes aradively high
frequency tails, increasing operator length improves the spikings$ \@hiten the
spectrum further. However increasing operator length does not indefinitaprove the
results. On the contrary, more and more spurious spikes are introduced (Peacock and
Treitel, 1969). For the current dataset a filter length of 280vas used after testing a

series of filter lengths.
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Prediction lag- using a unit prediction lag is the same as perfgrnainspiking
deconvolution. When the lag is greater than 1, the deconvolution yields a gtavblch
has some length instead of a spike (Peacock and Treitel, 1969). In idediorsndith
noise free data a spiking deconvolution can produce a high resolution howatrereal
data spiking deconvolution will boast noise and it would be necessary jtstathe
prediction lag so as to suppress high frequency noise. A greater than unitgtovedag
will lead to a lesser bandwidth suppressing the high end of tleetspm and preserving
a similar amplitude spectra to the input wavelet. Different preidictiags were tested in

processing and the optimum lag wasn32which was applied to all data.

Percent prewhitening- for the purpose of numerical stability it is alwagemmended to
add some degree of noise before performing the deconvolution, usuallyrmaber

between 0t 1%. We used 0.1% to this end.

Surface consistent amplitude compensation

The amplitude of a trace is a function of different factors whidtuide the shot strength,
geophone coupling to the ground and its response to incoming viratine offset of the
trace and the subsurface impedance contrast of the reflecting surfaée pbssible to
estimate these effects by using many traces which are available from théphaitly of
the CMP acquisition. The amplitude of a trace can be decompodeddifferent

components (Taner and Koehler, 1981) as:

fims+m+a+d (34)
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where fam- natural logarithm of rms amplitude of trace with its sourcel aaceiver at
surface positions n and m respectively,tssource performance factor at nth surface
position, r t receiver performance factor at nth surface position, tcsubsurface
performance factor at kth surface position, with k=1/2(m+n) antaffset performance

factor at offset I=m-n.

The performance factor is the natural logarithm of the average amplitude spectrum of
the response function. We have one equation (the above equation) for each liee
for most conventional CMP coverage there is a high order of redundancydeHired
solution can be obtained by the least squares technique. The Gauss-8goiithm is

used to iteratively determine amplitude estimates of each component.

During the application of surface consistent amplitude correctiamplitudes were
decomposed into four components which are shot, receiver, offset and CMP. dé&e or
of decomposition was as in the previous statement and five iterations weesl in

amplitude partitioning and the result is showmRkigure 3-9

Velocity Analysis and NMO Correction

Velocity analysis is a method used to determine accurate stacking vesofor NMO
correction. Data sorted to CMP gathers are used for this purpose and tragslthat
follow hyperbolic trend (also discussed in chapter 2) are corrected basedhe
hyperbolic normal moveout equation (Equation R.&tacking velocities are determined
based on the acquisition geometry or source - receiver offset and recorded twivavay

time of reflection events.
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Promax offers different techniques to analyze stacking velocity and usually these
techniques involve comparing a display of a series of stacked traces that weretedrrec
with a range of constant velocities (Figurd@- The analysis involves picking velocities

in any one of the analysis windows that results in the optimum stgcamplitude.

One of the velocity analysis displays is a semblance panel which shows eesfanise
as a function of time and velocity in color coded plot. A mimmand maximum velocity
as well as the interval between successive velocities are defined and sinbletiigen
traces along the hyperbolic trajectory is calculated for each velocity. Hok stsponse
is maximum at or close to the velocity which flattens reflections alongoffset axis
which is called the stacking velocity also called RMS velocity for aemwhborizontal
layers constituting the subsurface. Velocities are picked on maximum semblance. The
gather panel is another analysis display which shows supergathers of fespaamber
of CDP points that are flattened as velocities are being pickedpa@hid aids in picking
correct velocities and in picking top and/ or bottom mutes for interaetinute analysis.
Velocity function stacks are another display types where a set of CDP ardtacked,
displayed side by side with a series of constant velocities or a series ofvénant
velocity functions. Before the analysis, differential CDP mean statécapplied to ensure
that dip of events match with data on stacked section. The paaelbe used to pick
velocities on the maximum stacked response. Velocities usually increase fromrigfitt
of display. A dynamic stack is still another display which shows an approxinohteon

stacked section with the picked set of velocities and is used falitgucontrol purposes.
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Velocity analysis was looped with residual statics and in the fass pelocities were

picked every 1Km whereas in the second pass the velocity field was pickgdbe0en.

Surface consistent residual statics

Residual statics is applied in seismic processing to remove the effdw efeathered
low velocity layer and the effect of elevation change within a spreadiwbollectively
cause time delays (Taner and Koehler, 1981). The correction improves qualggisimic
section as it removes the time or vertical misalignment of individual tre€igsie 311).

A surface consistent approach is used in solving for time delays by usssgoorrelations
between traces to estimate relative time shifts. However time shifts derivesh icross
correlation are subject to threshold values which control unreliableetations when
poor signal to noise ratio data are cross correlated. Residual statics is usiditbyl ster

NMO correction to exclude dynamic effects related to velocity of layers.

A time shift determined from cross correlation for a given trace after NM@-cton can

be decomposed into its respective components as:

Tik = R+ $+ G + Md(j-i? (3.5)

Where Rt receiver static at ith receiver position, tSource static at jth source position,
G t arbitrary time shift for the kth CMP gather (this is unknown)y : Msidual NMO

component at kth CMP gather, and (j-i)- source to receiver distance.
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Figure 310 Typical velocity analysis procedure showing semblance plot, catrgathers panel, dynamic stack and stack functions
panel.
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Figure 311 CDP gathers before (a) and after (b) residual statics.

The foregoing equation is applicable to all traces in the gather. The probfem
determining these four unknown sets is an overdetermined type and solved tise

least squares error minimization method.

In data processing, a Maximum power autostatics, which is effective in pgpaal g0
noise ratio data, was used to compute time shift for each componenaAually picked
horizon at a good SNR reflection event was used as a reference horizon atciliatons.

The number of iterations used was four and in each iteration thresholchaximum
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allowable shifts were defined as 10, 15, 20 and 30ms from the first to ksttidan
respectively. The result shows a much improved continuity in reflestcompared to a

stack section without residual statics (Figuré23-

3.2.3Data reduction and enhancement

F-X Deconvolution

F-X deconvolution is a spatial filter used to remove incoherent rimsea stack or NMO
corrected gathers. It works by first transforming data into a frequenacifset domain by
Fourier transforming each trace with respect to time and designing/ apgplsiunit lag
complex wiener filter for each frequency component. Data is usuallyigtable by a unit
lag predictive filter while the noise is not. Therefore by keeping thdypredictable part

the data, each frequency trace is transformed back toXrdomain.

The filter is designed in much the same way as a spiking deconvolugobyiiminimizing
the error energy between actual and desired complex output inléast squares sense.
The details of filter derivation can be found in the works of (Canales, 1984n&yu
1986) In the current dataset F-X deconvolution was applied to NMO ceudegathers
prior to stacking. A Wiener Levinson filter was used with horizontadavinength of 100
traces and a number of filter sample equal to 20frequency range between 1250Hz

was used and the filter was applied three times to each trace.
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Figure 312 Seismic sectio®G A before (top) and after (bottom) residual statics applietheodata.
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Ensemble stack

The final stack is output to the final processing datum which was defimguevious
processing to be 400m. A 50% stretch mute was applied prior to staghkoh@ mean
stacking algorithm was used. This involves summing sample values of all traces and
dividing by the number of samples summed raised to a given power whichse@y&aflor

the present data.

Migration

Kirchhoff migration was used to migrate the post-stack time section. The method uses
RMS velocity to calculate traveltime and is generally good for handling stges.
Aperture and dip are two important factors that control qualifymigrated section when
using Kirchhoff migration. Aperture is related to the lateral extentha# diffraction
hyperbola, in distance unit, that is included in diffraction sumoratiA small aperture
causes smearing in the output section whereas excessively large aperture wilths
introduce noise into the data from the far and deeper parthad section and also result

in long computational times. Dip has the same effect as aperture with emdilbs
implying smaller aperture and hence steeply dipping reflectiaiis not be migrated.
Migration for the current processing was run using a smoothed RMS vegboksd every
500m. The migration was run using 7000m aperture and maximum dip migrated was set

to 75 degree. The result of migration for line OG-A is shown in FiglBe 3-

Post stack processing
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Migrated stack output from the previous processing was bandpass filtered using Ormsby
band pass filter with corner frequencies 8 - 1280 t 110. Similarly AGC with a long gate

of 1000nswas applied to the migrated stack to amplify weak reflections.

3.3 Discussion and conclusion

Analysis of shot gathers shows that source related groundroll and amplitugé nmises
are the main noise types recorded in data. Proper removal of these noisespesative
for recovering reflectivity especially from the near and mid offsets. Tradegdising
database statistical tools and spike and burst edit tools we#tfe in removing source
related amplitude bursts and random spikes. The removal of groundroll noisg lussar
Radon transform/ slant stack followed by muting the linear evemtsu-p domain and
inverse transform to T-X domain was more effective than the other tools testhatlimg

F-K and radial trace transform.

Static corrections were not complete due to poor first break pick&chv affected the
refraction statics results, compromising the lateral continuity of refleceoents. The
source type and ground conditions are the main factors affecting the rdsailvever, a
more careful analysis of the low velocity layer would certainly improeedhality of

sections and should be considered in any future reprocessing works.

Surface consistent amplitude corrections were invoked to correct angagufor
disturbances/ anomalies generated in the near surface such as energy sourt¢®ngaria
poor geophone coupling and the effect of the low velocity neaffame layer. The

correction enhanced amplitude anomalies due to changes in liyoémd fluid content.
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Figure 313 Final post stack time migrated seismic section, OG\.
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Figure 314 Smoothed interval velocity field derived from stacking velotisgismic line O@:
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Spiking deconvolution was not applied due to its high frequency noiseifarapbn
effect. The result of a 32ms lag gave the optimum result using a 2@@ensoperator.
Random noise attenuation using multiple passes of the F-X decororohds contributed
to continuity of coherent reflections. Optimum results were observed withizontal

window length of 100 traces and 10 filter samples.

Velocity analysis was done in two passes before and after residual ¢orrethe first

pass was run every 500m and the NMO corrected gathers using this velocity fibld, w
interpolation in between, were input to residual statics cortgtions. The Maximum
power surface consistent autostatics was used to compute residual staing four
iterations and maximum allowable shift of 10, 15, 20 and 30ms fronfitseto the last
iteration respectively. The results of the maximum power autostatics weregpaosa to
correlation autostatics results and a much better reflectivity was achieved thie
maximum power autostatics. The second pass velocity analysis was run after applying
residual statics correction and was picked every 500m. A velocity anelsly 250m was

also attempted on lineOGA to see if further improvements were possible but the

changes were marginal and the 500m interval was used in all lines.

Stacking was done usirgsecond pass velocity field and a 50% stretch mute. The mean
stacking weighted with square root of number of samples gave a betek sesponse
and was used to generate the final stacked sections. The smoothed,otderd second
pass velocity field was used in post stack migration of lines. The roigraés run using

7000m aperture and maximum dip migrated was set to 75 degree.
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3.3.1Comparison with previous stack

Reprocessed LI@GA was compared with the previous processing to highlight some of
the improvements achieved in the present work. The main improvementrecmvering
reflectivity in the Karoo section where poor signal to noise ratio and ttileerency in
the previous section, especially in the Karoo section, made it difficudatryout seismic
stratigraphic interpretation with confidence. The current dataset Baswn noticeable
improvements as can be seen in Figurel53-1t is now possible to interpret
unconformities, deltaic clinoforms and other seismic facies with ease and thesealser
correlated with well data to confirm/ support interpretations (seshapter four).
Continuity of reflections has also improved and hence tracking diffédrenzons mainly
in the target zone is easily done. This is because of better attenuation of raaddm
coherent noise that affected the data significantly. The improvenmewugrtical resolution

from the original lines is not observed.
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Figure 315 Comparison of original (above) and reprocessed (below) seismGife
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: Sequence Stratigraphic Interpretation

4.1 Data and Methodology

The data available for interpretation in this study are over 500 km agh@jtated seismic

reflection sections of different vintage and an exploration well drillethatintersection

between two seismic lines (Figure 2-X dZ ~ ]Jeu] o]v « A]3Z *"K'_ % E (]&£ A

by PETRONAS Carigali Sdn Bhd in 2006 using vibroseis source and have 90 fold field
JAE P X dZ }8Z €& 3A} o]v ¢ A]3ZquinedWy SouicEPéftdleuhm E

Exploration in 1990 using vibroseis source and have a field coverage of 24 doiidiamn

details inTable 4-). The seismic lines are located in the steep southwestern flatiieof

basin and two lines lie over the Bodle Deep with the NVBE line traversing both

basement high and deep whereas the NE-SW line traversing the axial diréciion

shallow to the deep part of the basin Figure 1-1.

