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ABSTRACT

The Aptanraged Shudai ba For mat i af the ncoat hydrocarbeh e p | a'f
productive formations in the Middle East Equi val ent ttonisthedowdBab 6 ai b a
Member(A0) thatcomprises the basinal facies in the irgheelf Babbasin. TheLower Bab
Member(A0) has shown hydrocarbon potential in fields located in the southeastern part of the
UAE. The A0 potential comes from its higkoragecapacitythat comegrom microporosity in
the matrix reaching up to 25but low permeability (up to 3mD)his studygoalsfocuson (1)
understanding of the relationship between thed@8ha Formation and the Lower Bab Member
stratigraphically using the esting core descriptions, well logs, stable isotopes and seiéic
characteriation of porosity and permeabilit identify potential target production zonesd
(3) suggest best practices for future development gapsoduce the hydrocarbon fraims
tight carbonate reservoiResults of this thesis include significant findings about the AO. Three
lithofacies have been identified with carboni@eture of wackestormudstonesThe @arbon
isotope record was a useful tool for interfialud globakorrelations, whilgéhe oxygen isotope
record helped for intrafield correlations as well as providifigrmationabout diagenesis.
Reservoir rock characterization of the AO showed that the majority of the porosity comes from
the interparticle porosity irhe micrite. QEMSCAN and SEM have shown that there is
significant isolated porosity ilithofacies 1 that is not contributing to the effective porosity. This
isolated porosity comes from the coccoliths and foraminifera. These microfossils were not
destroyeddue to the early cementation that held their morphology intact-ri@layseams and
stylolites formed vertical flow barriers by dissolving micrite angbrecipitation into diffused
cement. The AO contains light oil thabkest feasible to develop, her, more dynamic data

are required for full fieldlevelopment.
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1. CHAPTER 1: INTRODUCTION

One of the most hydrocarbon productive gmofformations in the Middle Easindthe
world, is the Lower Cretaceous Thamama Group. The Ayatggad Shdéaiba Formation is a
carbonate formation that produces significant volumes of hydrocarbons in the area. In recent
years, the Shiaiba Formation haseen well studied in terms of sedimentology and stratigraphy.
The Bab Member comprises the basinal facies in the shiedf Babbasin that is equivalent to
the shallow carbonate platform of t8eh u 6 Bormaten. The Bab Member has shown
hydrocarbon potdial in fields located in the southeastern part of the UAE. It overlies the low
angle carbonate ramps of the other Thamama Group formations that show much better reservoir
properties. The Sliaiba Formation contains prograding clinoform geometries in st
fields in the United Arab Emirates such as Bu Has& Bab Member is more homogeneous
compared t&& h u 6, and has not yet been studied as thoroughly &S thes 6 Formiateon.
Due to the low permeability in the Bab Member, that is less than 3trieconsidered part of
theundeveloped reservoirs managed by the Abu Dhabi National Oil Company (ADNOC). The
majority of the storage capacity in the Bab Member comes from microporosity in the matrix with
porosity reaching up to 25%. This study focusedhe lower Bab Member (AOwhichshows a
higher potential for hydrocarbon than the upper part, especially in structural traps. The upper Bab
Member is important as well but has a lower reservoir qualitysstdatigraphically separated
from the loweBabby a sequence boundary. This study aims to impf{byanderstanding of
the relationship between ti&eh u 6 Pormaten and the Lower Bab Member stratigraphically
using the existing core descriptions, well logs, stable isotopes and sé€Byi@aracerization of

porosity and permeabilittp identify potential target production zonesd @) suggest best



practices for future development plangroduce the hydrocarbon from this tight carbonate
reservoir.
1.1. Thesis Organization

This thesis is organized into chapters that deal with different objectives of the study.
Chapter 1 is an introduction and general information of the study area including: location and
history, scientific importance, background information about regioratigriaphy, research
objectives and tools, scope and data. Chapter2rsthe sedimentology and facies description
of the Lower Bab Member AO, which inclusiiacies description and their depositional
environments. Chapteri8a chemostratigraphy study the Bab basin and foceison high
resolution regional isotopic data. Chapteate$cribes aeservoir characterization and pore
architecture study of the Lower Bab Member AO in Asab field, onshore Abu Dhabi. Chapter 5
coversa potential development plaarfthe tight carbonate reservoir of the A0 in the same field.
Chapter 6 summarisghe previous chapters and prosa@enclusiors.

1.2.Location and History

The United Arab Emirates (UAE) lies in the southeastern part of the Arabian basin
between latitudes22 0 6 ah@odé 2&6nd | 8B G ahade.$ 6bHe UAE consi
seven Emirates: Abu Dhabi (the capital), Dubai, Sharjah, Ajman, Umm al Qaiwain, Ras Al
Khaimah and Fujairah. Abu Dhabi has approximately 10% of the world's proven oil reserves and
5% of he gasNairn and Alsharhan (199)7 According to the U.S. Energy Information
Administration,(EIA) (2011) the UAE has proven oil reserves of 97.8 billion barrels, and its oll
production is approximately 2.81 milliontpals per day, of which 2.3 million is crude oil.

As stated byairn and Alsharhan (199,ihe UAE lies within the interior platform of the

Arabian Shield bounded by Qatdouth Fars Arcln the northwest and by the foreland basin,



adjacent foreland fold and the thrust belt of Oman to the nortliégaté1.1). Exploration for
hydrocarbons in the UAE began in 1936 with surface geologic reconnaisgaawty,
magnetic, and seismic surveys. The first commercial hydrocarbon in the UAE was discovered in
1959 in Abu Dhabi Umm Shaifeld in the offshore. This was followed by the discovery of
commercial oil in Balfield in 1960 in the onshore, and many sedent discoveries Yeamade
the UAE one of the richest hydrocarbproducing countries in the world.

Most of the research data comes from Asab field, onshore Abu [Figbi€1.2).
According toAlsharhan (199BAsab feld is located approximately 95 mi (150 km) southwest of
Abu Dhabi Island. The field lies currently in the concession area granted to Abu Dhabi Company
for Onshore Oil Operations (ADCO) since 1939. Oil was discovered in this field in May 1965
after the ditling of Asab 1 (SB001)andafter running seismic surveys in early 1960s. Asab field
is a northeassouthwest trending elongated double plunging domal anticline, 16 mi (26 km) long
and 6 mi (9 km) wide. The anticline has a structure relief of more B@fe& (183 m) at the
top of theLower Cretaceous level and an areal closure of about 980 knf) (ADCO staff,
1986) Figurel.3). Structurecontour maps of Asab field show the western flank dips 3° to 4°
and the eastern flank dips 2° to 3°. The Asab structure is thought to be afrsiinovement
of the Infracambrian Hormuz salt. Timing of the structure evolution started diateg
Cretaceou the Cenomaniaandended during théleogeneagedAlpine orogeny. The
structurecontainsextensionafaults and fracturesnost concentrated at the crest. Most of the
faults encountered in Asab field are normal &with a maximum throw of @ fed (27 m).
Some of these fadimight cause lateralnd vertical fluidlcommunicatiorbetweerdifferent

reservoir units.



from the northeast to east éfter Nairn and Alsharhan (1997)
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Figure 1.3: A seismic surface map showing the Lower Bab Member (AQpp surface, the hotter the
color, the shallower. Asab structure isa double plunging anticline. Arrow points to the north.



1.3.Regional Cretaceous Stratigraphy

According toNairn and Alsharhan (199andAlsharhan (1998 theLate Paleozoic to
Recentsedimentary sectioreaches a thickne®of about 21,230 (6500 m) in the southeast
and thickens toward the foreland basin in the north and northaast UAE This sedimentary
section is dominated by shelf carbonates with evaporites, minor argillaceous, and rare arenaceous
siliciclastics This section will describe the Cretaceous pefathations shown ifrigurel1.4.
During the Early Cretaceoas alternation obolitic, dolomitic limestones and limaudstones
form the Habshan Formation. This was followed by a long period of cyclic deposition of shelf
limestones and deeapater (low energy) limestones of the Lekhwair and Kharaib formations.
During the Aptian, an intrashelf basin (Bab basin) was siiuateentral Abu Dhabi where the
Bab Member is composed of argillaceous limestoneshalt TheS h u 6 Bormateon was
deposited at the basin margins forming carbonate platforms with algal and rudist buildups. The
S h u 6 and thegprevious formations meakp the Thamama Group. Overlying the Thamama
Group, the Wasia Group consists of the Nahr Umr Formation, comprising transgsbsdéve
and followed by the gradual diminishing of theshale and a transition into shallow marine
carbonates of the Maudd&drmation. Subsequently a basin developed again in central Abu
Dhabi forming the Pithonella limestones of the Shilaif/Khatiyah Formation. At the basin margin,
foraminiferatalgatrudist wackestones/packsones/grainstones of the Mishrif Formation were
depo#ted. This ends the deposition of Wasia Group and is followed by a major unconformity at
the end of Cenomanian timehe Aruma Groupverlies this unconformity anstars with the
transgressivehaleof the Laffan Formation, followed by the shallow shelf carbonates of the
Halul Formation. This was succeeded by renewed sutrsdallowing the basinal shaead

limestones of the Figa Formation to be deposited. These basinal shales shallowed into the



shallow shelf carbonate of the Simsima Formation. A major late Maastrichtian regression

resulted in nordeposition at the end of the Cretaceous.
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Figure 1.4: Cretaceous stratigraphic column showing all form&ions in Abu Dhabi showing
reservoirs, source rocks and seal distribution in the UAE (afteNairn and Alsharhan (1997). Data of this
study comes from the Aptian Lower Bab Member (A0), the basinal deposits that are equivalent to the
Shudai ba Formation carbonate platform.

1.4. Scientific Importance

Hydrocarbon is pragced from thes h u 6 Rormaten, from platform margin carbonates
that were deposited on thearginof the Bab basin during the Aptian. Moreover, the basinal
deposits of the Lower Bab Member in the Bab basin havershgdrocarbon potential worth
millions of barrels in fieldsn onshore Abu Dhabi. However, development has not been
established yet, due to the low permeability of the Bab Member, though porosity in the Lower
Bab Member is reasonably high in some zones.S heu 6 ormiateon forms a major reservoir
in Bu Hasdield. Build-ups ofLithocodiumBacinella and rudist float/grainstones comprise the

S h u 6 r@gervadr at Bu Hasa and laterally equivalent prograding clinoforms extend into the



basin,with their distaltoes extenihg into the Bab basin. Understanding the Bab Member
reservoir potential includes defining reservoir geometry and its stratigraphic relationship to the
S h u 0 shelflcaabonates. Studying the nature of porosity and permeability will helpfydenti
potential target production zones within the Lower Bab Member.
1.5. Background Information

This section includes information from literature about regional sequence stratigraphy,
nomenclatures of Aptian formations in the area, lithofacies in these forsaigplications of
biostratigraphy and chemostratigraphy in identifying sequences of the Aptian, and finally
applications on reservoir characterization.