The data quality of seismic lines is generally good for the 90 foll atad good to poor
for the 24 fold data. The vertical resolution of the lines is betweert 30 m at the Karoo
level. Seismic attributes including median filter, structural filterd phase attribute were
used to improve resolution and continuity prior to stratigraphic iptetation. The phase
attribute in particular was used in aiding seismic facies interpi@iaand in defining
sequence boundaries. Phase attribute is independent of the seismic ampéitutieence

has the ability to enhance weak amplitude events, prograding clinofoomigp and

offlap features (Taner et al., 1979)
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Seismic interpretation was carried out using seismic sequence stratigraphicgaeehii
M Mitchum Jr et al., 1977; Vail et al., 1977). The Karoo section was dintdestquences
by defining sequence boundaries based on geometric relationshigs asonlap and
truncation. Order of sequences was defined based on Embry (1995) criteria,daritext
that deformation that led to deposition of the whole Karoo sequersa major event
giving rise to a first order sequence. Whereas subdivision of the Karoo segueoc
second order sequences is based on the successive tilting that led tevakéuctuations
thus defining sequence boundaries. Higher order sequences show negligithce of

the role of tectonics in their deposition.

Analysis of internal structure of sequences is the next step amgkis to interpret seismic
facies units, depositional systems and systems tracts boundaries. The main fesdes
for this analysis are reflection configuration, continuity, amplitude #&mdjuency of
reflections (Hubbard et al., 1985; Rober M Mitchum Jr et al., 1977; Veeken,. 2007)
strong, continuous reflection in the transition zone, at the top of the Kaeguence, is
used to flatten all seismic sections to remove the effect of later stage sagiduring the
Jurassic and onwards. This has allowed a better visualization of earliemitecto

subsidence and depositional systems.

In order to construct a sequence stratigraphic framework whiatoissistent with well
log interpretation wireline logs, cutting samples description, a borelkege log (BHI)
and other well data were analyzed. The seismic interpretations were correfatbdhe

well log interpretation and to this end seismic li@ESA was tied to well data using a
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synthetic seismogram. The conventional wireline logs used are mainly gamma and
neutron-density, in combination with BHI log and cuttings descriptitowas possible to
identify lithology, shallowing and deepening upward trends and imetrgepositional

environments using these logs (Rider, 2002; Serra, 1984).

The BHI log used in this study was acquired using HMI tool of Wéattiehe tool
measures electrical resistivity at a vertical resolution of approximately 1dmasla total
}(idl o SE} ¢ ]Jv O % <+ PJA]JvP JE Z}o }A E,PA}{ 079 ]v
surveyed in the interval between 2032640 m which corresponds to defined sequences
3 and 4. Data processing among others included image enhancement stepgassuch
removal of saw tooth artifacts, malfunctioning and dead buttons as ageilinage based
pad misalignment corrections (Figure 4-1). Interpretation was doneoth btatic and
dynamic images and involves identifying and description of sedimentary stescand
sedimentologic properties. Different surfaces related to crossbedding, fauliing
erosional truncation appear as sinusoids in the image log and were mampicked and
classified for interpretation of structural trend and paleocurrelitections. It was not
possible to calibrate the image log to core data because no core samples ke id

the well.
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Acquisition year

2006

1990

Recording Asymmetric split- | Asymmetrical split-
geometry spread spread
Number of
360 96
channels
Geophones per
P P 12 24
group
Group interval 25m 50m
Source Vibroseis Vibroseis
Source interval 50m 100m
Sample interval 2ms 4ms
Record length 6 sec 5 sec
Fold 90 24
Frequency
_ 10-80Hz 14-64Hz
bandwidth
Replacement
4500m/s 4000m/s

velocity

Table 4-1 Acquisition Parameters of Two-Dimensional Seismic Dataher8ddgaden

Basin.
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Figure 4-1 An example of a pad misalignment correction withahelmn the left showing
borehole image before correction and the right panel showing in&dtgr correction
(ellipse with red outline highlights the correction).

4.1.1 Seismic to well tie

Synthetic seismograms are used to tie depth domain well log datatiwithdomain
seismic sections. This allows to tie horizons picked from seismic to forntapenA

synthetic seismogram is produced by convolution of a wavelet with a reflesgries R

generated using density and sonic logs for a given well.

R= (6AVie - QU) ( &V + O) (4.2)
Where @/andV represent density and velocity respectively at time index i. The wavele
used for computation of a synthetic seismic trace was extracted from seismi8-lk The
closest seismic trace to Well A was also extracted for comparison with synttaetkic
After reasonable synthetic seismogram was produced it was correlated vetixinacted

seismic trace and manual stretching and squeezing was used to improve the match
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between the two types of traces. This will ensure well logs are displaytt atorrect

time depths (Figure 4)2

4.2 The Permiant Triassic Karoo Sequences

In the Permian - Triassic Karoo group four second order sequences and ¢iowgstitu
higher order sequences have been defined according to Embry (1995) criteriaeghae m
sequence is bounded at the base by the Precambrian basement and atpghgytthe
transition zone to the Jurassic carbonate sequence. The sequence bounding saréaces
identified mainly using truncation and onlap features at basin marwiith correlative
conformable surfaces towards the basin center. We will discuss eackseganalyzing
individual seismic facies from internal reflection configuration, canty, frequency
characteristics and the range of thickness variations from interpregéshsc sections.
Geological data from a well drilled close to the western edge of the basginbe

integrated with seismic stratigraphic interpretation in the section tfodiows.

4.2.1Sequence 1

Sequence 1 is bounded by the Precambrian basement below, marked by & stron
reflection and an onlap surface above which is also characterized by stootiguous
reflection. The top of this bottom sequence lies between 1.2 - over 3.2 S TWT (2400
over 6500m) depth. In the southwestern basin margin, the sequenceegéy thin and
pinches out on to basement high. The thickness of the sequence i©ié&s4%0 ms TWT

in this area but this thickness is seen to increase basin wardodiea by faulting ( Figure

4-3 and Figure 4)4
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Figure 4-2 Seismic well tie using a synthetic seismogram.
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Figure 4-3 Seismic dip line OG-A in the southwestern margin shiowangeted Karoo
sequences, see Figure 1-1 for location. Sequence boundaries (SB) areroniyoafal
correlative conformity surfaces bounding sequences; they are mdamyified by the
geometric relationships of reflections above and below the surface. §@mses; MF$
maximum flooding surface; AL+ fluvial deltaic units; LA€shallow to deep lacustrine;
BT basement top. Arrows indicate onlaps. Also showing Well-A gammagray rled.

The sequence also thins out towards north in line OG-C (Figure 4-& abdent in dip
line OG-D (Figure 40). Internal reflection patterns are not resolved in seismic sections

except towards the basin center where onlapping reflections exist.

The thickness of the sequence in Bodle Deep area varies between3280ms TWT. In
this area reflections are generally parallel to sub-parallel, variable amplitode to
medium frequency and discontinuous to chaotic, probably dueverprinted effect of
later stage tectonics. In line S-B reflections onlap on to the basemaohwlopes gently
to the west and accordingly the sequence increases in thickness westindrohe S- A, a
probable SW-NE to E-W trending 25km wide zone of extensional deforntatikmplace

prior to deposition of sequence 1. Reflection events are confined tsihueture low,
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Figure 4-4 Seismic dip line OG-B interpretation of Karoo sequaribessouthwestern
margin, see Figure 1-1 for location. Sequence boundaries (SB) are mainlhealegtifi
the geometric relationships of reflections above and below the surfaceseg§@ences;
FL-D t fluvial deltaic units; RDregressive delta; LACshallow to deep lacustrine; BTS
bottom of transgressive surface; BT- basement top. Arrows indicaippmouble
arrows in bottom of sequence 3 indicate hummocky type reflextion

Figure 4-5 Seismic dip line OG-B (phase attribute) interpretatigarob sequences in

the southwestern margin, see Figure 1-1 for location. The phase attribata potential
to reveal geometric relationships. SB - sequence boundaries; SQ- sequebces; FL-
fluvial deltaic units; RD regressive delta; BTiottom of transgressive surface; LAC
shallow to deep lacustrine; BT- basement top. Arrows indicdsgsen
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onlapping against the flanks of the structure at the bottom and progresseaVer a

wider area towards the top of the sequence. No clinoforms are visildl@srsequence.

Interpretation: the bottom boundary is an unconformity surface wherehs top
boundary is a composite surface of subaerial unconformity and a corretanfermity.

The variable amplitude, discontinuous seismic units in this sequenceabalgy related

to alluvial/ fluvial environments (Sangree and Widmier, 1979; Veeken, 200&se
seismic units are more abundant in the sequence. However, laterally the units
occasionally pass to moderately continuous, higher frequency events (Figure 4ef) wh
are probably deposited in a shallow lacustrine environment. At this staginics only
affected a relatively small area compared to the overlying sequences with the depoce

located relatively close to the Bodle Deep area.

4.2.2Sequence 2

The sequence is bounded by a bottom onlap surface which is a steeddtaméd prior

to deposition of the sequence both in the southwestern flank #re@lBodle Deep areas.
The upper boundary is also an onlap surface clearly defined in dip lineegaima depth
range of 1.2t 2.87 S TWT (2400 - 6300m). In the southwestern flank, a significant
thickness of sequence 2 is imaged in dip line OG-B (Figure 4-43 thitkness of over
450ms in the deepest part. Whereas in Line OG-A to the northaaride study well
location the thickness of sequence 2 is limited. In line OG-C, theeseq shows a wedg
shape with a southward thickening. Despite the poor resolution @nttinuity of events

in line OG-B, itis possible to identify depositional systems aukisiy patterns that make
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Figure 4-6 Seismic line S-A across Bodle Deep showing interpretedd¢prences, see
Figure 1-1 for location. Sequence boundaries (SB) are unconformityresidtoe
conformity surfaces bounding sequences. BTS- bottom of transgressive surface; BT-

basement topSQ sequences. Arrows indicate onlaps.

Figure 4-7 Seismic line S-B along the axis of Bodle Deep shuerpgeted Karoo
sequences, see Figure 1-1 for location. SB - sequence boundaries; BTS-fbottom o
transgressive surface; BT- basement top; SQ- sequend2g;ffehdal deltaic units.
Arrows indicate onlaps
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up the sequence. The phase attribute further enhances the geomefuicifes as well as

continuity of events supporting interpretation.

The bottom reflections in line OG-B are generally parallel and onlap theeseg
boundary. These events are close to 150ms thick and have relatively high amphidide
frequency. Higher up in the sequence, the margin is characterizedliboforms
onlapping the sequence boundary and downlapping basinal reflections. Latehally, t
clinoforms are onlapped by younger basinal reflections that remain similanaracter

to bottom units. The clinoforms generally show oblique geometry and progressively back
step onto higher ground of the western flank. These clinoforms have heightebat60-
70ms (~130m). In the upper part of the sequence subtle clinoforms plograoutheast
and downlapping underlying reflector are present. The height of thesefolims is
proportional to underlying clinoforms. Internally the clinoforms in thegjisence show
discontinuous, variable amplitude and subparallel events comparedceg taterally

equivalent more continuous reflections in the basin ward direction.

In the Bodle Deep area, a series of basement related faults are imagesl easkern end

of line S-BKigure 4-J. The faults have a throw as much as 220ms with an N\/SESW
strike, oblique to axis of the basin and an along strike length of é9etm (measured
from previous mapping). In N-S Line S-A (Figure 4-6), steep slopesidiamlar to those
imaged in the southwestern flank bound the sequence from below and ¢alting
trough has a width close to 80 km along the seismic section. The sequence inégneases

thickness basin ward in line S-A and also tends to increase along tlué gndasin
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Figure 4-8 Seismic strike line OG-C interpretation of Karoo sequencesanttivestern
margin, see Figure 1-1 for location. Sequence boundaries (SB) are mainly identified by
the geometric relationships of reflections above and below the surfaceseg§Qences;

BT basement top. Arrows indicate onlaps.

Figure 4-9 Seismic strike line OG-C (phase attribute) interpretatiomanf &guences in
the southwestern margin, see Figure 1-1 for location. SB - sequence bour8i@ries;
sequences; BT- basement top. Arrows indicate onlaps.
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towards East - Northeast as seen in Line S-B. The sequence has an average thickness of

300 ms TWT from the two seismic lines.

The bottom part of the sequence in line S-A is confined todidnepest part of the newly
formed trough where reflections are seen onlapping against the boundaryeHigh
reflections have an overall discontinuous and medium to high frequency chauder
are deposited in a wider area. There are also indications of marginal systems dgpecial
towards the southern part line S-A interfingering with onlappimgizontal reflections

from low energy systems.

In Line S-B, sequence 2 reflections are parallel with variable degreentifiuity and
higher frequency in the southwest half of the section. In the right, halbgressive
northeastward stepping subtle clinoforms are observed prograding the hgngall
margin of the half graben. These oblique to sigmoidal type clinoforms oeriie fill

which shows a hummocky type and parallel onlapping events. The bound#rgntgin

is mostly onlapped by rift fill from bottom to top.

Interpretation: the upper and lower boundaries of the sequence espnt subaerial
unconformity surfaces. Erosional unconformity at the top of the sequence in that
southwestern flank and Bodle Deep area probably followed a regiondt. uplmuch
larger scale of erosion is noted at this boundary compared to other erosswealts in
the Karoo section. In the eastern Bodle area, the half graben create@dladiegocenter.
The rifting episode resulted in sequence of depositional systems startthgaviottom

shallow to deep lacustrine environment indicated by parallel onlappafigctions and
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Figure 410 Seismic dip line OG-D interpretation of Karoo sequences in the ssteha
margin, see Figure 1-1 for location. Sequence boundaries (SB) are mainly identified by
the geometric relationships of reflections above and below the surfaceseg§Qences;

BT basement top. Arrows indicate onlaps.

prograding fluvio-deltaic systems in the margin that eventually filkeelsub-basin. The
sediments were routed dominantly along the axial direction and from teey dipping
margins with sediments sourced from Bur high in the south and ththeor Ogaden. It

is not clear if the footwall source was significant at this stage.

In the southwestern flank, a low energy environment existed and deposition obghall

to deep lacustrine hemipelagic muds and silts took place with agggyautid retrograding
marginal fluvio-deltaic systems. As the accommodation space filled upaiaelt
progradation took place and continued lake level fall was followed by an erosional
unconformity. Water depth estimate using clinoform heights during this tisnat ileast

130m using the method by Veeken (2007). Drainage basins in the northwegstesteln
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flanks and possibly the southeastern Bur High supplied most cfdtienents deposited

in the subbasin at this stage.

4.2.3Sequence 3

The bottom of sequence 3 in line OG-B consists of a subsequenoddd by a bottom
erosional surface and an onlap surface at the top. The subsequence is T80 thick
at the eastern, deeper part and gradually thins to 60ms towardsifitgp end of the line.
The reflections are parallel, distinctly high amplitude and wittegree of continuity that
improves down dip. This subsequence is however not recognized in the northe@d-
A which can be due to thinning of the subsequence below seismic resolutioon-
deposition. In the Bodle area, the bottom of the sequence consists déast two
subsequences bounded by erosional unconformities and correlative corniesnaind a
top onlap surface. In the southern half of line S-A, a deeper incisiom thhe previous
erosional event is filled by the subsequence. The lower subsequence tends tauthim
both the north and northeast directions while the upper ionma extensive. These
subsequences have similar thickness of just over 100ms. Internal reflectie@rsatre
mostly flat, discontinuous and higher amplitude throughout thee$ with a few
hummocky type patterns. Distinctive features that can be linkedegpositional systems
are not evident because of the limited thickness of the subsequences aasneibsion

of their tops.

The overlying subsequence represents a major clastic deposition following a retgtonal

with its center between the southwestern margin and the Bodle Deega. In the
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southwestern flank the base of the subsequence is an onlap. The top surfalse ian

onlap surface with variable character along seismic sections and lies attardege of
0.912.24 S TWT (1735 - 4800m). The sequence has a general wedge shape increasing in
thickness basin ward from 100ms to over 280 ms in a distance of 30lkme @G-B. The

thickness also decreases gradually northward in line OG-A.

The internal reflection patterns are parallel, relatively continuous andemiffequency
in the deeper part. In the shallower marginal part reflections are disoants,
subparallel and vary from weak to strong amplitude. At the top of $kiguence, subtle
oblique clinoforms prograde basin ward. These clinoforms are easier tofd@ntine

OGA where their height is around 50ms.

In the Bodle Deep area, a regional westward tilt led to depositioh@itubsequence as
observed in Line S-B. The bottom and upper boundaries are both onfagesiwith the
upper boundary even less steep than the bottom which adds to the unceytamt
defining the surface where data quality is poor. The thicknesseo$tifbsequence is over
450ms, it tends to decrease northward and probably towards the south wherd@iBh

exists. There is also a small increase in thickness towards the west.

Internal reflection patterns seem to be different between the easternaedtern half of
line S-B as well as northern and southern half of line S-A. In thie and eastern parts
of these lines the reflection events are generally discontinuous, parallelbipasallel,
lower frequency and variably have weak to strong amplitude. The southernvastérn

parts are relatively weak amplitude events with better continuity arghbr frequency.
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Occasional high amplitude and hummocky type reflections also exist inwibeadk

amplitude dominated part.

In Line S-A subtle clinoforms prograde south or show aggradation pattdnich v& an
indication of presence of higher order sequences. The thickness o thigher order
sequences is under 100ms. The northern part of the line also showstecteformation
in a narrow zone which was active in the early stage of the sequence devealbpme
controlling sedimentation locally. The bounding faults are near verticdl lzave a
cumulative fault throw of around 60ms. The top of this sequencenmaexperienced a

major erosion and is marked by a transgressive surface.

Interpretation: the top and bottom boundaries of the sequence areciipteted as
subaerial unconformity surfaces with correlative conformity surfaces. The bottom
subsequence is probably related to an early stage tectonic deformagtordthe main

event that led to deposition of the overlying subsequence. The sequence is maife up
lacustrine and fluvial-deltaic depositional systems similar to underlying sequences.
Internal reflection patterns in the Bodle area suggest a lacustrine environnesiallg
restricted to southwest of Bodle Deep, surrounded by alluvial/ fluvial dettaic
environments. Sediment sources have remained probably the same as in previous

episode since there was no major change in basin configuration.

4.2.4Sequence 4
Sequence 4 followed another subsidence episode and is the last major cgsbisittbn

before the Jurassic marine incursion. It is bounded by a bottom transgressive suitface w
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flat parallel reflectors onlapping against it. The top of this sequesicbaracterized by a
flooding surface that bottomed the Jurassic marine setting. The seguenc
southwestern margin has a thickness of 542ms in line OG-B which is aliuesthat of
the underlying sequence whereas in line OG-A the two sequences have egadl
thicknesses. The sequence top lies at a depth range betweert 0.7 S TWT (1300 -

3600m).

Internal structure of the sequence is not clearly imaged, however, in getierdbwer
part is wedge shaped and characterized by a strong amplitude, disconsnto
continuous events that are relatively lower frequency compared toupper part. The
upper part extends farther landward covering a wider area and showsrlamplitude,
high frequency and more continuous events. In a closer look at the sectionso#sible
to identify clinoforms which have retrogradational and progradational teesdggesting

the presence of higher order sequences.

The lower boundary of the sequence is less certain in eastern Bodle area. However the
top of gently dipping lower sequence and evidence of truncatiothéeastern end of
line S-B are used to interpret the surface. The upper boundary is defipel strong
reflector which is also used for flattening the seismic sections. Theeseg thickens
towards west in this area and has a thickness over 500ms. Internally, it ggriispliays
a higher amplitude concordant reflections with variable degréeamtinuity and low to
moderately high frequency. There are clinoforms identified in Line gaAprograde

south and possible truncation surface suggesting the presence of atweakigher order
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sequences. The continuity of reflection improves in upper part of the sequeimnere

events are higher frequency and variable amplitude.

Interpretation: the sequence is bounded by a bottom unconformity and a top
transgressive surface. Depositional systems identified are similar in character to
underlying sequences however the abundance of strong amplitude eventbenajated

to relatively shallower high energy environments. The uppermost panessmts an
increasingly deeper environment that ended the sequence of contalesedimentation.

The depocenter at this stage probably lies between the Bodle Deep arsbthiewestern

flank.

4.3 Correlation with Well Log Interpretation

4.3.1Sequence 1: 2763m 2865m (Basement)

The sequence is close to 100m thick at the well location with eoboboundary defined

by a sharp increase in GR values as well as a large positive separationdgristgis to

the right of neutron log - corresponding to a shale) in neutron-dernsgy(Figure 4t1).

The top boundary is defined by sharp decrease in GR log and a corresporioiimgim
separation in neutron-density log. The sequence shows an upward coarsenirgg GR |
motif where the bottom approx. 20m thick interval has a h@@R value that progresses
upward into a 25m thick funnel shaped interval and an overlybrg gick cylindrical and

a second funnel shaped interval. At the upper most part, GR log shows ahz€krfirting

upward interval. The neutron-density log shows a positive polarity throughhbat
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sequence corresponding to shale. The separation between the two curves esa®dt
the bottom and gradually closes up the sequence.

The bottom of the sequence is made up of shale according to thelogudnd cutting
samples are light to dark grey colored in the bottom part and dark gregho direen in
the upper part of the sequence. The shale samples are laminated ingigytin part,
pyretic in part and slightly calcareous to non-calcareous. Sand increasesoiaalce up
the sequence and is described as colorless, translucent, fine taumegliained, coarse
in part, moderate to poorly sorted, glauconitic, argillaceous in pagit@ntains traces of
carbonaceous material.

Interpretation: Sequence 1 unconformably overlies basement and corresptin@alub
and the bottom of Bokh formations. Both the upper and lower boundarieshe
sequence picked on seismic correlate with sharp changes in GR curve andhraerisity
logs indicating a shift in depositional environment. The high GR blocky lofanthe
base of the sequence is probably related to a shallow to deepstiaca depositional
environment. The dominance of shale cuttings from the bottom samples, darkhto lig
gray color of samples and presence of pyrite also suggest the shale unitprebebly
deposited in a low energy, occasionally reducing environment (Lewis, 1984). The
coarsening upward to aggrading trend with a few fining up intervals lo@iR the upper
part of the sequence as well as sandy nature of cutting samples can bprettst as a
result of deposition in a shallow lacustrine to fluvio- deltaid 8nod plain environments.
Glauconite in sand samples, if authigenic, may indicate a slightlyirgdseblacustrine

setting (McRae, 1972). Alluvial to fluvial environments interpreted from seismic t
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represent the bulk of the sequence are probably the result of lakel fall where a short
lived lacustrine environment covered a larger area in the initial stage. Thseguent
lake level fall restricted the lake environment to the deepest part of the basin, exgposi

the rest of the area to erosion and alluvial/ fluvial sedimentation.

Figure 411 Gamma ray, neutron-density overlay (higher percentage of mud indicated by
wider separation filled by red color and sand indicated by red filled mmnis&jparation

to yellow filled separations) and an interpretation log of sequencerid(salicated by
yellow and mud by green color).

4.3.2Sequence 2: 2763 - 2650m

Sequence 2 has a thickness of 113m at the well location. The boumdth underlying

sequence is characterized by a sharp change in GR whereas the uppeaboimless
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obvious (Figure 42). Compared to underlying sequence, this sequence is dominantly
sand prone with some clay rich intervals in the bottom and middle asrseen in both
neutron-density and gamma logs. The GR log shows no obvious coarseninmgr fin
upward trend, values are close to an average line which represents an aggrad

sequence. No resistivity image logs exist for this sequence.

The mud log shows the sequence is dominated by sandstone and déseilibd as
colourless to white, sub rounded to sub angular, moderate to poontedo siliceous
cement in part, glauconitic, pyretic in part, argillaceous in parthwiraces of
carbonaceous material. Grain size tends to decrease upwards with some very coarse
grained clasts in a medium to coarse grained lower part to medium to fine grajpeer
part. Shale is light green, reddish brown, light grey to dark greytsofioderately firm,

sub blocky to sub flaky, silty in part, pyretic in part and slighttyoto-calcareous.

Interpretation: Sequence 2 corresponds to lower part of Bokh formation.rfégular GR

log pattern and sandy nature of sediments is probably related to dapasih a high
energy environment, closer to sediment source such as in a fluvial and flaodplai
environments. The moderate to poor sorting of samples could also be related to lack of
continuous reworking of deposits such as in a floodplain (Lewis, 1984 co@isuand
Pyrite in both sandstone and mudstone may indicate occasional floodingchgttine
environments leading to chemically reducing conditions. Since the well was dhrillieel

shallow part of the basin, only a limited thickness of sequence 2 warsapted and only
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marginal systems were encountered. Hence it was not possible to confirm depasition

systems interpreted from seismic.

Figure 412 Gamma ray, neutron-density overlay (higher percentage of mud indicated by
wider separation filled by red color and sand indicated by red filled mmnisaparation

to yellow filled separations) and an interpretation log of sequencerzl(salicated by
yellow and mud by green color).

4.3.3Sequence 3: 265@ 2400m

The lower boundary of sequence 3 is defined at the base of anasiog GR log trend
and an upper boundary at the top of a shallowing up trend whschetter defined in
neutron-density overlay by an upward change from minimum to moderately ogltive

separation (Figure 43). The sequence can be broadly divided into a bottom halfl san

prone interval, excluding the very bottom interval, and an upper half shalegainterval.
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Sequence 3 lower parthe lower half of the sequence consists of a bottom 30m thigk un

showing high GR reading which alternates with or is punctuatéid lew GR units. The
separation of the neutron and density curves is an alternating moderasitipe and
minimum correlating with GR log. In the BHI log, the interval is in oramd®dwn
resistivity range with occasional dark brown thin layers giving rise to nateléo high
resistivity contrast between individual beds. The beds are horizentalindividual units
in a scale of cm to dm and are internally homogenous. This bottonowverlies a possible

scour/ erosive surface.

The basal units pass into a funnel shaped GR interval that is supsechgvith spiky GR
readings. This interval consists of crossbed sets and horizontal bgd&imt to strong
resistivity contrast between beds; individual beds are in a scalenof to dms.
Crossbedding sets have thicknesses up to 3m and show a scattered dip patt&n SE
directions dominate with dip angle between 1@0 degrees. Lower GR readings correlate

with cross bedded units whereas finely bedded horizontal uhitsrshigher readings.