1.5.1. Regional Sequencé&tratigraphic Synthesis

Van Buchem et al. (20)0havesynthestedthe sequence stratigraphy of the Barremian
Aptian. Theyusal an integrated data set that presents a-tiamstrained model based on
biostratigraphy, chemostratigraphy and cyclostratigraphy modelinghandse omany studies
that have beepublished in GeoArabia Special Publicatiof2@10. Based on regional datasets,
this sequence stratigraphic model is subdivided into three supersequences that have been divided
into third-order sequences (generally-®BlY in duration) Figurel.5): the Barremian
Supersequence (divided in two thivdder sequences), the Aptian Supersequence (divited in
four third-order sequences, containing thetsif this study) and the Upper Aptihower
Albian Supersequence (dividedarfour third-order sequences). During the Barrerigstian
time interval, most benthic organisms had slow evolutionary rates, reducing their value for high
resolutionagedatingin shallow watedeposits except for therbitolinid foraminifersand the
rudists. The Bab basin sediments do contain some nannofossils useful in age dating even though

there is a lack of large benthic organisms in these-gitedf basin deposits. Chestmatigraphy



uses a more environmemmdependent method based on the changing isotopic signature of the
ocean water through time (e.garbon andstrontium isotopes). Diagenetic resetting, reworking

of sediments, and variations in the sedimentation eateatter the nature of these curves and

lead to miscorrelations if not constrained by other methods. Cyclostratigraphy is the third
technique that has been developed for the Barremian through Aptian strata by referencing the

sequences tthe orbital cycles of thEarth.
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Figure 1.5: Sequencestratigraphic model for the Barremian, Aptian and Lower Albian of the easterr
Arabian Plate (after Van Buchem et al. (2Q0))

1.5.2. Nomenclature of Aptian Formations and GeographicDifferences

Figurel.6 shows the most recent sequence framework of BarreAl@an strata of the
southeastern Arabian Plate. It shows a comparison betitleesiratigraphic nomenclatusnd
the sequence stratigraic synthesis built in GeoArabia SPdan Buchem et al., 20)0The
Lower Bab MembefAO) in the onshore Abu Dhabbrresponds$o the Thamama IB in the
offshore Abu Dhab{Aldabal and Alsharhan, 1989n Zakum offshore field, Thamama IB is

subdivided into three units, whielrefrom bottom upward: Tar (Bitumen) unit, IX unit, and



Dolomite unit. All of these unitiavedolomite compared to Asdield, which lacks dolomite in
equivalent units. Zakum is situated near tlepocenter of the Bab Membeasin(Aldabal and
Alsharhan, 1989Alsharhan, 199D

1.5.3. Lithofacies of the Aptian in Eastern Arabian Plate

In describing the formations in this study, UAE (ADCO/ADNOC) nomenclature will be
used as the reference,ths study encompassslds that are part of ADCO/ADNOC
concessionThe Aptian stage encompasshe time from 125.8- 1.0 Mato 112+ 1.0 Ma (Van
Buchem et al., 2090The Aptian Supersequence is divided into fdfio&ler sequencemnd
encompasses the time from 260 Ma to 118+ 1.0 Ma (Van Buchem et al., 20)0it starts
with theorbitolinid dominated, waadstone/packstone facies of DenséFAgure1.6). The Dense
A extends below th8 h u 6 Rlatfdrma wells and the Batmsin wells. This marks the early
transgressive systems tract in the Apsapersequencand is called the Aptian 1 sequen It
indicates a uniformly thick ramp system that covered the whole southeastern Arabian Plate. The
Dense Aunit acts as a top seal for hydrocarbons trapped in the Thamama B below. The Dense A
is followed by a late transgressive systems tract thatlesidile Aptian 2 sequence (i.e. 3rd
order sequenceThiswas an important change in the sedimentary syatahrcoincides witlthe
formation of two sukbasins: the Babasin in the southdAE and Oman) and the Kazhdumi
basin in the north (Iran). There welear differentiation between the aggrading shateater
carbonates and the starved, orgaith, intrashelf basinal sedimts(Van Buchem et al., 20).0
Around the Bab &sin, shallowwater carbonatesredominatecby Lithocodium Baciella
microbialite boundstone&ased on seismic geometries obsernn Bu Hasa fieldjYose et al.,

2010 the water depth in the Balagin at this time was estimated to be approximately 45 meters.
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The early highstand systems tract during the Atigrersequenaesulted in the
aggradation and progradation of rueleiminated platform along the basin margingd
composeshe Aptian 3 sequence. Thizarked an overatleepeningn the basirandthe deth of
platformto-basin relief in Bu Hasfeld is approximately 75 mete(¥ ose et al., 2010
According toYose et al. (2010the organierich basinal mudstone facies of the Lower Bab
Memberis time-equivalent to theAptian sequence® and 3. The late highstand during the
Aptian was characterized by a relative sleavel standstill and resulted in prograding clinoforms
in Bu Hasa Field, comprisg the Aptian 4 sequence. This was followed by a sequence boundary
that ended the deposition of the Aptian Supersequence and freirdised valley incision
observed in Qatar and the downward stepping of the sedimentary systenhalsagthern Bab
basin margins, witlanestimated relativeea level drop of 3@0 metergMaurer et al., 201;2
Van Buchem et al., 20)0The Bab Shaland the Upper Bab Member weteposited during the
Aptian 5third-ordersequence near the platform marginthaBabbasin,east of Bu Hasa Field,
and is considered a part of the Uppgtiani Lower Albian Supersequence (encompasses the
time from 118+ 1.0 Ma to 109+ 1.0 Ma (Van Buchem et al., 20)0 The Uoper Bab Member
low-stand clinoformsveredeposité during this time in theoutheast area tfie UAE and are
younger tharthe clinoforms in Bu Hasheld (Maurer et al., 202;2/an Buchem et al., 20)0

1.5.4. Application of Chemostratigraphy in Defining the SequenceStratigraphy

Framework of Aptian

Vahrenkamp (202)thas conducted a comprehensive chemostratigraphic analysis of the
S h u 6 Rormiateon using carbon isotope curves in Oman and Abu Dhabi by compiling a
database of carbon and oxygen isotope sampl es

data from sevetaompanies (Shell (1992), ADCO (1995), PDO (2006)) and from literature
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Figure 1.6: Schematic lithostratigraphic scheme for the Barrenan and Aptian strata of the
southeastern Arabian Plate with facies change from platform tdbasin in the Aptian strata. Note different
nomenclatures in different geographic areagvan Buchem et al. (201}).

1.5.5. Application of Biostratigraphy in Defining the SequenceStratigraphy

Framework of Aptian

Yose et al. (201)0ouilt an age model for the Aptian in Bu Hdgsgd using aset of data
including: rudistspenthic foraminifera, calcareous nannofossils and stable isctopesarized
in Figurel.7. Rudists are abundant in Aptian sequences 3, 4a and 4b sequéedesly
Aptian age sequences were defined by the preserfogriopleuraandOffneliain sequence 3.
Late Aptian age sequences were defined by the presekwegarfiolitesandHoriopleurain
sequences 4a and 4b. Benthic foraminifera provided higher resolution in differentiation of Lower
and Upper Aptian sequenc@saleorbitolina in sequence2 and 3 confirmshe Early Aptian
Age, andMesorbitolinain sequence 4b and 5 confithre Late Aptian Age. Nannofossils also
confirmed the age of Aptian sequences 2 and 3 to be lower Ap3. Also, they confirmed that
sequence 4a is Ap4 age lwdrenot clearfor the age osequence 4bt could be of Ap4 or Ap5
age. Sequence 5 could be Ap5 or Ap6, &gesed on nannofossiRudists and benthic

foraminfera are environmentally controlled
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(Budd (1989, Moshier (19895 Wagner (199)) Vahrenkamp (1996 Van Buchem et al.
(2002, Hillgartner et al. (200Bandimmenhauser et al. (204 Vahrenkamp €010 main
conclusionis thatthe negative trends in the Early AptidiiC can beinterpreted to be related to
the catastrophic release of methane from methane hydrate deposits due to ocean temperature
warming (Jahren et al. (200,1Wissler et al. (2008 Beerling et al. (2002 Weisset and Erba
(2009, andRenard et al. (200k This had a significant impact on the {womposition and
lithology of theS h u 6 Rormiatenwith the widespread presencelathocodiumBacinella
microbialite boundstoneduringthe Early Aptian.

Carbon isotop@nalysis across Bu Hasa Field is showFRigurel.8. However, Bu Hasa
field is more than 100 km away from the Bab basin center and Bab Member deposits in Bu Hasa
field onlap directly on the platform margin as the Aptian 5 sequence. The Babe¥ldaposits
in Bu Hasdield at the platform margin have been dated by biostratigraphy using nannofossils as
early to midlate Aptian withorbitolinidsgiving anearly Late Aptian age/ahrenkamp (200)
concluded that the Hawar member (Densd&)an earliest Aptiaage, theoverlyingaggrading
and prograding units in the center of the platfana early Aptianthere is grogressively
younger Late Aptian age for units prograding in the Bab basthfiaally, the first progrades of
the siliciclastierich Bab Memberare midLate Aptian in age

1.6. Application to Reservoir Characterization

Abu Dhabi Companydr Onshore Oil Operatiof&aDCO, 2010 has used the sequence
stratigraphic model of the Aptian tonstrainthe porosity model in Bu Hageeld. It takes into
account the interface between Aptian sequences with the aid of seismic invEnsdmas
significantly helped irthefield development of Bu Had&ld, especially in placing horizontal

producer wells as well as the water injectors aligned with the clinadeometry Figure 1.9
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shows a cross section across Bu Hasd, showing psedo porosity derived from inverted
acoustic impedance from the field seismic data, and marks clearly the clinofatmeg\pfian

S h u 0 sequenaes.
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Figure 1.7: Summary of age data compiled from many sources, including biostratigraphy and stable
isotopes. QAEla is globally recognized anoxic event (afteYose et al. (201D

1.7.CaseStudy of Tight Reservoir in Abu Dhabi
The Lower Bab Member (AO) shows high hydrocarbon potential in Askh Abu Dhabi.
According to a stratigraphic section providedAyCO (2006, A0 is divided into AO1, A02 and
A03 sequences divided by sequence boundaries as shéigune 1.10Porosities in A0 can
reach up to 30% in AO2 witthe highest permeability of about 1 mD. The Lower Bab member

containsorganicrich clay seams that appear every 1 to 2 feet as shokigune 1.11 These
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Figure 1.8: Carbon isotope analysis and gamma ray logs of wells across Bu Hasa Fi@ldhrenkamp, 2010.

15



Application in reservoir characterization

Pseudo Porosity derived from Stochastic
Inverted Acoustic Impedance

Bu Hasa Field

Density of probability to above/below a certain PHIE value

PPk

PHIE

| _Pseudo Porosity trend from Stochastic Inversion | ADCO, 2010

Figure 1.9: A cross sectiorof Bu Hasa Field showing pseudo porosity derived from inverted acoustic impedance from
seismic data, whichmarls c |l ear | y t he abdsequendegaftenrtDC® (2013 h u 6
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organicrich clay seams were studied Algsharhan and Sadd (2000 heseauthorsindicated

that the importance of these clay seams¢aralled stylolites by the authors) teservoir

geology is their association with a significant reduction in porosity and permeability and their
effects on hydrocarbon fluid flow and migration. Also, they dbsd the stylolites in Bab

Member to occur mostly in the lime mudstone and wackestone intervals of the deep and open
marine faciesWavelike or sutured stylolitéypes were reported to be oriented parallel to
bedding (stratiform stylolites).his indicaes that the origin of these stylolitisnot due to

tectonic pressurdut probably due to compaction and pressure solufioe chemical

composition of thesstylolitesincludes:organic matter, clay, pyrite and quartz.

The seismic data from Asab fiedthows three clinoforms in thépperBab Member
(Aptian 5)that are the thickest over the crest of Asab AnticliFigyre 1.12. Theapparent
thickness observed in the seismic could be due teftaetsof fluids or diageresis in the crest
slowing down tle seismic reflectionThese clinothems downlap onto the Lower Bab Member
(A0). The nature of the AO isot fully understood. Three potential modelstfoe AOinclude:

(1) units in AO represerthe toes opre-Ap5 platform margin clinoforms observed in Blasa,
(2) they areaseparate basin floor unit or (3) they are a separate carbonate build up on the
topography high of Asab anticline.