An irregular shaped GR log interval exists between 2585-2620m which shoirsumin

to moderate separation in neutron-density log. It is orange to brown coloretiatic BHI

log with occasional thin dark brown layers. A closer look at the GR logtimterval
however shows it consists of multiple fining upward cycles 2-10m thiwse cycles are
bottomed by a possible erosional surface and occasionally shows clasts of measureabl
sizes above the surface. Overlying the basal lag is variably horizontalessbedded

layers. Horizontal beds show faint to strong resistivity contrast in a scaleotacdms
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and are mainly found towards the upper part of the interval. Crossbedded show
moderate to strong resistivity contrast with sine waves better defined dipghing in a
general southeast direction (14/ 150). The top of the cycles is a thin brovenisthy

crossbedded unit and an overlying yellowish massive sand prone layer.

A ~55m thick sand prone interval tops the lower half of sequence 3. The separation
neutron-density remains minimum except in mudstone intervals where dwsha
moderate positive polarity and correspondingly the gamma log shows spikée BHI

log a yellow to light brown resistivity color range is observed with thin beslvn layers
dividing the interval into multiple cycles. Each cycle is characterizegiddjpaish bottom
progressively grading into dark brown at the top, having thicknesse4@m. The low
resistivity unit is characterized by a speckled appearance and dominairityy fcross-
bedded with some horizontal and massive bedded intervals. The orientation of
crossbedded intervals indicate paleocurrent direction in the sowhéa east direction,

dip angles varying between 1020 degrees. Occasionally, irregular large clast of low
resistivity are also present as thin layers which give rise to higre&fngs; these are
probably due to intraclasts (e.g. at 2554.89m). Possible lag depotiis labttom of each
cycle are seen in some cycles. The thin mudstone layers found between tth&t@amn
layers have thicknesses less than 2m. These units are dark orange to browrdcolore
horizontally bedded and internally homogeneous with only a few digdrbeddings.

These layers tend to show a sharp upper boundary and a gradational lower boundary.
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Sequence 3 upper pathe upper half of the sequence is ~135m thick and is dorathat

by a bow and blocky type GR log motifs and a funnel shape at the ofgryNeurtron-
density log mostly shows moderate separation intervals alternating wwmihimum
separation intervals. In BHI log, the interval is in the yellow to lighivbrstatic resistivity
color range with occasional thin dark brown layers giving rise to a low tocerata

resistivity contrast between units.

The lower ~50m thick interval is made up of interbedded massive toyfinetided
sandstone and mudstone units which grade up into a structureless ondsvith a few
crossbedded sandy intervals. The thickness and abundance of crossheddstosan
units increases up the lower part and a massive sandstone unittiithresistive layers
is also observed. Higher up, multiple fining up cycles having thicksidetween 2-5m
exist. GR log shows bell type motifs and a dominantly minimum separatiwgutnon-
density log. Faint to well-defined crossbedded sandy bottom unit andoverlying
interbedded sandstone and mudstone with individual units inaesof cms constitute
these cycles. In some cases the cycles are bottomed by irregular/ scour surfdaeslan
or light spots indicating basal lag. The crossbedding layers show a south easaiiom
trend. Bedding planes are mostly well developed and only a few creddibhgs are

noted.

The upper part is characterized by a stacking of multiple block sh&pedog motif.
Accordingly, alternating polarities in neutron-density log are observedltneg from

interbedded sand rich and clay rich intervals. Individual GRUiggtks have thicknesses
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between 3-10m and the abundance of sandstone increases towards the tdpe BHI
log the interval shows yellow to light brown beds giving rislwoto moderate contrast
between individual units. Beds are in a scale of cms to dms separathohliyown beds,
internally homogeneous with few intervals displaying disturbed begkliBedding planes
are mostly well developed and horizontal, crossbeddings are only observethecap.
Sand rich intervals tend to be yellowish and thicker individual bleas interbedded clay

rich units.

Cutting samples from the sequence show the lower part is dominated lissare with
minor shale compared to the upper part. The shale unit is describemjtasgreen to
green, brown, greenish grey, sub flaky in part, silty in part, pyretic in guadt non-
calcareous. Sandstone is colourless, white, translucent, fine to medium grain, @oarse
part, sub rounded to sub-angular, moderately sorted, siliceous cemenpar,

glauconitic, argillaceous in part and pyretic in part.

Interpretation: the sequence corresponds to the upper part of Boktl Bpwer part of
Gumburo formations. The upper and lower boundaries of sequence threeedifrom

seismic correspond to the top and base of GR log shallowing up trepdatesely. The
lower part exhibits a stacking pattern of increasingly shallower environsngaing up
the section. Parallel finely bedded planar mudstones interbedded sdtidy units in the
bottom part are probably related to shallow lacustrine to prodelta envinents which
are deposited from suspension and interbedded with sandy urefsodited by current

and/or wave activity (James and Walker, 1992; Nichols, 2009; Selley, 1979). A gradual
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shallowing up leading to deposition of small scale crossbedded sandstassjve sand
beds and scour surfaces overlain by coarse lag are possibly related taoeitfmouth

bar and distributary channel environments.

The top of the lower part is dominantly crossbedded sandstone, where ifferehce
with the underlying part is in scale of the fining upward cyeled the higher proportion
of mud present in the underlying part. This top part is propaiellated to a stacked/

multi-storey sandy/ braided river type and floodplain depositional environments.

The interbedded sandstone and mudstone grading up into structurelesstonel in the
upper part of the sequence suggests a shift to a low energy environmrsanh as a
lacustrine, an interdistributary bay or floodplain environment. Farther uppdinipward
cycles with evidences of erosional surfaces at their base overlain by crossbedded
sandstone and interbedded mudstone and sandstone suggest a distribchiannel or
fluvial system. The uppermost part of the sequence with alternating sandvarttirich
horizontal beds and clearly developed bedding can be due to a shallow rlaeust

environment that is subsequently filled up clastic input fronugil deltaic system.

At the location of Well A only the upper subsequence of Sequense8piected to be
present. However, it is also possible that the lower part of sequence 3 dtAMehy
correspond to lower subsequence defined mainly in other seismic linesasuols-B. The
shallowing up trend, with the exception of the uppermost part, clates with a delta
interpreted in seismic line OG-A. This supports the seismic interpretati@ngradual

shallowing up by delta progradation towards the top of sequence 3. A pedsitally
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restricted lacustrine deposition is indicated in seismic line OG-Aeatppermost part of
sequence 3 which tends to increase in thickness towards west of thdogation. This

observation is in agreement with the well log interpretation.

Figure 413 Well A wireline logs from sequence 3 with facies interpretation wmangma

ray, neutron-density overlay, static and dynamic image logs as wealtigstadpole plot

and a stereonet plot of dips.

4.3.4Sequence 4: 240@ 2006m

Sequence 4 can be divided into four higher order sequences based on Gieudrah-
density logs (Figure 34). The sequence is close 200m thick at the well location. The base

of the sequence is defined at the bottom of a bow shaped GRfmibich correlates with

moderately high positive separation in neutron-density logs and transitidnsa marine
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environment near the top of the sequence where the GR log shifts tadamings. The

sequence is dominated by shale at the well location with only a fewysauteirvals.

Subsequence 4-1: 23562395m

This subsequence is 40 m thick at the well location. The ba$e afub-sequence shows

a gradual increase in GR log and a moderate to large positive separation momeut
density log. The BHI log shows a sharp change in color from dark ocaygjotv marking

the lower boundary which is also an irregular surface possibly due to erosion. The lower
part for the most part is made up of structureless mudstone with occasionaec
beddings. Internally the mudstone shows dark spots having variable sizes anchabend

throughout the lower part.

In the upper part the GR log shows a shallowing up trend reversing ttenbocreasing

GR trend. The neutron density log shows a more sandy section as the separation of the
two curves narrows up the section. The image log gradually changes from the massive
lower part to poorly developed beds in the middle and to fewale faint to clearly
developed beddings in the upper part of the subsequence. In the upper paosof the
sub-sequence small scale crossbedded units and a few horizontal ltedsri@ntations
showing a scatter between southwest and southeast exist. There also exists aatgarc

grained layer showing low resistivity spots and a possible erosional upper boundary.

Mudlog shows subsequence is dominantly shale and siltstone witlornsiandstone.
Shale is described as brick reddish brown, light grey to dark greenighfigstle to sub

fissile and silty in part. Siltstone is off white, non-calcareoussamtistone shows clear,
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translucent, off white, very fine to medium grain, rounded to sabnded, moderately

to well sorted, friable, siliceous cement in part and is argillaceopaiin

Interpretation: The subsequence corresponds to the lower part of Gumfarroation
and its bow type GR trend suggests a rise in lake level followeddlly A structureless
mudstone in the lower part of the subsequence, showing color that suggeptsiien
in an oxidizing environment, is probably related to a shallow lacwesemvironment. This
unit progresses to a possibly deltaic environment at the top of the subseguehich

shows crossbedding structures and increasing abundance of sand.

Subsequence 4-2: 22602355m

This is another higher order sequence, 90m thick at the well locatlefined by a
possible bottom scour surface and a top surface with no clear evidenaesefluence
boundary in the image log. However the top boundary is defined by increased almendan

of sandy units in GR log as well as in neutron-density log.

The subsequence is characterized by deepening upward followed by a shgllgwward
trend in GR log with superimposed blocky and spiky high GR readingeukten density

log shows minimum separation at the bottom and upper boundaries and occdgional
throughout the subsequence. The bottom section is made up of horizolial to
moderate alternating resistivity beds grading up into homogeneous/ massive mudstone
with a spotted appearance related to the presence of variable grain sizets.cCldse
upper half of the subsequence is similarly clay rich with sporaatizontally interbedded

sandstone and towards the top of the subsequence the massive claystone gnéaes
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horizontal, massive to finely bedded yellowish units interbedded with brange units.
Some of these intervals are under 1m thick and show a coarsening up grattation
brown at the bottom to yellow at the top. Both GR and neutron dgnsiiow the interval

is sandy.

A number of superimposed blocky to spiky high GR intervals exist on theypewayg
motif. Higher GR blocky motifs are related to fine beddings, horizdotabw angle
dipping, low resistivity contrast, having a general orientation 11/ 304 mternally
homogeneous as well as speckled texture in some cases with units havikigeses
between 2t 8m. These units are sand and silt rich embedded in a clay domisattidn
as is seen in neutron-density log by a narrow separation of the two ciCeese of higher

GR readings is the probably related to composition of sand anahsis.

Mudlog shows subsequence is dominantly shale and siltstone witlornsiandstone.
Shale is described as brick reddish brown, light grey to dark greenish gretg 8oh,
sub blocky to blocky, fissile to sub fissile, silty in part. Siltstoo# vghite, light grey, soft,
blocky to sub blocky, non-calcareous and sandstone shows clear, translucenhjteff w
very fine to medium grain, rounded to sub rounded, moderately to welleshrfriable,

siliceous cement in part, argillaceous in part.

Interpretation: The subsequence corresponds to the lower part of Guonfarmation. A
dominantly mudstone section that progresses up hole into a sandiexdnatally bedded
top suggests a deep to shallow lacustrine depositional environment for thgeguence.

The finely bedded, horizontal and gently dipping sandy units embeddedassive
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mudstone are probably related to subaqueous turbidity curre@@ames and Walker,

1992)

Subsequence 4-3: 21402260m

The subsequence is ~120m thick and is similarly defined as underlying sebsedy a
bow type GR log motif with a number of superimposed high GR blockexteption is
that frequency of occurrence of these blocky motifs is higher tmathe underlying
subsequence. The neutron density log shows moderate separation irothanio half of
the subsequence whereas in the upper half the proportion of modeegatd minimum
separation intervals is almost the equal. The upper and lower most units areedisedl

by minimum separation.

The bottom part of the subsequence is characterized by yellowish resisbeids
interbedded with orange to brown thin beds leading to low resistigdptrast between
units. Beds are in a scale of cms to dms, poor to well developeidpint¢al and with some
beds showing grading. This unit grades up into a homogeneous mudstdnatwihdant

dark spots in the image log.

The dominantly massive mudstone section is interrupted by multipterbedded
sandstone and mudstone intervals ranging in thickness between 3 and These
intervals shows fine lamination, occasional disturbed bedding, moderate asintr
between constituent units, graded bedding and a few crossbedded uries.GR log in
these intervals shows a high reading in contrast to neutron-density laghwshows a

minimum separation.
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The top of the subsequence is made up of massive sand beds in a scals tf thts
interbedded with thin high resistivity beds. There also exastsnall scale crossbedded
sandy unit with dip direction to the West. A sharp increase inrgameading marks the
upper boundary of the sequence, the image log shows no evidence airsgahange to

thinly bedded units.

Cutting samples show the subsequence is dominantly shale with minostsared Shale
cuttings are brick reddish brown, grey to dark greenish grey, soft to firm, Edkybto
blocky, fissile to sub fissile. Sandstone cuttings are clear, translucent, itdf fire grain,

rounded to sub rounded, moderately to well sorted, friable, siliceous cenmepart.

Interpretation: The subsequence corresponds to upper part of Gumfmrroation. The
depositional environment of this subsequence ranges from shallow to de@&pstrine
with the embedded sandstone mudstone interbeds possibly related to subagueo

turbidity currents.

Subsequence 4-4: 21402006m

The bottom of the subsequence is defined by a sharp increase in GRgesldaneas
neutron-density log shows minimum separation with only a slight iner@aslay content
from underlying subsequence. The bottom 40 m thick section showack ef blocky GR
log motif and an alternating minimum and moderate separation in neuttensity log.
In BHI log a dominantly structureless mudstone with a middle 10 m #aicly interval.
The contact between these two intervals is gradational with the bottomcstmeless

mudstone grading up into a poorly bedded sandstone which in gnades into a
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horizontally bedded sandstone interbedded with mudstone. Similarhe tipper

mudstone grades down into a poorly bedded sandstone.

The upper part show moderate GR reading and minimum to moderate separation in
neutron - density log. Poor to clearly developed horizontal bedding, nabel@esistivity
contrast, beds in cm to dm scale. A sharp increase in GR log followeshhllaving up
trend is observed at the top of the subsequence which is only obsem&®R log because

images are not available in this part of the log.

The Mudlog shows the subsequence is dominantly shaly with occasandl prone
intervals. In cutting samples, shale is described as brick reddish brown, ayegrk
greenish grey, fissile to sub fissile and calcareous in few samples. Sandsotbes,is
translucent, off white, fine to medium grain, occasionally coarse grain, ealinol sub
rounded, moderately to well sorted and siliceous cement in part. Calcareement is
observed in part in the bottom part. Trace amounts Limestone and Dololnigstone

are also found in in the top part of the subsequence.

Interpretation: The subsequence corresponds to the upper part of Guonfarmation
and Adigrat formation. A possible environmental interpretation is a shallake
environment deepening upward as the lake level increases with two shatiawa cycles/
possibly shallow lake to deltaic environment at the top of the sequeiibtere are
possibly two additional subsequences included within subsequerbatdre related to
Adigrat formation. However detailed description is not possible because only lagGR

exists in the interval.
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Sequence 4 boundaries defined from seismic correlate with shiftenvironment
identified in wireline logs as discussed above. Moreover indicationseoptbsence of
higher order sequences in seismic sections are corroborated by the welllthetageismic
facies interpretation of the sequence as dominantly shallow lacustinealso in
agreement with the well log interpretation exhibiting the overall conformity in

interpretation between the two datasets.

Figure 414 Well A wireline logs from sequence 4 with facies interpretation wgangma
ray, neutron-density overlay, static and dynamic image logs as wealtigstadpole plot
and a stereonet plot of dips.
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Electrofacies

Description

Interpretation

Crossbedded| Speckled to homogeneous appearance in | A flow indicator, related tc
Sandstone log, low to moderate resistivity contrag fluvial, distributary
(Figure 415) | between beds, beds in cm to dm scale, ( channel or sublacustrin
angles commonly <?5low to moderate neut{ current deposits.
rhob separation, low to medium GR reading
Laminated Shows thin beddings, low to moderal Low energy environmen
Mudstone resistivity contrast, commonly related wit deposits including
(Figure 416) | crossbedded sandstone, commonly shol lacustrine and floodplair
abrupt upper boundaries, moderate to hig deposits
separation in neu-rhob log, medium to hig
GR reading
Heterolithic | Poor to clearly developed horizontal beddir| Interbedded  sandstong
(Figure 417) | occasional small angle dipping, moderate| and mudstone typical fo

strong resistivity contrast, beds in cm to d
scale, minimum to moderate separation
neu-rhob log, moderate GR reading

low energy environments
such as shallow lacustrin
prodelta and flood plain

Structureless

Shows no obvious structure, dark spq

Mudstone formed undel

Mudstone observed with variable abundance, moderg low energy conditions
(Figure 418) | to high separation in neu-rhob log, medium| such as lacustrine, lack

high GR reading laminations  could  be

related to very fine

laminations or laminatior

destroyed by bioturbation

Horizontally | Homogeneous sandstone with thin mudsto| Deposition in a low energ
bedded beds, minimum to moderate resistivil{ environment where

Sandstone contrast between beds, can grade up in traction currents and

(Figure 419) | heterolithic facies, shows negative polarity| suspension alternate, witl
neu-rhob plot and minimum GR reading higher  proportion  of

traction sedimentation.

Structureless
Sandstone
(Figure 420)

Poorly bedded to massive sandstone, varig
shows  speckled and homogeneo
appearance, grain sizes range from fine
coarse grained and includes larger gravel i
cobble sized clasts that make up basal lag

Probably related to rapig
deposition such as
distributary mouth bar

Table 4-2 Summary table of description and interpretation of eléaties identified in

well.
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Figure 415 Cross bedded sandstone, refer to Table 4-2 and text for detailed descriptio
of facies.

Figure 416 Laminated Mudstone, refer to Table 4-2 and text for detailed description of
facies.
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Figure 417 Hetrolithic, refer to Table 4-2 and text for detailed descriptiolacks.

Figure 418 Structureless Mudstone, refer to Table 4-2 and text for detailed desoriti
facies.
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Figure 419 Horizontally bedded sandstone, refer to Table 4-2 and text for|ldétai
description of facies.

Figure 420 Structureless sandstone, refer to Table 4-2 and text for detailed destiop
facies.
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4 .4 Discussion

4.4.1Tectonics controlling sequence development

In this study, four episodes of subsidence have been identified using saistnicell data
in the Permiant Triassic Karoo section, in southwestern Ogaden Basin. However, no
major bounding faults have been imaged, especially in Bodle DeepHrsded Petronas
Carigali Sdn. Bhd. and Ministry of Mines of Ethiopia (2005) to d#fi@estructural
framework during deposition of Karoo sequence as a faulted sag. Howevaeliffrent
episodes of tectonic subsidence noted in seismic sections, for instance Baed(s
formed prior to deposition of sequence 2, are not characteristic of intranental sag
basins, where syn-sedimentary tectonic activity is minimum such as in ittegdn and
Congo Basins (Busby and Pérez, 2011; Middleton, 1989; Sloss, 1988). On tharmdher
the development of the basin as a proper rift basin is not consistetit models of
extensional rift basin development and evolution (for example: Bott, 2006blzsm® and

Bosworth, 1995; Purser arigbsence, 1997).

The seismic sections that run along and across the axis of Bodle Deep (Liard SAB
respectively) and previous mapping of the basement top (Figure 1-1) show that
deformation is concentrated in narrow zones bounded by near verticakfauthe early
stage of the basin development. This, in addition to the en-ech&ype of fault
arrangement in Bodle Deep with large throw (e.g. Line S-B, Figure 4-iBlatinkly short
strike length suggest a pull apart basin development related to left latecalement on

a series of fault segments trending NE-SW (Dooley and McClay, 1997; Mann &3l., 19
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The Shilabo Trough and the area north of Bodle Deep (as indibgtéhe northern part
of Line S-A) are possibly other sub-basins formed by wrench tectdhissargument is
in line with Beicip (1998) who attributed the evolution of th&sin to normal faulting and

wrench tectonics.

The development of large basins related to strike-slip faults can biewath through
coalescing of pull apart sub-basins thereby increasing in widpinaportion to length of
the basin (Aydin and Nur, 1982). In the case of Ogaden Basin, it islpdlsat the basin
developed as a number of isolated pull-apart basins with younger phasebsidence

affecting wider area of the basin.

4.4.2 Regional sequence stratigraphic correlation

There is a general correspondence between the Ogaden Basin Karoo sequerthe and
Permiant Middle Jurassic Karoo sequences in other East African basins. Karoocg=guen

in Kenya, Tanzania, Mozambique and Madagascar basins are mostly controlled by
tectonics and are formed in tensional to transtensional tectonic sgéti(Hankel, 1994;
Wopfner, 2002). The underpinning factor that led to the deposition of Kaemuence in

these basins is related to Gondwanaland fragmentation due to progagaf a deep

chasm from the Tethyan margin (Helmut Wopfner, 1994)

The general equivalence between sequences defined in the study area and Karo
sequences in Ruhuhu Basin, Tanzania is one case in point. The sadgshce that
formed in the southern Ogaden Basin/ Bodle Deep corresponding to Cadutoo#iom of

Bokh formations is dated as Early to early Late Permian which is equit@/Ruhuhu,

MEBATSEYON SHAWEL



Mhukuru and Mbuyura formations in Ruhuhu Basin (Hankel, 1994; Wopfner). Z08se
formations make up the third oldest sequence in the basin that conformity bounded
similar to Sequence 1. The overlying sequence 2 has its top withiBahke formation
and is probably equivalent to the unconformable contact between Mandgdfirand
Usili formations in Ruhuhu basin. Previously a correlation was matigebr an
unconformable contact interpreted between Gumburo and Bohk formation®gaden
Basin and the unconformable boundary at the top of Manda Kingori foomain the
Ruhuhu basin (Hankel, 1994). This boundary was not identified in thdy sind the
closest boundary is offset to a younger age, at the upper boundary of seq3anbéech

is defined in the lower part of Gumburo formation.

There is also a common pattern that is observed in East African Karoo bdaied te

the areal expansion of the basins with age from the oldest basins which doime
localized areas to the later formed structures and resulting seqgegmhat increasingly
covered larger areas (Catuneanu et al., 2005). This phenomenon is also obsemed fr
the seismic lines analyzed in this study. The bottom sequence (Segd¢nvas formed

in an early stage the basin development and only limited structuratigtrolled
thickening is observed. Whereas, the younger sequences have increasingly ovelsteppe

onto basement with an expanding tectonic influence.

The depositional environments in the Ruhuhu basin during the Blslity Permian to Late
Triassic period vary in a relatable way to environments in the study areaedrhest

environments ranged from playas, braided rivers and alluvial fans deposited in hta arid
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semi-humid climate. The environments evolved into lacustrine in late Permidneas
climate improved to warm humid and during the deposition of the oveglyfluvial-
deltaic to playa systems, the climate varied between warm semi-arid andséii-

humid.

4.4.3Sequences, systems tracts and their implication for hydrocarbon
exploration

The discussion in this section focuses mainly on the spatial and tempsrébution of
systems tracts and their general characteristics. A detailed analysis of systerasatrelct

depositional systems is not possible at this stage due to limited data.

There are a number of differences between marine and continental seitirtge relative
importance of factors that control the deposition and architecture of seqaen®©ne of

the differences is in the role of tectonics, where it plays a magbe in creating
accommodation space in continental basins compared to eustasy in marinagsett
However, creation of accommodation space in continental basins may not be the
immediate consequence of a tectonic subsidence, as opposed to in mseitiags,
because there only exists finite lake water which is redistributemirasult of the tectonic
subsidence (Strecker et al., 1999). On the other hand, rapid lake levelaise gossible
following tectonic subsidence that will result in floodingfages at the base of sequences

(Martins-Neto and Catuneanu, 2010).

Based on our studies, multiple tectonically induced subsidence real/¢ol lake level

changes in the study area exposing the basin margin to subaerial erosion omigegulti
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flooding surfaces, and hence defining sequence boundaries (Figte Fhe extent of
erosion is more pronounced at the top of Sequence 2 compared to sequ@naed 4
where bottom of flooding surfaces mark sequence boundaries. Subsequent lake level ris
resulted in retrogradational or backstepping stacking pattern, typically imesscp 2
(Figure 421), which may indicate pulses of regressive events in an overall transgressive
trend. In overlying sequence 3, only onlapping reflections are observed in the ppger

probably due to a rapid lake level rise.

At the climax of the lake level rise, a maximum flooding surface (MFS) is défined
downlap surface. The transgressive systems tract (TST) and possibly the lowstand systems
tract (LST) are bounded by the MFS above and are made up of dominantly sbalespt
lacustrine sediments with a limited presence of marginal systems. Thenie®vals
intercepted in well A, at the bottom of sequence 3 and sequence 4sardlarly

characterized by a low energy lacustrine deposits.

The investigated sequences may be bottomed by a thin layer of incised véley fi
sublacustrine fans and wedges of the LST. However, the LST was not idewotifi¢def
current dataset which may be due to seismic data resolution limits or geeelopment
of the systems tract as has been noted in similar tectonic settings (Martitos-dnel
Catuneanu, 2010; Strecker et al., 1999). An exception, however, is the loweofpart
sequence 3 bounded by the upper boundary of sequence 2 from behohadlooding

surface above. This interval is possibly related to an early tectonic ep@ésatiso can be
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attributed to an LST. The distinctively high amplitude ofuhé suggests it is most likely

related to high energy alluvial to shallow lacustrine deposits.

The subsequent normal regression above the MFS represents the highstand systéms trac
(HST) and is marked by a delta progradation which laterally grades mitovgho deep
lacustrine environments towards the depocenter. This systems tract is better preserved
in sequence 3 compared to the underlying sequence where erosionatatiom was

more intense. The GR, BHI and other logs of Well A are similarly interpretedlas/sttal

up fluvio-deltaic deposits in the HST interval.