Understanding the depositional model for tH&chuld be helpful in gedicting the
hydrocarbon extenh such structures. For instance, if the AO represent thetdlesclinothems
from the platform marginthen it will be beneficial to extend the hydrocarbon potential parallel
to the clinoforms. A0 is a separate build up, then the hydrocarbon accumulation will be limited

only to the extent of the buidp (i.e. Asalfield anticline). Moreover, the clay seams observed
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Figure 1.10: A Stratigraphic section provided by ADCO (2006), AQ is divided into A01, A02 and
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could represent either shutdown in carbonate production or the shaliestthartiaidhem
toes. Thiswvould help in predicting the role and exterf these potential flow barriers and the

hydrocarbon distribution in the Lower Bab Member (AO).

Thinning due to
depositional context

Asab Field

Thickening due to
Fluid + diagenesis

ADCO, 2010 BAB Member to Top C TIME Thickness oo Bab Mem Time surface

Figure 1.12: A time-thickness cross section (NNESW) of Asab Field seismidata showing three
clinothemsin Upper Bab Member. (provided by ADCO (2010).
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1.8. Research Objectives and Tools

This study has the followingagectives:

1-

5-

Definethe stratigraphic character of the Lower Bab Member (A0), and how it correlates
to the platformS h u 6 lormiaten.

Identify thedepositional processes and environment for the Lower Bab Member (AO).
Define porosity evolution and identify potential target zones and their geological extent
and variations within the Lower Bab Member (AO).

Definethe diagenetic alteration that affected the reservoir quality of Lower Bab Member
(A0).

Suggest the best mtices for the Lower Bab Member (A0) to build a development plan.

Tools andanalytical techniquethatwereused inthis research in @ler to achieve its objectives.

Eachnumber belowefers to its numbered objective above.

1-

4-

5-

Stable isotope and well log celation on the scale of Asab field and adjacent fields, and
integrated with regional seismic profiles.

Thin section description, chemostratigraphy, core description, SEM analysis.

Thin section descriptigfQEMSCAN, SEM, mercurygrosimetryand helium onitrogen
injection to obtain more detailed porosity distribution, permeability, and pore throat
characterization. Results will be compared to conventional core analysis.

Tools as in number 3 above.

Results of reservoir characterization study and availiptamic data.

1.9. Data Sets

The data of this research includes but not limited to access to three cored wells in Asab field,

more than fifty plugs and thin sections from one of the three wells, the Petrel® project of Asab
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field including most of the well logsmage and sonic logs from all available wells in Asab field,
3D seismic project and four regional seismic lines in the area west of Asab field between Asab
and Bu Hasa field.

1.10. References

(EIA), U. S. E. I. A., 2011, United Arab Emirat€suntry Profile.
ADCO, A. D. C. 1. 0. 0. O,, 2006, Regional stratigraphic columns.
ADCO, A.D.C.1. 0. 0. 0., 2010, Seismic data.

Aldabal, M., and A. Alsharhan, 1989, Geologrmatlel andeservoirevaluation of the Lower
Cretaceous Bab Member in tAakum Field, Abu Dhabi, UAE, Middle East Oil
Technical Conference, Manama, Bahrain, SPE.

Alsharhan, A., 1990, Geology and reservoir characteristics of Lower Cretaceous Kharaib
Formation in Zakum Field, Abu Dhabi, United Arab Emirates: Geological Society,
London, Special Publications, v. 50, p. Z81%5.

Alsharhan, A., 1993, Asab Fieltlnited Arab Emirates, Rub Al Khali Basin, Abu Dhabi,
Structural Traps VI, p. 697.

Alsharhan, A. S., and J. L. Sadd, 2000, Stylolites in Lower Cretaceous carbonatengservoi
UAE: SEPM Special Publication, v. 69, p. 18867.

Beerling, D. J., M. Lomas, and D. R. Grocke, 2002, On the nature of methahygdgate
dissociation during the Toarcian and Aptian oceanic anoxic events: American Journal of
Science, v. 302, p. 240.

Budd, D. A., 1989, Micreehombic calcite and microporosity in limestones: a geochemical study
of the Lower Cretaceous Thamama Group, UAE: Sedimentary Geology, v. 63; p. 293
311.

Granier, B., A. S. Al Suwaidi, R. Busnardo, S. K. Aziz, and R. Schro2d88, New insight on
the stratigraphy of the" Upper Thamama" in offshore Abu Dhabi (UAE): Carnets de
géologie/Notebooks on geology, Maintenon, Article, v. 5.

Hillgartner, H., F. S. van Buchem, F. Gaumet, P. Razin, B. Pittet, J. Grotsch, and H. Droste,
2003 The BarremiasAptian evolution of the eastern Arabian carbonate platform margin
(northern Oman): Journal of Sedimentary Research, v. 73, /756

Immenhauser, A., H. Hillgartner, U. Sattler, G. Bertotti, P. Schoepfer, P. Homewood, V.
Vahrenkamp, T. ®uber, J. P. Masse, and H. Droste, 2004, Barretoiaer Aptian

21



Qishn Formation, Haustiugf area, Oman: a new outcrop analogue for the
Kharaib/Shu'aiba reservoirGeoarabiaManama, v. 9, p. 153194.

Jahren, A. H., N. C. Arens, G. Sarmiento, J. Gueregrd,R. Amundson, 2001, Terrestrial
record of methane hydrate dissociation in the Early Cretaceous: Geology, v. 29, p. 159
162.

Maurer, F., F. S. P. van Buchem, G. P. Eberli, B. J. Pierson, M. J. Ra¥ern.d&sen, M. I.
Al” Husseini, and B. Vincent, 201Rate Aptian long lived glacid eustatic lowstand
recorded on the Arabian Plate: Terra Nova.

Moshier, S. O., 1989, Development of microporosity in a micritic limestone reservoir, Lower
Cretaceous, Middle East: Sedimentary Geology, v. 63, p2207

Nairn,A., and A. Alsharhan, 1997, Sedimentary basins and petroleum geology of the Middle
East, Elsevier Science.

Renard, M., M. d. Rafélis, L. Emmanuel, M. MoulladePJMasse, W. Kuhnt, J. A. Bergen, and
G. Tronchetti, 2005, E anorhalies fomthe lstoricali | C and
CassisLa Bédoule stratotype sections (SE France): relationship with a methane hydrate
dissociation event and stratigraphic implications.

Vahrenkamp, V., 2010, Chemostratigraphy3 of th
C reference profile for the Aptisstage from the southern N&athys Ocean: Barremian
Aptian Stratigraphy and Petroleum Habitat of the Eastern Arabian Plate,-p3707

Vahrenkamp, V. C., 1996, Carbon isotope stratigraphy of the Upper Khara®h laniba a
Formations: implications for the Early Cretaceous evolution of the Arabian Gulf region:
AAPG bulletin, v. 80, p. 64B61.

Van Buchem, F., M. AHusseini, F. Maurer, H. Droste, and L. Yose, 2010, Sequence
stratigraphic synthesis of the Barreniidptian of the eastern Arabian Plate and
implications for the petroleum habitat: GeoArabia, Journal of the Middle East, v. 18, p. 9
48.

Van Buchem, F., B. Pittet, H. Hillgarten, J. Grotsch, AMensouri, I. Billing, H. Droste, H.
Oterdoom, and M. Van Steenwink@002, Highresolution sequence stratigraphic
architecture of the Barremiahptian carbonate systems in northern Oman and the United
Arab Emirates Kharaib and Shu'aiba Formati@soarabiaMlanama, v. 7, p. 461500.

Wagner, P., 1990, Geochemical strary and porosity controls in Cretaceous carbonates near
the Oman Mountains: Geological Society, London, Special Publications, v. 49-p. 127
137.

Weissert, H., and E. Erba, 2004, Volcanism, CO2 and palaeoclimate: a Late Jb&abgic
Cretaceous carbon aondygen isotope record: Journal of the Geological Society, v. 161,
p. 695702.

22



Wissler, L., H. Funk, and H. Weissert, 2003, Response of Early Cretaceous carbonate platforms
to changes in atmospheric carbon dioxide levels: Palaeogeography, Palaeoclimatology
Palaeoecology, v. 200, p. 1:205.

Yose, L., C. Strohmenger, I. Alosani, G. Bloch, and Y. AMlehairi, 2010, Sequence
stratigraphic evolution of an Aptian carbo
Arabian Plate, onshore Abu Dhabi, United Arab Eat@s: Barremia\ptian
Stratigraphy and Hydrocarbon Habitat of the Eastern Arabian Plate, {34809

23



2. CHAPTER 2: SEDIMENTOLOGY

2.1. Introduction
The purpose of this chapter is to provide sedimentological descriptions of the Lower Bab
Member AO angroposea depositional model. This to better understand the texture and the
parameters that affect flow capacities in the formation of interest. Understanding the constituents
of the rock provides eontext for describinthe nature of the pore architece in the rockand
testing the concept that pore architecture is related to depositional téxtalgical toolsused
in this studyinclude core description, thin section description, scanning electron microscope
(SEM), QEMSCAN® imagery and specialrecanalysigSCAL), and well log analysisore
description, thin section description and SEM were used to assign facies, while the other
techniques were used for reservoir characterizaliba.A0 is divided intohree lithofacies
based on similar sedimtaogical features.
2.2.Core Description
Three wells were selected from the field for core descrigtiatcoveredtheentireAO
and parts of the upper and lower formatidrigure2.1 shows the location of the three wells
(SB-359, SB322 and SB347) that have beestudied. Moreover, they were selected from the
crest of the anticline to avoid any excess diagenetic overprint at the@dteezonenthe
flanks. Core description included information about: depth, lithology, texture, sedimentary
structures, fossils, fractures, stylolites and hydrocarbon stain.
Figure2.2 shows an example of core description of well A (SB359) with core porosity

and permeability.
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Figure 2.1: A map showing Asab Field with all wells that have been cored in the A0, Three wells have
been described in this study (St859, Sb322, and SB347). The three wells at@l crestal wells,and were
chosenin order to avoid any diagenetic overprintin the water leg. The light blue contour shows the oil water
contact at the top of Thamama Zone A1l. Light grey lines represent major faults.
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Well Name: Sb-359 Field: Asab Logged by: Mohammad Alsuwaidi
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Figure 2.2: An example of core description of well SE859. It includesmineralogy, texture,
sedimentary structures, stylolites andplug porosity and permeability.
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2.3.Thin Section Description
A total of fifty-five thin sections from one well were prepared for this stadgten of

them hadduplicatedor other analysis (SEM and SCAL). Threentimeter diameter slis®f
cylindrical core plugs were trimmed and polished into 30 micrometemtidsskand prepared
without a coverslip. The samples were sent to Spectrum Petrographics Inc. in Vancouver,
Washngton. All samples were impregnated with blue epoxy for porosity visualization. Also,
they were stained with Alizarin Red fdifferentiation ofcalcite/dolomite. Thin sections were
observed using a binocular microscope that has an installed digital danteta photos of the
samples. Information obtained from thin section description included: lithological description,
skeletal and noskeletalgraing matrix, cement, pore system, and reservoir quaity.
paragenetic sequence was interpreted for eanrs#ation to provide sequence of diagenetic
events thahad affectedhesesamples.

2.4. Scanning Electron Microscopy (SEM)

Porosity in the AO is dominated by microporosity and pore sizes are generally smaller

than the resolution of the optical microscopearghing Electron Microscope (SEM) has been
used to study twentthree samples at the Petroleum Institute in Abu DHagu¢e2.3) to
understand the relationship okthelatively high porosity (up to 25%) and low permeability (up
to 3mD) of the AO. The SEM has provided qualitative pictures of micrite particles with high
magnifications up to half a micrometer scale. Also, the SEM provided elemental spectrum of the
sampes indicating that the dominant mineralogy of the samples is calcite. Micrite particles were

described followindgeville de Periere et al. (20)ldescription of porous and tight micrites.
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Figure 2.3: A photo showing theScanning Electron Microscope that has been used at the Petroleum
Institute for this study. Samples were coated with gold to reach the maximum magnification.

2.5.Facies in the Lower Bab Member (A0)

Due to the lack of macrsize patrticles in the rock, and theminant carbonate mud
content and the minor sedimentary changes, only three lithofacies have been identified from the
Lower Bab Member AO using tHegunham (1962classification withEmbry 11l and Klovan
(1977 andWright (1992 modifications as described I3cholle and UlmeBcholle (2008 Core
descriptions of wells SB59, Sk322, and Sk847 and thin section descriptions of well- S50
show the following lithofacies:

2.5.1. Lithofacies 1

Skeletalmudstone to wackestonelLithofaciesl (Figure 2.4)s dominantly a light
brownmudstone to wackestom@d occasionally floatstomveith fine-grained microporosity (9 to
30%) and low matrix permeability (0.1 to 3mBed thickness of this lithofacies ranges from 3

15 ft. These mudich rocks are poorly sorted, bawed, and are rich in bivalve and gastropod
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fragments, and foraminiferdhe dominant mineral is calcite. Skeletal allochems are fully
recrystallized and some have developed micrite envel@msmon bioclasts include:
planktonic foraminifera, echinoderntijn-shelled bivalves, and sponge spiculsst of the
bioclasts are fragmented into pieddsn-skeletal allochems inclugeeloids The matrix is
composed of very fine micrite with almost no macroporosity. Porositystypkide:
microporosity and micronoldic and micrevuggy porosityCoccoliths are abundant in this
lithofacies but not continually over the thickness. Fragmented coccoliths are contributing to the
effective microporosity whereas intact ones seem to beptre isolated mioporosity (see
discussion in chapter 4). The major type of porosity is microporosity in the matrix and some
intraparticle porosity inside the foraminifera and coccolikfisro-size veinsand micro fractures
arecommon This lithofacies show high hydrocarbon statmtbecomes less with increasing
cementation. Bioturbation is not common but it is present locally. The nature of the
microporosity comes from poorly sorted scalenohedral micrite particles, which provided the best
reservoir poperties compared to the other two lithofacies.

The depositional environment of this lithofacies is subtidal;émergy open maringue
to the presence of the planktonic foraminifera. The presence of fragments of bioclasts and the
presence of carbonateuch suggests that it lelow fair weather wave baased probably below
storm weather wave base due to the absence of storm related sedimentary stritbinfases
lis interpreted to have been depositethe lower ramp to the basamvironment as asult of
dominantly rapid storm and plume depositiaich is indicated by less bioturbation compared
to other lithofaciesAnother interpretation regarding bioturbation, is that lithofacies 1 has lower
bioturbation observed from core as it could haventbeemogenized sediments by extensive

bioturbation.
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Figure 2.4: Photos showing Lithofacies 1 at different scales. Each yellow box corresponds to the are
imaged in the next photo. A) A photograp taken by a digital camera of the core. B, C and D) photos of thin
sections at different magnifications. The scale bar is shown on the left top corner (B: 1 mm, C: 0.1mm, and
D: 0.1 mm). E and F) Photos of the same sample under the SEM as small rock ct$EM shows clearly the
microspores that range from less than a micrometer ta few micrometers.
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2.5.2. Lithofacies 2

Burrowed argillaceous skeletal wackestone to mudstoneithofacies 2Figure 2.5)s
dominantly a wackestone to mudstone with medium por¢sit§%6) and very low permeability
(<1mD). It represents the relatively dense intervals within the Lower Bab Membeés greyish
in color with limited or no hydrocarbon staifhis lithofacies has lower diversity and abundance
of skeletal material ansinaller size ofkeletalfragments than Lithofacies Lithofacies 2
containgplanktonic foraminifera. Quartz is present within the matrix (<5%). Pyrite also is
present around the organic rich seams. Thedkéyg low permeability is that this lithofees is
composed of 70% to 95% micrite, which lowers the matrix permealityeover, the presence
of argillaceous matters in this lithofacies has contributed to the chemical compaction. Coccoliths
are present occasionally in this lithofaciBsturbationis more intense than lithofacies 1.The
nature of the microporosity comes from the abundance of micrite particles that are scalenohedral
in crystal shape with component of fused anhedral cement. The fused anhedral cement lowered
porosity and permealtiji compared to lithofacies 1.

The depositional environment of this lithofacies is deep subtidalelmvgy open
marine, below storm wave base. The low energy environarehthe abundant oxygeine
responsibldor the intansified bioturbation, where orgems were not disturbed frequently with
storms. Quartz is believed ave beetrought into the system by dust storrasdlian);and is
abundant due to the relatively slow sedimentation rate of carbonate in this deep setting. It is
interpreted to have bealeposited in the lower ramp to basin environment, in a deeper position
down ramp fromnLithofacies 1 This lithofacies is more biotbated than lithofacies 1as it is less

affected by storm and plume deposits that disturbs burrowing organisms.
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Figure 2.5 A panel of photos showing Lithofacies 2 at different scales. Every yellow box corresponds
to the area of the next photo. A) photograph taken by a digital camera of the core. B, C and D) photfsthin
sections at different magnifications. The scale bar is shown on the left top corner (B: 1 mm, C: 0.1mm, and D:
0.1 mm). E and F) Photos of the same sample under the SEM as small rock chip. SEM shows this facies to be
finer crystalline, fused micrite compared to Lithofacies 1.
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2.5.3. Lithofacies 3:

Burrowed clay-rich skeletal wackestone to mudstonéclay-rich seams) The
presence oflay-rich wispy seams few millimeters toafew centimetershick thataredarkand
organicrich is the onlydifferencein this lithofacies compared to LithofaciegFigure 2.6) This
lithofaciesis aburrowed, skeletal wackestone to mudstone. Bioturbagibmited and is
deformed around the seams. The presenceeadlyrich seams is as frequent as one or two
seams pr foot. They are usually parallel to bedding plane. Pigiteticeably present in this
lithofacies which indicats lowered oxygen level, probably due to the oxidation of the organic
matters.

The depositional environment of this lithofacies is deep, subtidalefmugy open
marine, below storm wave base in the lower ramp to the basin, and deeper than depositional
environment of Lithofacies 1 and 2. The cligh dark seamare interpreted tcepresena
slowdown in the carbonate production and high rate of organic matter preservatperitags
to reduced oxygerThis low oxygen level is caused by the consumption of oxygen by oxidizing
organic matter for certain limit, once oxygen is consufnat oxidizing organic matter and
there is no more supply of oxygen due to lower circulatiopoxidizedorganic matter is
preservedThis lithofacies could represent the residue of dissolved carbonates that is resulting
from chemical compaction.

2.6. FaciesAssociation (Lower Ramp to Basin):

Due to the similarities between the lithofacies and the similar depositional environment,
only one facies association has been identified for the Lower Bab Member AO. Basedane,the
fragmentedbioclasts, high contewf carbonate mud, presence of the clay and orgaratter

contentand its position relative to the basimarginS h u 6 @aitfdrna it is suggested hethat
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this environment is at least tens of kilometers away from the platform margilower ramp to

basin position as shown kigure2.7. Lithofacies depositional environments cobkloxic(in
lithofacies 1 and 2jp perhaps slightly dysoxi@n lithofacies 3) Based on observation under the
SEM, micrite in these lithofaciemnbe considered allomicrite (deposition of disintegrated

skeletal material). This means that micrite could be deposited due to the possible processes
(based orFlugel (2010 origin of micriteclassification) such aglisintegration of pelagic and
benthichiota whee disintegrated benthic algaelothocodiumBacinellawhich is abundant at

the carbonate platform accumulates downslope, and is mixed with planktonic microfossils, such

as coccoliths producing nanomicrites.

Figure 2.6 A panel of photos showing Lithofacies 3 at different scales. Every yellow box corresponds
to the area imaged in the next photo. A, B and C) core photographs taken by a digital camera. This
Lithofacies is similar to Lithofacies 2, but has addition of clayseams that are organierich. Abundant pyrite
indicates reduced oxygen level at this lithofacies.
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Figure 2.7: A paleobathymetric profile showing the interpretation of the depositional environment for the lithofacies in the Lower Bab Member
AO0. Modified from Strohmenger et al. (201D
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3. CHAPTER 3: CARBON AND OXYGEN STABLE ISOTOPE STUDY IN
A REGIONAL CONTEXT 1 APTIAN AGE CARBONATES FROM AN

INTRASELFBASIN, ABU DHABI, UAE.

3.1. Abstract

The chemostratigrajphirecord of the Aptian formations has been extensively
documented for carbonate platforms in the Middle East. This study aims to enhance the existing
data set with new data from the tirequivalent basinal deposits from thé&ashelfBab basin.
Two cresél wells have been analyzed from a large anticlinal onshore field in Abu Dhabi. This
study confirms that carbon isotope curves can be considered a reliable correlation tool at regional
scale and agree with the global signature. Trends in the carbon isatepe were helpful in
interfield correlation rather than absolute values of the carbon isotope ratios. Carbon isotope
results from this study were correlated with data from carbonate plattofms Shu 6 ai b a
Formation(Strohmenger et al., 201.@nd from the center of the basin of the Bab basin (Jobe,
2013). This % oudegs can beoawsefulttobl ot intréfield correlation as they
correlate similar diagenetic envinmentsTher e i s a weak corr edati on
values, specifically for porosities higher than 5%, while highly cemented samples have a large
r a n g &0 @lfies, probably due to different cement generatomempactionlt is estimated
that diagenetic fluid that generated the cement had a temperatG#80based osome
assumptionsand c or r el a tYi0O@xa paldotharmometdhe negative excursion in
t h ¥C diirve marks the beginning of the OAE 1a. It is interpreted tmbsed by volcanism,
enhanced C@and/or the catastrophic release of methane. These conditions subsequently

resulted in global warming and degassing of oceans, leading to mass storage of light carbon in
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the organic matter in anoxic ocean waters thatistees u | t o f °Q excarsignohati t i v e

follows the negative excursion.

3.2.Introduction

Carbon isotope stratigraphy has been widely used as a correlation tool for pelagic and
shallow water sedimentS¢holle and Arthur (1980Weissert and Lini (1991Lini et al. (1992,
Jenkyns et al. (1994andVahrenkamp (201)). It is based on the assumption that pelagic
sediments are less susceptible to diagenetic alterations of their primary geochemical signature
compared to shallowvater sediments. However, in other studiahrenkamp
(1999 ,vVahrenkamp (1996andJenkyns (199§ it was faund that pelagic sediments can be
correlated with shallovwater sediments of the same age usdigr carbon isotope signature.
Other authors have determined that shaeater sediments hawesimilarisotopic signature as
other timeequivalent shallow war sedimentsGrotsch et al. (1998Jenkyns and Wilson
(1999, Bralower et al. (1999 Wissler et al. (2003 and many others). On thenet handthe
oxygen isotofr compositionshows a higher tendency to be affected by diagenesis when
compared with carbon isotopes, due to the high moldouigolecule ratio of oxygen in water
rock interacti ons YWaeanberpgtentbiused fercarslatien whefeh u s |
diagenetic environments are similar (i. e. ifftedd scale). According tblerrle et al. (2004
carbon istope records can be a useful tool lfmrg-distance shosterm correlation of different
marine and terrestrial environments.