It is difficult to identify systems tracts in sequence 1 using sesagitons because of the
limited thickness of the sequence and poor data quality. However, théoGRattern
shows a shallowing up trend from a bottom high reading suggesting sirelatapment
as in the overlying sequences. On the other hand, higher order sequerczmieed in
sequence 4 using well logs are characterized by an alternating HST angrES&nted

by shallow and deep lacustrine depositional systems respectively at theowagiidn.

Implications for hydrocarbon exploratiotihe sequence stratigraphic framework allows a
better understanding of existing petroleum plays in the study area as waill defining

new play concepts for the Karoo sequence. The petroleum system of the Karomeeque

is proven in the Ogaden Basin from exploration wells (Beicip-Franlab). I488known
Karoo plays involve hydrocarbon sourced from Bohk shale and charging reservoirs in
Adigrat or Calub formations with sealing from the Transition zone attdpeof the

sequence and Bohk shales respectively. Targets are mainly structural traps and the
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stratigraphic traps usually have lesser importance. The problems related to Ky
include poor reservoir quality, lack of effective seals and sizabletgtascamong others

(Hunegnaw et al., 1998)

Figure 421 A simplified model showing sequence stratigraphic framework df#neo
Group in southern Ogaden Basin made up of four sequences andotiitient
depositional systems. SB - sequence boundaries; BT- basement top; $Qecesequ

This study indicates that vertically stacked plays are possible in the Karoo section
depending on the spatial and temporal arrangement of systems tracts. In geterdlST

is formed in a favorable environment for the deposition of good quality sourdesras

well as potential seals, especially in the sediment starved deep lacustnneement
(Bohacs et al., 2000; Creaney and Passey, 1993; Posamentier and Allen, 1998n TST al
has a reservoir potential in incised valley fills. The HST progradatiotel@ekthe other

hand, has a good reservoir potential and lake floor fans which also fothsi systems

tract are additional reservoir targets. The LST fluvio-deltaic reservoirs charged asul seal
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by overlying TST can be excellent targets. We predict that the H&3-dleitaic deposits

in the Karoo sequence have a good reservoir potential for hydrocarbon sourced from
transgressive lacustrine shales of the TST and laterally grading HSTgpaoddicustrine
sediments. The seal is provided from the flooding surface of the overlyingesegu
Another potential lies in regressive pulses within the TST where the regressive deltas ar
laterally charged from the TST shales and sealed by a transgressive surfaothestill
reservoir potential exists in LST incised valley fluvial, deltaic and sublaeustni units

during the early stage of tectonic episode in Sequence 3.

4.5 Conclusion

The application of sequence stratigraphy to Karoo sequence in Ogaden Basin twas led
the identification of four second order sequences bounded by uncomitgrsurfaces that

are traced in the southwestern flank and the Bodle Deep areas. These sequences are
recognized in both seismic sections and well logs and the identificafi@t least four
higher order sequences in sequence 4 was possible using well logs. With thet@acquisi

of better quality seismic data, it should be possible to identifgse higher order

sequences from seismic sections.

The constituent systems tracts of sequences identified in this study areahggressive

and highstand systems tracts. Transgressive systems tracts represent the kbt of
sequences and are separated from the overlying highstand systems tract by &agawn
maximum flooding surface. The highstand systems tract have different degree of

preservation due to ensuing erosional events but identification of theesydtas been
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possible in sequences 2 and 3. The dominant depositional systems in thesesysicts
are shallow to deep lacustrine, fluviodeltaic and possibly sublacustrine dads

turbidites.

The tectonic regime that led to deposition of Karoo sequencesapgsed here to be
related to wrench tectonics giving rise to a number of pull apasins formed in NE-SW
to E-W directions. These pull apart basins are narrow regions bounded byertiaal
faults of large throw and with steep flanks forming in the larger surrangsl of these
narrow zones such as the southwestern flank, Shilabo trough and dowe Bur High.
Tectonic tilts and uplift in these steep flanks are thougHhiedhe cause of unconformities

and climate is an additional factor.

Organic rich lacustrine shales commonly associated with transgressive systems tract and
prodelta to lacustrine shales of highstand systems tract are potentiateawicks in the
Karoo sequences. The generated hydrocarbon from these source rocks are predicted to
charge deltaic and fluvial sand reservoirs of the highstand systems tracts asswell
potential targets such as turbidites, sublacustrine fans and poskibigtand systems
tracts. The seal for petroleum play is usually provided by transgressive systems tact. Thi
study is one of the first detailed analysis of the Karoo sequencej usaguence
stratigraphic approach, integrating seismic and well data, to predicteahanced

hydrocarbon potential in the Ogaden Basin.
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: Basinand Petroleum System Modeling of the Karoo Sequence

5.1 Introduction

The Ogaden Basin is underexplored even though significant hydrocarbon dissdare

been made in the basin. From a total of close to 50 wells drillechte, dwo gas fields

with an estimated total of in excess of 4 TCF reserve and numerous other Slave's
been discovered. These discoveries are mainly from the Karoo play (Hunegnaw et al.,
1998; Wolela, 2007); the main reservoir targets in this play are Adigrat andb Cal
sandstones with hydrocarbon sourced from the Bokh shales. Both stratigraphic and
structural trap play types are present in the basin. The Calub pinchtdaasin margins
sealed from the top by Bokh shales and the bottom by basement isespample of a
stratigraphic play type; reservoirs are charged from downdip and laterally Biakdp
shales. Faulted anticlinal structures at Adigrat and Calub lette¢ isouth central part of

the basin represent an example of a structural play type.

Basin and petroleum system modeling (BPSM) is a simulation that tracks théavolu

a basin through time as it fills with sediments and fluid whitdly eventually generate
hydrocarbon (Al-Hajeri et al., 2009). At each time step of the simulation, geological
processes such as deposition, compaction, heat flow analysis, hydrocarbon gemerat
and so forth are calculated and updated (Hantschel and Kauerauf, 2009). BR&3V
inputs such as stratigraphy, structure, geochemical data and boundangitons to
predict the generation, migration and entrapment of hydrocarbon. BPSirkflow
involves a model building and forward modeling steps which are showngure 5-1

Models can be 1D also called maturity models carried out at a poihtasia well or 2D
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- modeling hydrocarbon generation, migration and entrapment on a cross section.
Whereas 3D models simulate petroleum systems using surfaces and are required for a full
guantitative analysis of hydrocarbon volume. The theory and practice of BPSM can be

found in Hantschel and Kauerauf (2009) for further reading.

Previous BPSM and geochemistry studies are few and limited to 1D maturityingodel
including Beicip-Franlab (1985), Robertson Research (1986, 1988, 1989) and Alconsult
(1996) all of which are compiled in Beicip-Franlab (1998). The geocheesic showed

a good generative potential for gas in the three formations- Bokh, Guondsud Adigrat.
Furthermore calibrated maturity models at well locations showed all three sawaes

are overmature in the deepest part of the basin. Beicip-Franlab (1998) caotied
geochemical analysis and maturity modeling at 15 wells using Bokh as thesouaice

rock and Gumburo and Adigrat intervals as additional potential source mths Karoo
sequence. The results showed Bokh shale intervals have low to fair source rock potential
and maturation of organic matter is very high (Rot 1.3%). The top of Bokh Formation
reached the beginning of oil generation in early Jurassic time in Bodle ack#hat
currently the interval is in the gas window. The objective of this tdrap to carry out a

basin and petroleum system modeling using a structurally and stratigraihi
representative two -dimensional model of the Karoo sequence froapth four that

also incorporates additional data for a better understanding the petnslesystem and

future exploration success in the Permo-Triassic Karoo play.
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Figure 5-1A summary diagram of model building and forward modeling stagbasm
and petroleum system modeling workflow. Af#&rHajeri et al. (2009).
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5.2 Karoo Group seqguence stratigraphic model and related petroleapstems

The basis for 2D BPSM in this study is the sequence stratigraphic foaknpresented

for Karoo group in chapter four. From the defined four sequences,ptitential for
development of organic rich source rocks is higher in sequence 2, sequence Beand t
bottom part of sequence 4. Sequence 2 was formed following a majorrtecsobsidence
creating a conducive environment for the deposition of deep lacustrine organic rich
mudstones of the transgressive systems tract (TST) at the basin center. This system
laterally grades into retrograding fluvio-deltaic systems at the basin nmaxgeating a
potential stratigraphic trap sealed by an overlying transgressive surface. Thenseque

corresponds to the lower part of Bokh formation.

The overlying sequence 3 is a result of renewed subsidence leading tettiva of
lacustrine environment with a potential for deep stratified lakes favoratesdurce rock
development and marginal systems for reservoir development. The bottom of the
sequence shows a layer of high amplitude, discontinuous events in seismic libablgro
related to lowstand systems such as prograding delta, sublacustrine fahsveaiges
during an early stage of a tectonic subsidence. This lower part is restractbe tleeper
part of the basin. As the rate of subsidence increased and accommodatme syas
increasing, the LST was replaced by mudstones of the TST in the deep la@asstniall
as prodelta environments. The sequence corresponds to the upper Bokhcavel L
Gumburo formation. Upper Bokh is identified as the main source rock foptbeen
Karoo play in the basin. The existence of deep stratified lake during diepositBokh

formation is supported by the work of Worku and Astin (1992)

MEBATSEYON SHAWEL



Sequence 4 is made up of four higher order sequences where the bstgoence was
formed following a tectonic subsidence creating an accommodation space $ballow
to deep lacustrine environment. A better development of source rocks can bectdg
in the bottom part of the sequence from TST lacustrine shales. In theequent filling
up of the basin the influence climate is thought to be the smawf the higher order
sequences made up of alluvial- fluvial to shallow lacustrine sexpgerThe presence of
potential source rocks is relatively low in these higher order sequences. Therseq
corresponds to the upper part of Gumburo and Adigrat formation. On therdtand, the
bottom sequence (sequence 1) is formed in the early stage of the basin deveioptie
little evidence for the development of a deep lacustrine environment. ltesponds to
the Calub formation and bottom part of Bokh formation. It is not knowaodntain viable

source rock intervals.

5.3 Basin and petroleum system modeling

BPSM was carried out in both 1D and 2D models using Petromod V. 15 software. 1D
models were constructed on five selected wells spread out partigutarér the Bodle

Deep Figure 5-2. A representative two dimensional geological cross-section was
constructed using 2D seismic and well data and depth converted usimgl@tions from

a seismic - well tie. Petromod workflow was followed in model building andlaio

which requires different inputs such as formation tops andolitigy in addition to the
inputs discussed in detail below. Geochemical data were After Beicip-Fi@388) who

complied their laboratory results with all previous data to proglaccomplete set of all

MEBATSEYON SHAWEL



existing data at the time. Calibration of models was done using Vitrinitectafice (Ro)

and temperature data at well locations to produce the final model rasult

Figure 5-2 Basement top map of the Ogaden Basin with dark lrolenrepresenting the deep part and yellow color
representing shallow part of the basin, modified after Petronasg&la Sdn. Bhd. and Ministry of Mines of Ethiopia,
2005 .BD Bodle DeeSF Shilabo Trough. Also showing BPSM profile line and well losaéterred in text.

5.3.1 Source rock properties

There is limited geochemical data for the whole Karoo section in #snbThe data,
however, shows there is a source potential in all formations with the excemtidhe

bottom Calub Formation where almost no data is available. The wells ierajeare

located in the margins and/or basement highs mostly sampling marginal systenisusn
underestimating the generating potential of the Karoo group source rockhelBodle
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Deep area, there are only a few wells drilled and from the wells thag¢weled only two
(WL-A andWL-B) were drilled to top of basement. The other tw&/IcC andWL-D) did
not penetrate below the Gumburo formation where there exists a potentalgood

quality source rock development.

Adigrat source rock intervals: TOC values as high as 6% are measwedinvell for
Adigrat and a number of intervals show values between 1 and/2Li€ andWL-E wells
whereasWL-B, WL-F andWL-E contain intervals with TOC ranges between 0.5 and 1%.
The average from samples above 0.5% is 1.1%. The data points of Athgraptly
above the type 3 median line and below the type 2 line suggesting a mixe®(gpe
kerogen (Peters et al., 2005; Welte et al., 201Rigre 5-3 An HI value of 300

representing a type 2(3) is used in modeling.

Gumburo source intervals: a value of 3.71% is measured in Calub Gwealburo fm
intervals inWL-E and Calub 1and2 show values > 1% and a number of interValsBn
Calub 1 and Faf-1 show TOC values between 0.5 and 1. The average of samfl€with
>0.5% is 1.02. Gumburo is consistently shown to lie in type 3 trentdelod indicating

an inert kerogen. However the samples may not represent the depositional environment
in Bodle deep as the wells are more concentrated in the marginal pétite basin where
they are interpreted as fluvial. HI values > 150 are only few and hencenotalye
representative of the lacustrine environments formed in the Bodle Daefhe modeling,

we used values 2 for TOC, and 350 for HI with a type 2/3 kerogen.
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Bokh source intervals: samples from this formation are limited. Samples atyrnfrom

Calub and Magan 2 wells which contain intervals >0.5 with the highast w#l1.04%.