The Aptian Shudaiba Formation has been t
its carbon and oxygen isotopic signature by many stBiesdd (1989, Moshier (19893
Wagner (1995 Vahrenkamp (1996 Van Buchem et al. (2002Hillgartner et al. (2008

Immenhauser et al. (20pdndVahrenkamp (201)0. This is due to its high hydrocarbon
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productivity in the Middle East and its complex architecture of lithofacies dominatewlisy/
LithocodiumBacinellabiofacies. On the other hand, there has been much less
chemostratigraphidocumentation of the basinal deposits in the Bab intrashelf basin timag-is

equivalent o t he Shudéaiba Formation. This study ain
isotopic signature in the Lower Bab Member (AO) and the Thamama Zdog/Ato the Hawar

Member (Dense A) in a field that is located in the Bab basin. This study supports and

complements the study conductgdJobe (2018 which recorded a similar range of strata in the
depocenter of the Bab basin. Also, this study will helmlentify how the thin basinal deposits

correlate to the different clinoforms at the platform margin adjacent to the Bab basin. The

location of the field in this study is believed to be further away from the depocenter, and closer

to the platform margigFigure3.1) than the field studied byjobe, 2018

Paleo-
open ocean

160 km
100 miles ™ [} ®

\j Intra-shelf basinal deposits \:I Pelagic open marine deposits

‘:| Prograding slope deposits I:l Shallow-water platform carbonates

Cross section of wells displayed in the platform and its margin [

/ Cross section of wells from the onshore field - basin margin

/ Cross section of wells from the offshore field - basin center

Figure 3.1: A Late Early Aptian paleogeographic map showing the different iterpreted depositional
environments. Two fields are shown in red stars: the northwestern offshore field was studied by Jobe (2013),
while the southeastern is the onshore field in this study. The three colored cross sections will have the same
color code inthe results figures of the carbon isotope curves iRigure 3.4 and Figure 3.5. The two fields are
situated in the United Arab Emirates. Figure is modfied after Jobe (2013).
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Large changes in the carbon isotopic signatutbe coupled system oceatmosphere
(greater than + 1.5 per mil) are frequently related to oceanic anoxic events (OAEs). Usually they
reflect global events where ocean bottom wihteks dissolved oxygen and organic carbon is
preserved and accumulatéthe studied formation includes the OAE 1a that is believed to have
caused major changes in the depositional trends from snichstarbonate ramps into patchy
LithocodiumBacinellaalgal buildups that developed later into a platform and intrashelf basin
system, and in some locations resulted lmogalcification crisigMéhay et al. (2009
Vahrenkamp (2010andJobe (2013.

In general, significant changisthe*C/*°C ratio of marine carbonatéadicate changes
in theglobal carbon cycle. Photosynthesis is the dominant control on the distribution of carbon in
the sedimentary record. Organic carbon is usually highly depleté@ compared to the
oxidized carbon of the atmospheffeO,), or in marinecarbonates, as ongams prefer lighter
carbon isotopes during photosynthesis. Positive excuwsidhe carbon isotope cureecurfor
the following reasons:

1 Positive excursions in the carb@otopesignature can beéue tothe storage of organic
matter in the geologic cerd (i.e. organigich shales) that incorporate lighter carbon
isotopes in their composition. This results in increasing the ratfCdfC in the
remainingcarbonof the ocean and atmosphere

1 Another possible reason is due to ig®ope fractionatiobetweemrmethaneandresidual
solution that is caused lyological methane generation. Methane is the carbon
compound that immostdepletedn **C. Generating it will increase the heavier carbon in
residual solution leading ®@more positive excursigrowever, this will only be of local

significance
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TheEarly Aptian is characterizeoly a large positive shift of the carbon isotope excursion
and reflects changes in tgebalcarboncycle This excursion is usually related to OAE la that
indicates largescale climatechangeand increasectharine organicarbon burial. These events
are usually associated with black shale deposits in deep ocean(Bésans1989. Also, this
eventmay controkhe lower biodiversity of rudists bivalves and the shiftsitbocadium:
Bacinellaas the main carbonate producers following these e{®atsBuchem et al., 20]0
The OAE 1a is characterizéy a negative excursion followed by a positive excursion of carbon
isotope ratio. The negative excursiorhsught to beelated to volcanism and enhanced,@@d
possiblyto the catastrophic release of methane gas hydiéadsenkamp, 2010 Largescale
methane releasmuld have benthe reason of negative excursion in the cafisotope record,
as methane has a highly negative carbon isotope signaaliceved by the release of methane,
global warming has led to increase water temperature and high atmosphghasdéd to
increasing in the sea water acidity and sea leve(ldaq et al., 198)( This resulted irdrowned
carbonate platformsandhighly affeced the dominant platform organism buildeFkis led to
thespread of théithocodiumBacinellafacies forsometime before the taxonomic turnover into
the calciterich rudsts(Skelton and Gili, 2012 Theseocean wateconditionsfavored an
increasan nutrient flux and paleoproductivity resulting in expansion of the intermediate water
oxygenminimum zonegVahrenkamp, 2010 The preserationof light carbon oganic matter
due to anoxic conditions the basireventuallyled to thesubsequenpositive excursions

Several studies have concluded that during the deposition of the Kharaib and the
Shudai ba formations, a di f ffermé&amtan averall shallowo c cur r
water, opermarine carbonate deposition (Kharaib Formation) to the development of an intra

shelf basin surrounded by a shall owFigurar bonat e
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3.2. This started after the marine reflooding recorded in Thamama Zone B and the deposition of

the Hawar Member (part of Kharaib Formation) that is composed of shafber, argillaceous

Orbitolinid-rich limesbnes (Dense A). This was followed by the deposition of the shallow

marine carbonate sediments in areas of relative topographic highs, and carbonate production

slowed in other areas of the platform. During later stages, the Bab basin became starved of

sedinents due to the water depth that is unfavorable for shatianine deposits. Finally, the

Bab intrashelf basin was filled with prograding pure carbonate wedges and arglarind

argillaceousasinal deposit@Murris (1989, Vahrenkamp (1996vVahrenkamp (2010Van

Buchem et al. (200)0Van Buchem et al. (2002Droste (201], Droste ad Van Steenwinkel

(2004).

BARREMIAN - APTIAN LITHOSTRATIGRAPHY AND SUPERSEQUENCES
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Figure 3.2: Schematic lithostratigraphic scheme for the Barrermman and Aptian strata of the
southeastern Arabian Plate with facies change from platform to basin in the Aptiarstrata. Note different
nomenclatures in different geographic areasin this study UAE nomenclature is usededited after Van

Buchem et al. (201))
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3.3. Data and Methods
Data for this study includes two cored wells from thetatesea of a large anticlinal oil

field in onshore Abu DhabHgure3.1). Well cores were sampled afdot intervals in the
stratigraphic interval from the Aptiana#war Member up to the top of Lower Bab Member (AO).
Samples were drilled from the firgrained lime mud matrix using a dental drill. Cements and
recrystallized fossils were avoided to eliminate any material with major diagenetic overprint.
Samples were tresferred into sampling vials in an amount of a few milligrams powder per
sample. They were analyzed for carbon and oxygen stable isotopes at the Colorado School of
Mines Stable Isotope Laboratory in Golden, Colorado, USA. Carbonate samples for stable
catbhm and oxygen i sotope analysis werSampeei ghed
powders were reacted dine at 90°C in a GV Instruments MultiPrep preparation device. The
resulting CQ was cryogenically purified and analyzed by standaai-ohlet techniques on a
GV Instruments IsoPrime stable isotope ratio mass spectrometer. CorrectByagydfL953
were applied for the contribution 610, and all data are reported as a per mille diffee from
the Vienna PeeDee Belemnite (VPDB) international reference standard. Repeated analyses of
blind sample duplicates and anhinuse carbonate standard, calibrated to VPDB via NBS and
| AEA standards, have yiel d¥a amd eNOfbthisa U pr ec
study.

3.4.Resultsand Discussion

This section includes results and discussion about the overall ranges of data, interfield

correlation, intrafield correlation and diagenesis.
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3.4.1. Overall Ranges ofCarbon and Oxygen Isotopes

Well log andysis of the cored wells provided by Abu Dhabi Company for Onshore Oill

Operations (ADCO) shows that the sampled interval is composed of more than 97% calcite with

minor siliciclastics, dolomite and shale. Organic matter is localized around theotia@ms
where pyrite %0 alfdoalipsrae plettadtifigureBB.e  UF0 alues
vary between 138 and 4.3 a nd *fOhvaluesirange fronv.54 and-4.63 VPDB. The
data plot also shows the isotope ratios of oxygen and carbon of thatitmde marine
carbonatesompiled byProkoph et al. (2008 The results of thistudyhavelower ii*%0 values
compared to the Aptiacarbonates reported Brokoph et al. (200&robablydue to warmer
diagenetic fluids at the greater depths of the resefbe@ data plot range agrees with ranges

reported bywahrenkamp (2000a n d ot h e r sibafcarbonateshirethe &ulfuegian.

According toGrotsch et al. (1998Skelton (203) andStrohmenger etal. (2000 he Shu b6 ai

Platform was located at low latitudes during the Aptian.
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Figure 3.3: Carbon versus oxygen isotope crosglot of all measured samples in this study (n = 283).
I n this ¥awvaldeygvarybetween® and4.3 and t*Owalues range from-7.55 and-4.63 .
The isotope value ranges for low latitude Aptian carbonges (Prokoph et al. 2008) (red box) is shown as well
asforShudbamabédonates (Vahrenkamp, 2010) (blue box).
values from Cretaceous marine sea water (red box) indicating that there is a diagenetic overprintthis study
area (Modified after Jobe, 2013).
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3.4.2. Interfield Correlation

Results from this study, which is situated in the Bab basin closer to the carbonate
platform than the study area of Jobe, 2013, adds to the correlation done by Jobe (2013), where
sampes wereobtained from the Bab basin depocenter, and compared to thstwdéd
carbonate platform b8trohmenger et al. (201@s shown irFigure3.4 andFigure3.5. It fills
the geographic area between the two previous studies.

Whencomparing Ul13C curves provided by Strohr
data provided by Jobe (2013) and data from this study shown in Figure 3.5, there is a good match
and correlation between the three fields. Compared to the platform depoBitpu(m 3.4), the
Hawar Member, Thamama Zone A, and the Lower Bab Member A0 (in Figure 3.5) represent a
condensed section that is equivalent to the thitter sequences of Apt2, Apt3 and Apt4 (a, and
b) as subdivided byMahrenkamp, 2010)These sequencegere defined in Chapter 1 in the
background information sectiom Figure 3.4, Hawar Member correlates to Apt 2 sequence,
Thamama Zone A correlates to the lower part of Apt3 sequence. Moreover, reservoir zones of
the AO correl at e tasfollowh neSADB, anal AGRetime egujvalentntac e s
the upper Ap3, zone A0l is time equivalentteAp4 sequence. It was noticed that time
equivalence correlation (chronostratigraphic) is not necessary a facies (lithostratigraphic)
correlation. It haveen the tradition to correlate formations based on their lithological features
especially in carbonates, as lateral changes in carbonate facies are noticed over large distances,
not like siliciclastic systems. Correlation using carbon isotope will fdieh creating
paleomaps ofime equivalenfacies,rather tharto assume that formations with similar facies are
time equivalent. The Lower Bab Member AO thickens towards the northeast, which is believed

to be towards the geographic center of the Balsh n away from the Shubai
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platform. This means that some of the michiésbypasgdthe platform margin toward the
deeper Bab basin depocenter.
T h €3C values tend to become more negative into the depocenter of the Bab basin.
Also, it is woth mentioning that the total vertical depth (TVD) becomes greater as we move
towards the NW towards the depocenter with a net of more than 3000 feet difference. Also, there

could be another explanation for this trend into the basin, a decreasing aragotate which

has h¥@htehrani calcite, woul¥ (obe@ulBandKiinbellaad mor e n
Humphrey (199%). Moreover, an increase in organic matter towards the depocenter of the basin
could be held r esPdimtseibdsihe for decreasing U

3.4.3. Intrafield Correlation and Diagenesis

T h €%0 durve is also a useful tool for correlation at thesifield scale as shown in
Figure3.6. Overall the carbon and oxygen curves reflect that the carbon signature can be
interpreted as representing geologic correlation timelines, and that the oxygen signature follows
thecarbors i gnature in similar diagen®tcineweaavi ronme

used as correlation guidelines and might indicate similar diagenetic environments.

Figure3.7 shows that there is a correlation between the oxygen isotope curve and porosity. High
oxygernisotope values correspond to more porous intervals. In order to better understand and to
quantify how di %qvalmes, pligporasify fes o svére photted idFigure

3.8. These plugs come from the Hawar Member, Thamama Zone A, and the Lower Bab Member
A0. They include facies of different textumaidist and Bacinella biofacies included) and fine

basinal deposits. The reason for including other facies in this plot is to increase data points, as

removing the other facies will increase the error in calculating the best fit function, due
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Results of Strohmenger et al, 2010
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Figure 3.4: Carbon isotope analysis of Strohmenger et al, 2010. It was combined with strontium isotope analysis to provide absolute agesd
as marked in Wells C and D. The curve on the right hand side to the yellow box comes from well 2 of this study. The dasheeklirepresent correlation
lines between carbon curves (i.e., chronostratigraphic correlation). Red dashed line mark the boundarigisthe OAE 1a. From the graph it is estimated
that the Hawar is time equivalent to Ap2 Sequence, Thamama Zone A is time equivalent to lower Ap3 sequence and Zone A03 AdQare time
equivalent to the upper Ap3, and Zone AO01 is time equivalent to Ap4 segnce. Note that time equivalence correlation (chronostratigraphic) is not

necessarily a facies (lithostratigraph

ic) correlation.

47



Results of this study

&5 % VPDE) Wall 1 [Onshare)

¢ vroe) SUC [ % VPDB) Well 2 {Onshore)
o0 10 i 0 0 50

I (% VPO
1.0 o 30 a0 0

Results of Jobe (2013)

B % VPDR) Well 2 [Offshora) Y [ VPDE) Well 4 [Dffshors]
E FET 49 . vron)
E ”“nn 10 ) ] a0 [T —— on 10 20 W an
:
]
- b [ 1) 10 i 1] 40
PPl R P ? M m e —
o -] BET, —
_____________ B
e, P00 4
T _t P
g £
E"‘“’ — 8710
L : A
| Ew:n gam =
040 H
2"“ wsse
o LLo eI
L LR 1053
100
3520 e 10550

BESD

i

Figure 3.5: Correlation panel through two anticlinal oil fields onshore(this study) and offshore (Jobe, 2013) Abu Dhabi in Bab basin. Vertical
profiles are datumned at the top of the Lower Bab Member AO at the Bab Shale (green line), the range between the upper araltwer red lines
represent the OAEla equivalent. The bludines correlate similar features of carbon isotopes (chronological lines). Depths displayed here are true
vertical depths. Formations are highlighted in different shades and their information is between wells 1 and 2 (onshore). dithat chronological lines
are representing time at which these sedimentgsered e posi t e d, a nilg foltbwe lithGstratigraphicecarrelations (shaded). The core data for
this study come from an anticlinal feature and depending on the position of the well the stratigraptoan be slightly stretched. Vertical wells on the
flanks display slightly stretched stratigraphy relative to wells on the crest. Depth gridlines represent 20 feet
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to the small number of points. Data on the two plots comes from Well 1 (onshoreffiguaie

38a shows that there is a pol yno.legolynomi@!| ati ons
best fit function provided the highest coefficient of determinatitrHewever, as oxygen

signature isnass dependent, the oxygen signature should follow a linear best fit function, which

in this case provided a lowefRPorosities lowethan 10% and permeabilities less than 0.1 mD

tend to hav e *avawes.df enlyvauasgeaten than 6% porosity are considered,

a moreaccurate bedit function is evidentas data in the smaller values range tend to be more
scattered. Aew best fit function was calculated, excluding data with less than 5% of porosity

and is shown ifrigure3.8b. The scattering of points less than 5% porosity cantegpreted to

be caused by more extensive cementation or compaction in the lower porosity samples, whether

it was syndepositional or pedepositional cements.

[ani¢

A simple cal cul atOwas pdrformen topstimatesvatéery an d
temperature of theriginal carbonate particles and the diagenetic fluid temperature of the
cement. This calculation uses the assumption that the original porosity at the time of deposition
is about 50% based on abundant literature includiargaghi (194PandStockman et al. (1967
Another assumption is that the pore water is ocean water antetedric water that are usually
depleted witH®0. Assuming porosity as 50% in the polynomial best fit functiodfigre3.8a,

780 will be equal to3.4% VPDB. Using a correlation made K$teuber et al., 2005water
temperature at time of deposition will be around 27C° for the 50% original porosity after
extrapolation of the bedit function. The cement will occlude this 50% porosity and when
porosity value is ze, so it is important to take into account the mass balance into the calculation

for the cement as shown Figure3.9. Using the best fit function, which is a polyne a’fQis U
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Figure 3.6: Carbon and oxygen isotope analysis was used for intrafield correlation of two wells onshore Abu Dhabi showing a thickeningnd
to the NE towards the depocenter of the Bab basin. The lines are correlation lines (solid red: top of Dense A or Hawar Memlokfferent reservoir and
non-reservoir zones are shaded in different colors, and green line: Bab Shale that marks the top of the lower Bab Member A0). Badhed lines mark

the OAE 1la and the blue lines arehronostratigraphic correlation lines using carbonand oxygen isotopes. Well 1 is well S859 and Well 2 is well Sb

322 from Figure 2.1.
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CLAY SEAMS THICKNESS AND PLUG POROSTIY
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Figure 3.7: Composite plot showing plug porosity(red curve) against clay rich seam thicknesgblue bars) and the oxygen isotope results of the
same well. There is a correlation between the oxygen isotope curve and the degreeeaf@ntation. High oxygen values correspond to more porous
intervals.
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Figure38: A cross plot of c o ff@inpetmilyPDBolwmbestfit fynctiorsr sus t h e
were calculated: polynomiatscale (A) and linear scale (B). Data come from the Hawar Member, Thamama
Zone A, and the Lower Bab Member AO from well 1 inFigure 3.6. They include facies of different texture
(rudists and Bacinella biofacies) and fine basinal deposits. There is a weak correlation thhe U*°0 values
become more positive with increasing porosityAt low porosity, there is a cloudscattero f **Otvalues,
probably due to different generatiors of cements or due to compactiorwhere no chemical reaction affected
the oxygen isotope, but rathemechanical compaction lowered porositfn=113).
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Mass Balance

Original
. . Oxygen
Time of deposition Isotope
(known)

Addition of Cement Mass

Known (Extrapolation to Por=50%)

] . Original
Time of cementation Oxygen

Isotope
(known)

Cement
Oxygen

Isotope
(Unknown)

(Known: Zero intersection of best fit
function: when porosity =0%).

Figure 3.9: A diagram showing how the cement oxygen signature was extracted by using mass balance calculation. The unknown in this
equation is the oxygen isotopgalue ofthe cementby extrapolating the best fit function we can calculate the known for the original sediments (around

I

50% Original sediments and 50% original porosity

50% Original sediments and 50% filled porosity
with cement

The fully occluded rock will read the mass
balanced signature of both original and cement
oxygen isotopes

50% porosity) and the known of the fully occluded rock (around 0%) we can mass balance the knowns to e unknown.
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about-5.78 VPDB. Using the mass balance calculation of original carbonate (50% porosity)
and t he (ze % iséstinmtedtobe8ilst YPDB. This indicates that the

diagenetic fluid had a temperature of about 5088uming that the fluid was Cretaceous
seawater. The same calculation was performed using the linear best fit fun¢tiguareB.8b

and provided higher temperaturester temperature at time of deposition of 33C° and
diagenetic fluid temperature of about 54C°. Having diagenetic fluid temperature in the range of
50-54C° indicates that the burial depth at which cementation occurred is not deep and if we
assume that thgeothermal gradient is about 25C/Km and annual surface temperature of 27C,
burial depth will be less than 500m. This could explain why microporosity of the micrite and

microfossils was preserved leading to the high storage capacity of the AO.

3.5.Conclusions
The chemostratigraphic record of the Apteged formations has been enhanced with a

new set of data. Two wells have been analyzed from the crestal region of a large anticlinal
onshore field in Abu Dhabi. It complements data from the carbonate platfah@e®th u 6 ai b a
Formation by recording the timeguivalent Lower Bab Member AO basinal deposits. This study
has confirmed that carbon isotopes curve can be considered a reliable correlation tool at regional
and global scales. Carbon isotope results fromstidy were correlated with data from the
carbonate platformStrohmenger et al. (20))0and from the depocenter of the pakab basin

(Jobe (201p. Results othis study can be summarized in the following points:

1 T h &3 values vary between B3and 4.3 a n d *fohvaluesirange fronv.54 and

-4.6a2 VPDB.
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T h €% durve was a useful tool for intfield correlation as it correlates similar

diagenetic environmigsa nd t W%t cuheeli s c o'fCsurveandnt wi t h
maintainsa correlative pattern even though it has a diagenetic overprint.

The Lower Bab Member (AO) deposits tend to thicken towards the depocenter of the
basi n, b ad€ eude afthe irtefiedd carrelation.

Based bYintarfield conielation, the Hawar Member, Thamama Zone A and the
Lower Bab Member AO in this study represent a condensed section that is equivalent to
the thirdorder sequences of Apt2, Apt3 angtA (a, and b). In more detaihe Hawar
Member correlates tihhe Apt 2 sequence, Thamama Zone A correlates to the lower part
oftheApt 3 sequence. Moreover, reservoir zones
sequences as follow: zones A03, and Af2ime equivalent to the upper Ap@ndzone

A0l is time equivalent to Ap4 sequence.

Time equivalence correlation (chronostratigraphic) is not necessary a facies
(lithostratigraphic) correlation. It has been the tradition to correlate formations based on
thar lithological features especially in carbonates, as lateral changes in carbonate facies
are noticed over large distances, not like siliciclastic systems. Correlation using carbon
isotope will be helpful in creating paleomapdiofe equivalentacies

There is a arrelation between porosity i t {0 values, correlation is stronger for

higher porosities and permeabilities.

Based on simple calculatisrthe temperature of marine water while depositing the
studied samples ranges from24C°. Thetemperature of the diagenetic fluttht caused

cementation is interpreted to be abouw=8C.
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f T h €°C Ualues become more negative moving toward the depoctraecould be the
result ofhigher temperature due ¢peaterburial (TVD), anincrease in azanic matter in
the depocentegndbr the result othe aragoné-rich carbonate platform compared to the

calciterich basin.
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4. CHAPTER 4: PORE ARCHITECTURE CHARACTERIZATION OF A
BASINAL TIGHT CARBONATE: AN APTIAN RESERVOIR IN THE

BAB BASIN OF THE MIDDLE EAST

4.1. Abstract

Most carbonate reservoir rocks have been developed using conventional development
schemes, due to the presencenatropores that are responsible for high porosity and
permeability. The main focus of this stualgbasinal carbonate reservoir redkat lack
macropores, but contain pores that are less than a micrometer in size. These rocks have high
hydrocarbon satation within the matrix microporosity, and are found in a structural trap in the
Middle East. The study data comes from the Lower Bab Member (AG} that basinal
carbonate deposit equivalent to the Apttah u 6 Rormati@n.The Lower Bab Member (AO)
wasdeposited in the intrashelf Bab basin of Abu Dhabi.