The average of samples >0.5 is 0.81. Kerogen type 2 and 3 are suggesteddsdne p
from the plots. HI/OI plot shows a type 3 kerogen dominates and Tmaxbtsyggests

type 2 to type 2-3 is also presenfigure 5-3 Beicip-Franlab (1998nade simr
suggestions. A TOC value 2 and an HI of 400 is used in modeling to represergusdity
source rocks than the average 180 from samples considering a better development of

source rocks in the Bodle Deep.

5.3.2Boundary Conditions

Three boundary conditions are required before running simulatioRetromod which
include heat flow (HF), paleowater depth (PWD) and sediment water interface
temperature (SWIT). The starting point for estimation of heat flow history isetttenic
history of the basin. In the Ogaden Basin the Permian Karoo rifting anddeetrgast
African rifting episodes are taken as the major controls of paleoheat flowrkist the

basin.

MEBATSEYON SHAWEL



Figure 5-3 (a) Hydrogen index (HI) versus oxygen index (Ol) showing kerogen types of
Adigrat, Gumburo and Bokh formation source rocks. (b) Plot of hydrodex wersus

Tmax also showing kerogen types and maturity levels. Tmax values bet@@and

470 deg C indicate oil window

The paleoheat flow trends reflecting these two rifting episodes of etaldtteat flow
values were constructed using the lithospheric stretching moder dftcKenzie, 1978)

in Petromod. A pre-rift granitic crust and peridotite mantle witiicknesses of 30km and
95km were used respectively. In addition, different stretching facteere used for crust
(Beta=3) and mantle (Beta=4) and a rift episode duration of around 60Ma &l a
period of thermal subsidence. Trends were later calibrated using bottaie h
temperature (BHT) and vitrinite reflectance (Ro) data through trial and error before

hydrocarbon generation modeling step.
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PWDs were estimated from depositional environment interpretation of fale@es (for
exampleJacobus P Le Roux et al., 2016; Jacobus Philippus Le Roux et al., 2005). Water
depths wereassigned for each lithofacies ranging from Om for foreshore and fluvial
environments to 170m for outer shelf environment. In addition, clinoform kisigrom
seismic sections were used to estimate water depth of lacustrine deposits K&t
section. SWIT was calculated from the built in tool in Petromod based on \&Y#€49).

It uses a graph of global mean surface temperature estimate drawn to predict
temperature for any location throughout the Phanerozoic. Water bottom tempees

are then calculated as a function of water depth where surface tempezaquals SWIT

for a Om water depth, a 3 deg C decrease for a water depth of 280dnan Arctic water
temperature for a depth greater than 600 (Hantschel and Kauerauf, 20@8)mediate

water depth based corrections are interpolated linearly between thesgegl

5.4 BPSM results and discussion

5.4.11D Modeling

Before the 2D modeling exercise 1D models were constructed usivel® located in
both margins and axes of the Bodle Deep and the Shilabo trokighré 5-2. This stp
was taken toanalyze individual wells in detail in terms of burial history aedt flow
trends which will be used in calibration of the 2D model. Fornmatimps, ages and
lithologies were compiled from well reports and where available temperatiata was
also After the reports. Formations were divided into members when a reasptiaick

unit with uniform lithology/ facies was encountered for a betteracdcterization of
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thermal conductivities. Lithologies were also mixeihg harmonic averages to represent
layered units within formations or members in the calculation of bulkigartthermal
conductivities (Hantschel and Kauerauf, 2009). Bulk thermal conductivwtie®
calibrated at two wells against BHT data (Figure 5-4 d and e) bgidlgathe proportion
and properties of lithologies and the present day heat flow value is agtidnto be 47

mwW/m2,

Burial History and Heat Flow

The burial history plots from the model wells show two main events of &gnif
subsidence throughout the history of the basin (Figure &-4e). The first subsidence
event related to Permian age Karoo rifting shows over 1000m of subside¢e@and
WL-D wells whereas iMVL-B well, located on a basement high at western basin margin,
the event does not exist. At th&/L-E andWL-F well locations the event does exist but the
subsidence is less pronounced. The other subsidence pattern commonvielisiland
with comparable magnitude is the eariyvlid Jurassic episode. This event is related to
deposition of thick marine sequence following a large scale down wrgpyithe basin.
The similarity of the subsidence curves during this time in all wsglg®ad out in the
southern Ogaden Basin, is further evidence for the passive margin tisgeexiuring this

time.

Following the deposition of marine successions which continued to Eaefaceous, a
major uplift and erosion is took place starting from the middle Greabus. The

magnitude of this event is suggested by calibration with vitrinite reflextathata, where
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different thicknesses of erosion were needed for a plausible fit betwesdculated and
observed Ro values. The maximum eroded thickness of 700riMils iwell, close to the
center of the Bodle deep and the amount of eroded thicknesses decredise landward

direction to 50m inWL-B well.

Heat flow trends calibrated by Ro data were key output from 1D moglédnconstrain
the subsequent 2D model. Heat flow values range betweent 810mW/n¥ in the
Permian tectonic episode and gradually decline tot6mW/n? until the Paleogene-
Neogene. A second event of elevated heat flow, attributed to the East ARifasystem
(Woldegabriel et al., 1990; Wolfenden et al., 2004), has a range betwe¢B&HW/n?
and gradually decreases to present day 47m\A/ithe basin can be classified as hotter
than normal or hyperthermal which in the case of Ogaden Basin eaatthibuted to
rifting and/or deep strike-slip movement involving lithosphere (Allen arenAR005)
The time gap between the two events lies in post rift or passive marginflosategime.
Comparison of the calibrated trends from the five wells shows a minimum/ spadad
between respective heatflow values for a given age (Figure 5-5). An exeptthis
regard iSWL-B well which shows an offset to higher values relative to the resteofvells.

This is probably due to a relatively shallow basement at the locatitmeokell.
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Figure 5-4 Vitrinite reflectance, present day temperature and busgtdtyi plots shown
from left to right in each raw for five wells modeled in the study ar@zes represent
models, dark dots represent measured vitrinite reflectance values andplacsigns
represent measured temperature. (&)-B well; (b)WL-C well; (cWL-D well; (dWL-E
well; and (eWL-F well.
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Figure 5-SCalibrated heat flow trends used in 1-D models for all wells. Trendsveinpw
small scatter at any geological time with the exceptioM&fB, shown in blue, with a
vertical offset from the other wells.

5.4.22D Modeling

The model line is located in the southwestern part of Ogaden Basin loeddddle Deep
(Figure 5-2. The line is oriented roughly E-W and has a total length ok&4 It traverses
the western flank, the basin center reaching depths of over 7000m anddimg part of

Bur Acaba high, a major structural high to the south of Ogaden Basire @herfour

nearby exploration wells and three were studied in the previous secti

The 2D model is constructed based on sequence stratigraphic interpretatisaismic
sections and a simplified version was used in modekigufe 5-6. The model tested
potential source rocks found in sequences two, three and the bottom partoqiesece
four. Lithologies were assigned based on sequence facies interpretations andkaigp t

into account thermal conductivity calibration of lithologies in the poer section.
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Similarly geochemical properties were assigned based on well data and seisnsc facie
interpretation. The main reservoir targets tested in this study are stratigrapiaips
including high stand deltas, sublacustrine fans and turbiditesflavehl channel sands in

a depth range of 3000 and 6000m. Boundary conditions were based on 1D model results
where heat flow, PWD and SWIT trends at well locations were projectedhatoross
section and respective maps were generated by interpolating between tréasrdhe
whole cross section. The erosional event included in the model isvitiele Cretaceous
unconformity as it represents a major event with significant thickness vamndczroded
thickness was suggested from calibration with Ro data at well locations an@atlsm
surface was generated that increased in thickness basin ward from 50ne dfiattk to
700m at the basin center. The lithology of the eroded section was taken snhiér to
Gorrahei formation. Burnham kinetic model (Burnham, 1989) for a type 2 kerogen type
was chosen based drydrogen index versus oxygen index plot which characterized Karoo

source rock intervals as type 2 (3).

There are four different methods of modeling hydrocarbon migration from sowdtst
destination (Hantschel and Kauerauf, 2009). In this study a hybrid mettodh
combines Darcynd flowpath fluid flow models is used. The Darcy model is used in low
permeability source rocks while flowpath is used in high permewlo#itrier and reservoir

rocks.
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Figure 5-6 2D Geological cross section showing defined sequences asitiaego
systems, sequence boundaries are shown by dark dotted lines (above) delédncross
section from Petromod (below).

Thermal history, maturity and hydrocarbon generation

Thermal historyt modeled thermal history of Karoo source rocks is shown in Figure 5-7
Source rocks of sequence two at the basin center have gone through a temperature

change from c.a. 15 deg. C at surface to a 100 deg C in a time of les§henrider the
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influence of high heat flow and rapid burial. The continued buniagpessively exposed
sequence two to higher temperature with the maximum 252 deg C reachdawier
Cretaceous. The middle Cretaceous inversion event led to uplift and erasi@ning
temperature from the upper Cretaceous to present day temperature whialhoisnd 190

deg C. The top of source rocks in sequence three and bottom of seqummcesfiched
maximum temperatures 200 and 170 deg C respectively during the lower cretaceous and
at present it is 150 and 120 deg C. In the flanks the maximum temperatuie@ver
Cretaceous is in the range of 190 deg C at sequence two and is 14& labttom of
sequence four. At present day temperatures are between 1300 from bottom to top

of the sequences. Reservoir rocks being found interbedded with source rocksnexist

similar temperature range.

Maturity history - vitrinite reflectance (%Ro0) calculated using SweeneyBamdham
(1990) algorithm was used as a thermal maturity indicator for potential sources liack
sequence two, upper part of sequence three and bottom of sequdoge The model
(Figure 5-8) shows that at present day all source rocks have exceeded 1a%6cRo
corresponds to wet gas window except in the flanks. The highest maiardttained at
the basin center where basinal source rocks in sequence two is overmature (R4)0%
The maturity history of sequence two, a relatively thick sequence at #snhcenter,
shows the bottom of the sequence entered early oil window (0158.7% Ro) while
deposition of the overlying lower part of sequence 3 was underway (280 Ma). Egcept
thin units in the marginal areas, large part of the sequence has alreadyeentee main

oil window in 270Ma. At this time the bottom the sequence has enteraett gas window
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(1.3 t 2.0% Ro). The whole sequence progressively entered the wet gas and dry gas
windows in 162Ma which corresponds to time of deposition of Upper Hésnakt this

time the flank units where in the main oil window. From 155Ma ardg a significant
thickness of the sequence at the basin center progressively entered the overmature

window with the highest temperature recorded before erosion of the middktadteous.

A large portion of Sequence three with potential for source rocks mairthe upper part
of the sequence was in the oil window around 245Ma. At 155Ma theesszpuwas buried
further deep to wet and dry gas window stage. At the present lower haletequence

is in dry gas window with the remaining less than half portion is in wet ga®wind

Sequence 4 bottom potential source rock entered an early oil window béfherend of
Karoo sequence deposition (230Ma). The interval remained in the oil windaWwthe
end of Upper Hamanlei deposition (approx. 162Ma) and with the excepfitimrounits

in the margin the main pod remains in the wet to dry gas window at the present.

HC generation - at present all potential source rocks of sequences two, dhceéour
have reached a complete kerogen transformation. At the basin center (Fig, 10b
generation at the top of sequence two started (0.01% TR) in the loweni&er(275Ma)
and reached a peak transformation (50% TR) at a temperature of 125 deg @okhis
place in a relatively short time in the upper Permian (268Ma) after deposii@ndepth

of approx. 1800m. A 95% TR was attained at a temperature of 145 deg@epth of
2130m, in the upper Permian (265Ma) much earlier than maximum burial deapth

temperature were reached.
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Figure 5-7Calculated temperature history of source rocks at the basin margin (agtand
the basin center (b). Red lines represent vitrinite reflectance isolines.
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Figure 5-8Calculated vitrinite reflectance maturity evolution along thedeidine from
upper Permian (bottom) to present day (top) using Sweeny and Burnhan) (ié@€c
model.
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Whereas in the western flank transformation took place at a shallower deptre 50%
TR of sequence 2 took place at a depth of 1658m (Figure 5-9a), at 112ndeger
Triassic (212 Ma). A complete transformation took place in lower Jurassic at aafepth

2855m.

The top of sequence three achieved 50% TR at even a shallower depth thansegquwo

(at less than 1500m and 115 deg C) in middle Triassic (230 Ma) and >95%0%Bat
depth since early Jurassic (200 Ma) at the basin center. In the westakntfila 50% TR
was attained during the deposition of Upper Hamanlie in middraskic (164Ma) at a
depth of 2674m. Transformation in sequence 4 took a longer timeadaddeeper depth
compared to underlying sequences. The top of the sequence reached a 50% Hptat a d
of 2620m in the middle Jurassic (166 Ma) and eventually reached 95% at abfidp8#m

in the upper Jurassic (155Ma). The top of sequence 4 at the wesssrk féached the
50% mark at 2660m depth in the upper Jurassic (159Ma) and a 95% traastor in

upper Jurassic (154Ma).

The primary factor controlling transformation in sequence 2 and 3 source lscks
probably high heat flow related to tectonic subsidence in the Panmoausing a rapid rate
of transformation at shallow depth. The heatflow model peaks (rearBh- 90mW/m2

in the base of upper Permain and is followed by a gentle ramp until tigp-®™iocene.
This Permian HF peak coincides with deposition of syn-tectonic sequercesdithree

creating a thermal stress for rapid conversion into hydrocarbon. Sequencas4 w
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deposited as the heatflow was gradually decreasing and hence took a relatinghr |

time to for transformation with burial depth playing a major role.

Hydrocarbon migration and accumulation history

The model constructed is a simplified regional model that does mmtide faults and
hence the role of faults in migration and structural trappingassimulated in the model;
this requires further study using additional data. There is also limkiowledge on
petrophysical and geochemical properties of modeled units due to ldnitell control.
The results of the migration modeling, however, give insight into the worlétigleum

system and would be useful for guiding future more detailed works.

Hydrocarbon migration from source rocks to reservoirs in Karoo sequences is modeled
using the hybrid method. The result shows oil and gas migration is mostlgaligrti
upward while some vectors show migration in a lateral updip direction aitidogter

vectors show vertically downward migration paths (Figua- e).

Migration from sequence two started around 270Ma when deposition of sege& was
underway. During this time potential reservoir targets were backsteppingasieailt
sequence 2 in the basin margins and lowstand system targets ingludéitas,
sublacustrine fans and turbidites of sequence 3 (Figut8ej- In addition fluvial - deltaic
units in the underlying sequence 1, all of which are stratigraphjest were available for
charging. The model shows oil column starting to build up mainlyequence two
backstepping deltas at the time. By 255Ma (Figufé&) while sequence four deposition

was going on, deeper targets in sequence 2 and fluvial targets in sequence fdra
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through secondary cracking and only a gas phase was present. Whereas the shallow
targets of sequence 2 and LST targets of sequence 3 were chargedittitbiband gas

phases.

Figure 5-%Calculated transformation ratio history of source rocks at the basirgin (a)
and at the basin center (b). Thick dark lines represent vitrinitectafice isolines.
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By the end of Karoo deposition (191Ma) additional targets in sequenee thighstand
deltas were charged with oil and gas (Figurel0O6). Source rocks with peak
transformation during this time were sequence 3 basinal shales andoshalrts of
sequence 2. LST sublacustrine fans and turbidites were increasinglpdaynforms da
to continued subsidence and oil columns in these targets were beaiagked and

replaced by a gas phase.

In sequence 4, turbidites are modeled as potential reservoirs and wersegubntly
charged starting from 184Ma (Figurel1Bb). At maximum burial depth in lower
Cretaceous, reservoir targets in sequence 1, 2 and lower part of sequence Zlvgas
saturated with different proportions of associated oil. Whereas targeteénupper part

of sequence 3 and sequence 4 were charged with oil which contaisaghificant amount

of associated gas. This trend continued to present day (Figu@apbwhere a large
proportion of the Karoo hydrocarbon resource is gas with a good chance findioil
residing in sequences 4 and shallow parts of sequence 3. The model also showsusumero
vectors pointing to paths of hydrocarbon escaping the system in tekdl area at
present. These thermogenic gases could be detected by a surface geochemical survey
conducted along the flank areas. There is also a potential in resemding ioverlying

marine sequence which could be charged from the Karoo source intervals.

Source rock tracking shows sequence two and three are possible source rocks charging

the highstand delta reservoirs penetrated by Genale B2X well in sequeBoeii@e rock
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Figure 510 Migration and accumulation simulation of Karoo petroleum systhowing
oil flowpaths (green arrow) and gas flowpaths (red arrows). Also isigooil
accumulations (green filled polygons) and gas accumulations (red fillggops). (a)
present day; (b) 184Ma; (c) 191Ma; (d) 255Ma; and (e) 270Ma.

tracking also shows reservoirs in sequence 2 and LST targets of sequence 3 were charged

from sequence two source rocks.

There also exists a small percentage contribution from sequence 3 source matles i

upper most part of the sequence 3 LST package. Sequence 4 targets wereal dhamge
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sequence three and four source rocks with the larger proportion from sece three

source rocks.

5.5 Conclusions

A model cross section constructed based on sequence stratigraphic interpretéatioa o

Karoo sequence in the southern Ogaden Basin [ ¢ §} v oCl &8z eJv[e SZ d
hydrocarbon generation and accumulation history. Three potential source rocks have

been evaluated in this study including sequence 2, upper paseqtience 3 and the

bottom part of sequence 4.

x Basin models calibrated with vitrinite reflectance data show heat flewds are
similar throughout the study area with the exceptionwt-B well at the western
edge of the basin which has consistently higher values. A presetiedaylow of
47mW/m2 is determined by calibration with borehole temperature data ab tw
wells.

x 2D Model result shows all potential source rocks have reached complete
transformation at present. Peak transformation in sequence two, three and
bottom of sequence four source rocks was reached during upper Permian, middle
Triassic and middle Jurassic respectively.

X The main controls in maturation of source rocks in sequence two are possibly
related to high heat flow during PermainTriassic tectonic activity whereas in the

overlying sequences the thermal maturity is attributed to deep burial.
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X Simulation results show potential reservoir targets in all sequences are
hydrocarbon charged. Reservoir targets in sequence two and LST of sequence
three are gas filled whereas potential targets in the shallow marginal parts of

sequence three and sequence four are oil filled with high GOR ratios.
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: General Conclusions and Recommendations

6.1 General Conclusions

A sequence stratigraphic study of Karoo group in Ogaden Basin was urdendhk the
objective of a better understanding of the development and evolution otihsn during

the Permiant early Jurassic and its hydrocarbon potential. However, seismic sequence
stratigraphy requires a good quality seismic data and for this reason reprocessing
existing seismic sections was required before interpretation. The intexpoa step was

done using reprocessed seismic data and post stack seismic attributes, mainly phase
attribute, and well data was used to support/ confirm the seismierjretation. A two
dimensional geologic model was produced as a result of these steps amddtiel was
simulated to assess the hydrocarbon potential of the Karoo sequence. In the following
sections conclusions from each stage of the work are presented followed

recommendations for future research.

6.1.1 Seismic data reprocessing

The reprocessing work showed that source related groundroll and amplituid oises

are the main noise types recorded in data. Proper removal of these noisespesative

for recovering reflectivity especially from the near and mid offsets. Hence, tradagdit
using database statistical tools and spike and burst edit toelewsed to effectively
remove random noises. The removal of groundroll noise using linear Radon transform/

slant stack followed by muting the linear events in tau-p domain iamdrse transform
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to T-X domain was more effective than the other tools tested incluéifi§ and radial

trace transform.

Static corrections were not complete due to poor first break pickschv affected the
refraction statics results, compromising the lateral continuity of refleceoents. The
source type and ground conditions are the main factors affecting the redailvever, a
more careful analysis of the low velocity layer would certainly improeedgtality of

sections and should be considered in any future reprocessing works.

Surface consistent amplitude corrections were invoked to correct anuagufor
disturbances/ anomalies generated in the near surface such as energy sour¢®naria
poor geophone coupling and the effect of the low velocity nearffase layer. The

correction enhanced amplitude anomalies due to changes in ligghyoémd fluid content.

Spiking deconvolution was not applied due to its high frequency noiseifaaapbn
effect. The result of a 32ms lag gave the optimum result using a 20Qersofperator.
Random noise attenuation using multiple passes of the F-X decororohds contributed
to continuity of coherent reflections. Optimum results were observed wibhizontal

window length of 100 traces and 10 filter samples.

Velocity analysis was done in two passes before and after residual correthe first
pass was run every 500m and the NMO corrected gathers using this velocity ftald, w
interpolation in between, were input to residual statics cortggions. The Maximum
power surface consistent autostatics was used to compute residual staing four

iterations and maximum allowable shift of 10, 15, 20 and 30ms fronfitketo the last
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iteration respectively. The results of the maximum power autostatics were cordgare
correlation autostatics results and a much better reflectivity was achieved thie
maximum power autostatics. The second pass velocity analysis was run after applying
residual statics correction and was picked every 500m. A velocity anelgsy 250m was

also attempted on line OG-A to see if further improvements were ptesdiut the

changes were marginal and the 500m interval was used in all lines.

Stacking was done using a second pass velocity field and a 50% streééchlrheimean
stacking weighted with square root of number of samples gave a betek sesponse
and was used to generate the final stacked sections. The smoothed,dtdteg second
pass velocity field was used in post stack migration of lines. The migkaés run using

7000m aperture and maximum dip migrated was set to 75 degree.

Reprocessed Line OG-A was compared with the previous processing and the main
improvement is in recovering reflectivity in the Karoo section where poor signadise

ratio and little coherency in the previous section made it diffi¢al carryout seismic
stratigraphic interpretation with confidence. The current dataset Baswn noticeable
improvements and it is now possible to interpret unconformities, deltdiimoforms and

other seismic facies with ease. Continuity of reflections has also improwtdamce
tracking different horizons mainly in the target zone is easilyeddrhis is because of
better attenuation of random and coherent noise that affected theta significantly. The

improvement in vertical resolution from the original lines is not observed.

6.1.2 Sequence stratigraphic interpretation of the Karoo sequence
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The application of sequence stratigraphy to Karoo sequence in Ogaden Basin twas led
the identification of four second order sequences bounded by uncomfgrsurfaces that

are traced in the southwestern flank and the Bodle Deep areas. These sequences are
recognized in both seismic sections and well logs and the identificafiat least four
higher order sequences in sequence 4 was possible using well logs. With thet@oquisi

of better quality seismic data, it should be possible to identifgse higher order

sequences from seismic sections.

The constituent systems tracts of sequences identified in this study areahggressive

and highstand systems tracts. Transgressive systems tracts represent the bhkk of t
sequences and are separated from the overlying highstand systems tract by &agawn
maximum flooding surface. The highstand systems tract have different degree of
preservation due to ensuing erosional events but identification ofdygem has been
possible in sequences 2 and 3. The dominant depositional systems in thesasysicts

are shallow to deep lacustrine, fluviodeltaic and possibly sublacustrine dads

turbidites.

The tectonic regime that led to deposition of Karoo sequencesaggsed here to be
related to wrench tectonics giving rise to a number of pull apadins formed in NE-SW
to E-W directions. These pull apart basins are narrow regions bounded byertiaal
faults of large throw and with steep flanks forming in the larger surdings of these

narrow zones such as the southwestern flank, Shilabo trough and doywe Bur High.
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Tectonic tilts and uplift in these steep flanks are thougHhiedhe cause of unconformities

and climate is an additional factor.

Organic rich lacustrine shales commonly associated with transgressive systems tract and
prodelta to lacustrine shales of highstand systems tract are potentiateawicks in the
Karoo sequences. The generated hydrocarbon from these source rocks are predicted to
charge deltaic and fluvial sand reservoirs of the highstand systems tracts asswell
potential targets such as turbidites, sublacustrine fans and poskibigtand systems

tracts. The seal for petroleum play is usually provided by transgressive systems tract.

6.1.3 Basin and petroleum system modeling

A model cross section constructed based on sequence stratigraphic interpretéatioa o

Karoo sequence in the southern Ogaden Balsin |1 ¢ §} v oCl &8z sJv[e SZ C
hydrocarbon generation and accumulation history. Three potential source moekals

have been evaluated in this study including sequence 2, upper parjoéeee 3 and the

bottom part of sequence 4. The main findings from this work are tiabasin models,

calibrated with vitrinite reflectance data, show heat flow trends are Isinthroughout

the study area with the exception &¥/L-B well at the western edge of the basin which

has consistently higher values. Also from the model, calibrated with hobtee

temperature data at two wells, present day heat flow is determined to be 47m¥/m

2D Model result shows all potential source rocks have reached complete transfonmatio
at present. Peak transformation in sequence two, three and bottom of secpiéour

source rocks was reached during upper Permian, middle Triassic and middle Jurassic
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respectively. The main controls in maturation of source rocks in sequemgceate
possibly related to high heat flow during Permaiffriassic tectonic activity whereas in

the overlying sequences the thermal maturity is attributed to deep burial. Simoul

results also show that potential reservoir targets in all sequences are hydrocarbon
charged. Reservoir targets in sequence two and LST of sequence three are gas filled
whereas potential targets in the shallow marginal parts of sequence thrdesaguence

four are filled with high GOR oil.

6.2 Recommendations for future research

This research has shown that with the current geo-database of the édgBdsin, it is
possible to extract far more information than we have to date used. Theysalsb
suggests additional data can prove, improve or supersede the model presentbib i
work. The different depositional systems interpreted with the limited dat#his work
can be checked/ verified with other lines from the basin and tteenkework can be
extended to the eastern part of the basin. Paleogeographic maps erefhtf sequences
can also be drawn to represent the distribution of different deposial environments
with geologic age. In addition, the BPSM using 3D models can offttea linderstanding
of the basins hydrocarbon potential from the Karoo sequence. It would &gmobsible
to have a better understanding of the structural control in the depetent of the
Ogaden Basin with acquisition of new seismic lines among other areasein th

southwestern extension of Bodle Deep, across the axis of the basin and in the
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northwestern part of the basin to see if a northwest third arm loé proposed tri-radial

rift system exists and if so to study its evolution.
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