Permeability can reach a maximum of 3 mD, as a result of the small pore sizes while
porosity canangesup to 24%. This study tests different technigieesharacterie the nature of
the porosity andpermeability. These techniques have different capabilities and resolution
limitations and include: seismic interpretation to observe depositional geometries, well log
analysis, core description, QEMSCANjuantitative evaluation of minerals and porosigy b
scanning electron microscopy), SEM (scanning electron microscopy), CM3&06
measurement system), mercury porosimetry, and nitrogen gas adsdrnpégratingthese
techniquescross different scalédsms helped characteritee pore architecture alifferent pore
scales.

Lithofacies analysis has shown a very small change in texture and the dominant facies

varies between wackestone to mudstdiie Lower Bab Member (A0) has significant storage
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for hydrocarbonsdominated by the microporosity in miter. The degree of cementation in the
matrix is the main control on the microporosity readings. Clay rich seams and stylolites are
associated with excess cementation that lowers pprésite size and shape distribution helps
explain lower permeability \iaes, even though storage capacity is high.
4.2.Introduction

Most productivecarbonate reservoir rocks have been developed using conventional
development schemes. In recent yeassiechnologies have advanced (e.g. hydrauli&ifigc
techniquesjhere has beea shift in focus toward tighter reservoir rockarbonate rocks are
heterogeneous and their reservoir prapsdan range from a highly productive reservoir rock to
a highly cemented seal. The main two controls on these reservoir properties aretséutymen
and diagenesithat control rock texture, pore architecture, and how the rock behaves under fluid
flow. This study focuses onlew permeabilitycarbonate reservoir. Theolific AptanShu b6 ai b a
Formaion has been on production for a long time, ttuthe high porosity and permeability that
resulted from the higlenergy platform rudidtithocodiumBacinellarich carbonates. duivalent
to the Shubai blasinkl depasitetttie 8ab Mamber that tvere deposited in the
Bab intrashelf basifThe Bab Member has been divided into Lower and Upper Bab Members.
The Lower Bab Member represents the time equivalent of the aggradational/ progradational
sequences of t he Shighstamdnlsea leveloduringathe iAm2n Apt8,LApt d4aen ¢
andApt4b sequences, as reported in Chapter 3. The Upper Bab Member occurs as part of a
wedge that onlaps the erosional surface at th
platform. It is equivalent to the progradational lowstand systems trée Apt5 sequence that

fills the remaining accommodati@pacean the Bab basin.
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The Lower Bab Member (AQ)asvery good oil saturations the Asab fieldonshore
Abu Dhabi In this study, the main concentration is on basinal carbonate reservoir rodkskhat
macropaees, but contain pores that anécrometes in scale or lessThese rocks have high
hydrocarbon saturation within the matrix microporosity, and are found in a strucaprarl his
studyusedifferent techniques that have different capabgit®d resolution limitation$o
characterie the nature othe porosity and permeabilityy the AQ

A very important aim of this study is to characterize the reservoir rock that has high
storagecapacityfor fluids but very low permeability. The AO is csidered a conventional
system due to its structural trap in an anticline, but as it has-pdaweability texture, applying
unconventional techniques might be the right direction for development. Unconventional
systems usually occur over broad regionabarand are commonly independent of structural and
stratigraphic traps. In comparison to other current unconventional systems, the Lower Bab
Member is an otprone tight carbonate reservoir compared to a majority of gas prone systems.
The size of the Babasin (intrashelf) is considered local over 10s of kilometers compared to
huge shale plays around the world. Porosity in the A0 can reach up to 25% and permeability can
reach 3 mD in high permeability zones, whicla setter reservoir quality than most
unoonventional systems.

The Bab Member has been described as a source rock by many gtlahésl(and
Alsharhan (198p Alsharhan et al. (20Q@ndNairn and Alsharhan (1997 TheBab Member
basinal facies consist of argillaceous lime mudstone and wackestones, dominated by pelagic and
planktonic faunas, in which thetal organic contdnl OC rangedetween 16 wt% and pyolysis
yields reach 16 kg/toriN@irn and Alsharhan (199andAlsharhan et al. (20QR The relatively

high TOC that can occasionally reach up to 10%hér (201)) comes from the preservation of
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algae and phytoplanktonic biota remains below the active wave base and in a restricted water
body withanoxic conditionsAlsharhan et al. (200D Moreover, the Aptian marks the onset of
the oceanic anoxic event 1a (OAE 1a) which can enhance the storage of organimrbaies,

as reported by many studies including but not limitedBtadfl (1989, Moshier (19895 Wagner
(2990, Vahrenkamp (1996 Van Buchem et al. (2002Hillgartner et al. (2008 Immenhauser

et al. (2003 Vahrenkamp (201)0Méhay et al. (2009 andJobe (201B. Anoxic everns are

usually associated with high stands in sea level, where sea level covers large terrestrial areas that

provide organieich terrestrial and planktonic material that is deposited rapidly and consumes
the oxygen dissolved seavater, enhancinghe presrvationof organic matte(Jenkyns (198)).
According toDeville de Periere et al. (20)Linicroporosity accounts for a significant part
of the total porosity in most of the Cretaceous limest@servoirs in the Middle East. The
example of Ghaba Norffield, Omanis an excellent example of thi&l-Awar and Humphrey,
2000. Microporosity is the dominant porosity type accountabiénfdding the majority of the
reservegMoshier, 19895 Identifying whether microporosity is effective or ineffective depends
on porethroat size, reservoir pressure and temperature, and viscosity of the oil #8dghset
al., 2003.
As stated byMoshier (19895 the matrix in thes h u 6 Rormateon in Sajaéield, North
Eastern UAE, is composed of euhedral to subhedral, menmbicthat are associated usually
with meteoric watelow-Mg cal ci te crystals with average
matrix is believed to be a result of the early diagenetic process that converted calcitic lime mud
into microrhombic micrite and microspar, and resulted in microporosity in the mahis.was
based on trace element analysis conducted on samples fr@rhthe 6 Rormiaten in Sajaa

field. The preservation of microporosity depended on the relatively quick stabilization of the
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matrix that reduced matrix cementation without introducing@utced calcite into the system
(Moshier, 1989aMoshier, 19890 This result agrees with a studyrotid deposition in a recent
isolated carbonate platform that shows that the matrix can be recrystallized relatively early after
deposition(Gischler and Zingeler, 20D2However, during burial, diagenesis can create porosity
by dissolution of micrit§Lambert et al., 200@Moshier, 1989pbor can be destroyed by dynamic
cementation in response to oil chaf@ex et al., 201p

4.3.Methodology

Porosity characterization data for this study come from subsurface well cores, and well

logs from Asalfield, onshore Abu Dhabi, United Arab Emirates, that is situated in the Bab
basin. The first stage of this project was to identify lithofacies and describe their porosity using
core description and petrographic analysis. Three lithofacies have beefiedemtd described
in Chapter 2. Point counting for porosity quantification was very challenging as the pore sizes of
the Bab Member were lower than the resolution of the binocular microscope, and the
microporosity appeared as blhaze from the impregnateepoxy. As a result, other tools have
been used. These tools include: (1) regional seismic lines in the area west of the field towards the
platform margin of the Shuébéaiba Formation to
properties may chae across the basi(®) the field Petrel® project provided by the operating
company that contains interpreted well logs from the field, (3) QEMSCAN® backscatter electron
mode analysis, (4) conventional core analysis results of plug porosity and pertypatiided
by the operating company using the core measurement system CMS 300, (5) scanning electron

microscopy SEM, (6) mercumorosimetry and (7) nitrogen gas adsorptidasorption.
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4.3.1. Regional Seismic Profiles
Six 2D seismic lines were provided by AI®C for the area west of Aséield and east of Bu
Hasafield, inthe Al Falaha syncline. The main purpose of interpreting these lines is to capture
any discontinuity or change in geometry between the two fielgare4.1 shows the location of
the 2D seismic linesThe top of the Bab Member horizon was picked on the six regional seismic
lines. The closest offsbetween thé\sabfield 3D seismic cube and the regio2&) seismic
lines is about 3 km, and allowedrrelationof the Bab Member horizdpetween the field and
the regional linesHowever, two strong reflection horizons, which are above and below the top
of Bab Member, were picked as control horizons to redngepossible errors in picking the
low-reflection top Bab Member horizoRicking the reflectors was manual for the Bab Member

due to some discontinuities in their reflectors.

Figure 4.1: Six 2D seismiclines of the area west of Asahbiéld. Scale bar is 5 km and the arrow is
towards the North.
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4.3.2. Well Log Analysis

The field master Petrel® project was provided by the operating company. It included a
complete data set of the field: well logsred intervals, reservoir static and dynamic models,
plug data, and other important drilling information.efhain producing formations the field
are stratigraphicallpelow the Lower Bab Member (A0), allavg the majority of the wells in
the field tohave well logs that penetrate the AO. The completenessafdta set helped
significantly in correlating over the field using the well logs from across the field. Six cross
sections of well logs showirgffective porosityfPHIE)in Asab Field were cotrsicted across
the field Figure4.2). Effective porosity (PHIE) corresponds to the porosity that is contributing
to fluid flow and doesotinclude isolated pore3he reasoffior choosing PHIE is that it corrects
the total neutron porosity by removing the bound water volume in shaly sedivientever
other well logs such as the Gamma Ray (GR) showed frequent spikegtbahallenging to
correlate across the fégland they were not used. Whklgs have been datumned to the Bab
Member Shale (top of A0) as the maximum flooding surface; as it is considered the shaliest part
of the Bab Member.

4.3.3. QEMSCAN® (Quantitative Evaluation of Minerals and Porosity by

Scanning Ekctron Microscopy).

The QEMSCAN®BSE tool can quantify the porosity by measuring pore spaces from
thin sections with up to 1 micrometer resolution. It was performed at the Electron Microscopy
Laboratory at the Colorado School of Mingdse QEMSCANMN instrument consists of a custem
built Carl Zeiss EV050 electron beam platform equipped with four Bruker X275HR silicon drift

energy dispersive-ray spectrometers (EDS) and a fguadrant semiconductor diode
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backscatter electron (BSE) detector. Instruraion is combined with a rotary stage capable of

stepwise rastering of samples at-pefined intervals.

Figure 4.2: Six crosssections were creaté: west flank, east flank and the crest of Asab Field.
Numbers 1-6 corresponds to the location of cross sections kigure 4.5 and
Figure 4.6.

This analysis was applied to 10 thin sectifrosn core plugshatwere duplicatedior
SEMimage analysidMercury porosimetry, nitrogen gas adsorptg@sorption, and
conventional core analgswere also performed on samples from these plligs sections from
the crestal well (SI859)were impregnated with blue epoxy to show porosity. Thin sections were

taken from core plug trims with diameter of 1.5 inclidsn sections were ground to 1 noor
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and a 250A carbon coating was applide to the abundant microporositige major porosity
type in the samples in this study, three sqaaeadrom different places on the same thin
section were imagedach squarés 0.5 cm long by 0.5 cm wide. TIBSE intensitycan be
scaledo identify minerals from nomineral particles (porosity) with a resolutiop tol
micrometer. This is due to the fact that the size of the beam that scans the mineral is 1
micrometer in diameteBackscattered electron (BS#lues were taken with a beam stepping
interval (i.e., spacing between acquisition points) ofidrometer an accelerating voltage of 25
keV, and a beam current of 5 nA. The BSE values were compared with values held hu@ look
table allowing an assigrent to be made at each acquisition point. This procedure allows a
porosity map of theampleto be generated.

A trial imaging of two thin sections from two different lithofacieas dondo test the
range of heterogeneity in each sampleasurementsategorized: 1) minera|BSE threshold
35+), 2) porosity(BSE threshold 27),and 3) porosity + mineratansition (BSE threshold 27
35). The mineral area indicates that it is occupied with mineral and we are 100% confident. The
same with porosity; where weeal00% confident that this area is fully porosity. The third
category represents areas where the resolution is lower than that can distinguish between the
mineral and the porosity. Initially, the analysfghis imagingwas toobtaina value for porosity
and compare it to the conventional core analysis porosityBBeintensityof the scans of
some individual pixels asexamined to see if the thresholds that were set before provide
realistic results compared to plug analy&lsing the recommended scBSE intensity of 35
and above for carbonates provided values of lower porosity when compared to CMS300 plug
porosity (412 porosity units lower). After sting new brightness values, calcite was very bright

andsothe scale of calciteras seto a BSE theshold of 40 and aboyan increase from the
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previous scale of 35 and aboWée new thresholds for the tight carbonasing QEMSCAN
are

0- 27: Porosity(P)

27 - 35: Porosityto Mineral transition (PM)

35- 40: Mineralto Porositytransition (MP)

40+: Mineral (M)

By applying the new scale for brightness, total porosity (any value below 40) is more
reasonable and very close to the porosity from CMS300. The new scale works the best for tight
carbonate rocks with pore spaces less than a micrometer in scale

The results of the QEMSCANGBSE analysisrehigh-resolution digital imagegrom
which every pixel represents 1 micrometer. These digital images were processed using
iDiscover® software to calculate porosities and extract pore size and shape inforaradio
calculated porosity includes P, PM and NPixels that are categorized to be pores and forming
clusters of porosity pixels (pore bodies) were extracted and pore sizeassigmeedrom the
shortest axis of bore bodieSimilar, the long and shorkes were used to calculate the aspect
ratio that is measured by dividing the longest axis of pore spaces by the shortest axis.

4.3.4. CMS 300® (Core MeasurementSystem) andClay SeamDocumentation

Coreplug porosity and permeability values were provided by Abu Dhabi Company for
Onshore Oil Operation®DCO). They were measured by Core Lab facility in Abu Dhabi using
the core measur e3fltfdlowsdyhe togine caeVaBalysis procesltw
calculate porosity and permeability from standard core plugs from the same studied field.

Besides core description, clay rich seams/stylolites data were described froordbtak

Asab wells Sb-359, Sh347, and Si822,in the Lower Bab Member anthamama A unit. The
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data included: depth, thickness, amplitude of deformation, and type of seams. Types of seams
included: undeformed clay seams, stylolites, or mixture of both. The main reason for this
documentation is to understand the role that thesgiéntly occurring (every-2 feet)
stylolites/clay seams have on reservoir properties, and to understand the origin of these
sedimentary structures.

4.3.5. SEM

Scanning Electron Microscope (SEM) has been used to study titeagysamples at the
Petroleum Instute in Abu Dhabi to image the relatively high porosity (up to 25%) and to
understand the low permeability (up to 3mD) of the AO. The SEM is equippedndtytical
systemswhich are:energy dispersive spectrometer, wavelength dispersiag spectroscopy
and electron backscatter diffractiarhe samples were prepared from core plug broken chips
with natural breakable surface and no polishicanning electron microscopgtenrequires
that specimenbe coated with a conductive metal, suchgatd as was done in this studihis
helpspreventcharging ensursthat the surface conducts evenly; to be able to get the highest
signal with minimal nois€Miller et al. (2004; Leslie and Mitchell (200)7 Jones et al. (20)2
andprovides a reflective surface for translucent or transparent speci(Remsell et al. (2013.
Samples were placed in a chamber that was put under high vacuum with a movable stage. The
SEM has provided qualitative pictures of micrite textures with high magnifications up to half a
micromeer scale. The SEM also provided elemental spectrum of the satopfesingthat the
dominant mineralogy of the samples is calcite.

4.3.6. Mercury Porosimetry

Mercury porosimetry is one of the mdstquentlyused tools in the oil industry in special

core analysis for reservoir simulation,dbtaincapillary pressure curves. The most commonly
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measured process is Mercury Injection Capillary Pressure (MICP). MICP is based on the
principle that mercury is a nemetting liquid to pores, and nemetting liquid cannot intrude
pores spontaneously without applying pressure due to preventive physical parameters. This
pressure should overcome the capillary pressure and is called the entry or threshold pressure.
Accordingto Webb (200) themercury intrusion porosimetry test involves placing a sample into
a containerdegassing the samplallowing mercury to fill the container. Next, pressure is
incrementallyincreasedand volume and pressure of the injected mercury are recorded. Total
vol ume of the injected mercury reflects the v
eqguation is used to calaié pore diameters by linking the external pressure to the pore diameter
(Washburn (121)). Ten samples were sent to Micrometrics in Georgia to comdeictury
intrusion and extrusion analys a pore size range of 360 to 0.003 um usieggSO 159011
method.Mercury intrusion and extrusion data were collected using a Micromeraitc®ére IV
9500®. Sample masses used in this analysis ranged fogré&mns of plug trims. Mercury
surface tension was 485 dyns/cm and contact angle was 130°. Samples were degassed at 50
emHg evacuation pressure f or dementalnnrisiens. Tot al
pressures were measured yielding effective pore volume and calculated pore diameters
respectively. Extrusion part is essential to observe the hysteresis effect of mercury, which is
indicated by a shifted curve of differential presswetneen intrusion and extrusion parts.

4.3.7. Nitrogen Gas Adsorption-Desorption

Nitrogen gas adsorptiedesorption analysis is used to obtain specific surface area, pore
volume and average pore size of porous materials with pore diameter of less than 0.1 sricromet
(Richards (2008. Whena gas or a vapor phase is brought into contact with a solid, part of it is

taken up and remains on the outside attached to the surfasatfBlthment comes from weak
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Van der Waals attraction between adsorbate and the solid surface. This process involves
measuring the amount of gas adsorbed across a wide range of relative pressures at a constant
temperature, creating an adsorption isothétqually, when gas is removed as pressure is
reduced, desorption isotherms are achieved by meadbdaggs amount. These
adsorption/desorption isotherms are controlled by the pore shape and surfaCheBeanauer,
Emmett and Teller (BETinethodis most commoly used tadescribe specific surface area and
was used in this research. The pore size distribution curve from the nitrogen
adsorption/desorption hysteresis shapes was donetusiBgrretJoynerHalenda (BJH)
methodthat assumes a cylindrigabre geometry model and that the liquid will evacuate
(desorption) pores according to the Kelvin equatidban samples were sent to Micrometiiics
Georgia to condudtlitrogen gas adsorptietiesorptioranalysisusingthe ISO 159012
procedureExperimentsvere conductedsing a Micromg&ics ASAP 2420® (Accelerated
Surface Area and Porosimetry) syst&ample massassed in this analysis ranged fronb2
grams. Theyere degassed at 105°C for 16 hours. Data forgodit adsorption isotherm as
well as a 4point desorption isotherm were collected and the B&Tace area, BJH pore size
distribution and total pore volume were calculated.

4.4.Results and Discussion

This section includes the following results: seismic profile results, well logs across the

field, QEMSCAN results, comparison of QEMSCAN results and other porosity measuring tools,
CMS300 and facies, SEM results, mercury porosimetry and nitrogen gas adsdestoption

and finally reservoir rock development
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4.4.1. SeismicProfile Results

The seismic line 820 shovs thatbelow thetop Bab Membehorizonclinothems are
present that progradeward what is thought to libe pre-Bab basinFigure4.3). These
clinothemspossiblyoccurin the Thamama B or Thamama C reservoir unit intervals, and
suggests that Bab basin might have started earlier thaNBaiber age. These geometries are
progadational geometries toward theesent Falahsynclinewest of AsalField. It appears that
the center of the prBab basin is closer to Asab Field than Bu Hési&d. The Bab Member
itself shows no change in depositional geometries, but ratherslbké a carbonate rampvhich
is probably due to the resolution of the seisdataand the relatively thin Bab Member deposits

compared to the Shubaiba carbonate platfor m.

Figure 4.3: Seismic line 8520 showinginternal geometries below the Bab Member prograding
toward what is thought to be the pre Bab basin. Light blue horizon is the top of Bab Member, light green
and the pink horizons are control horizons.
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Figure4.4 showsthe Asab Field with three clinoforms of the Upper Bab Mem@gatian
5) clay rich deposits that filled the remaining of the Babin during Aptian 5. Seismic
resolution could not identify depositiorgg¢ometries in the lower Bab Membe&his indicates
that the AO was deposited as a condensed section in the deeper part of the ramp (lower

sedimentation rate) during a sea levighstand
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Figure 4.4: A tim e-thickness cross section (NNESW) ofthe Asab Field showing three clinoforms in
Bab Member (ADCO, 2010)

4.4.2. Well Logs across thd-ield

Six cross sections of well logs showing effective porosity (PHIE) in Asab Field have
been plottedKigure4.2). PHIE logs are scaled from 0 to 45% in every plotted Wék Lower
Bab Member is shaded in light orange in all of the cross sectamnsé€4.5 and

Figure4.6). The Lower Bab Member overlies the Thamama A reservoir unit.
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The main findings from these cross sections, shoviigare4.5 and
Figure4.6 are as followe:

1 When the wells are referencedflattened on the Top of AOCThamama A is &ery gently
dipping ramp towards the north to northwest. It is estimated that the dip angle of the map is
less than 0.1° for the most northeastern five to six kilometadi{ becomes almost flat in
the southwestern portion of the field. The Lower Bagniber is thickening over the ramp in
the same directiorfhis agrees with the observed carbonate ramp geometry from the seismic
interpretation.

1 The highest effective porosity in the Lower Bab Member is located in the ctestAdab
Anticline, andthe eastern flank shows better effective porosity than the western flaekeTh
changsin effective porosityare interpreted to baue to:(1) the highesporosity in the crest
is the resulof hydrocarbos preserving porosity compared to the flanks where wate
saturation is high enough to cause cementation and occlude pohosttytributing factor
may also béhat porosityon the structuralflanks could be reduced as a result of compaction
due to higher stress along the flanks in the process of foldingsiie #nticlineand @) the
reasorfor the difference in effective porosity between the eastern and the westermfiaynks
be controlled byhe original depositional porosity; as the western flaak in adeeper
downrramppositionthan the eastern one. Anotlpassibleinterpretation ray be that the
western flank has been under higher tectonic pressure, which resultettidérootlision of
the Arabian plate with the Eurasian plate.

1 The overall geometry of high effective porositynes is a progradational trend with minor
aggradational trend. IRigure4.5, cross sections 1, 2 and 3, which are running NNE WSS

correlate theseigh effective porosity zones. These zones might be aomtisacrosshe
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field, and are important due to the relatively high porosity, which qualify them to be target
zones.

1 Figure4.6illustrating crosssections 4, 5 and 6, are oriented WNW to ESE, and show almost
semi parallel geometry, butVvma very gentle dip towards Skhese trends agree with the
interpreted location of the Bab basin locatiomaspect to Asab Field shown in the map in

Chapter 3.
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Figure 4.5: Three cross sections showing PHIED-45%) across Asab Field (NNBEo SSW). The cross sections
are flattened at the top of A0.They showa gently dipping carbonate ramp below the AO that becomes flat
moving to the north. The crest has the highest effective porosity due to oil preserving porosity. Porosity
decreases toward the NNE towards the Bab basin depocenter.
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Figure 4.6: Three cross sectionshowing PHIE across Asab Field (WNW to ESE) and PHIE (0-45%) across
Asab Field. The cross sections are flattened at the top of AO. There is a gentle component of progradation

towards the SE.

4.4.3. QEMSCAN Results

Figure4.7 illustrates the results of scanning each thin section using QEMSCAN® BSE

mode. First, three panels of 0.5 cm*0.5 cm area were scanned using the QEMSCN® BSE mode.
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