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EXTENDED ABSTRACT
Introduction

Integrated approaches in the study of petroleum explorafenncreasingly becoming
significant in recent time and have yielded much better result as oil explorasoa
combination of different related topics. The production capacity in hydrocarbon exploration
has been the major concern for oil and gas industries. In the present work an integrated
approach was made with seismic, well logs and biostratigraphy for predicting the
depositional environment and to understand the heterogeneity within the reservoirs belonging

to Valanginian (Early Cretaceous) age of Gamtoos Basin, Offshore South Africa.

Objectively, he integrated workvasmainly based on seismic stratigraphy (seismic sequence
and seismic facie analysis) for interpretation of the depositional environments with
combination of microfossil biostratigraphic inputs. The biostratigrapticy provides
evidences of paleo depth from benthic foraminiferad informationabout bottom conditio
within the sedimentary basirthanging of depositional depth during gradual basfitial

duringthe Valanginian time.

The petrophysical characterization of the reserwniccessionwas based on formation
evaluation studies using well logs to investigate the hydrocarbon potential of the reservoir
across Valanginian depositional sequence. Further, the static modeling freeis?iic data
interpreted to a geological map tB-Biumerical modeling by stochastic modebtmantify the
evaluation of uncertainty for accurate characterisation of the reservoir sandstones and to
provide better understanding of the spatial distribution of the discrete and continuous

Petrophysical propges within the study area.

Materials and Methods

The data used for the present research includéSH%Y) Seismic lines (45), digitals
wireline logs (LAS format), drilling cutting samples and well reports include: geological,
geophysical, and engineerimgports of the six exploraty wells from the study aredhe
guality control (QC) which includes legditing, log splicing and environmental corrections
was performed on the log data when loadethteractive Petrophysics software )P The
hydrocarborbearing reservoirs intervals was identified both qualitatively and quantitatively
by reconsideing the well log dataThe well log data used for this work are Gamma Ray,
Resistivity logs (LLD and MSFL), Neutron and Density logs, Sonic log and ClippeT hag.

gualitative analysis was done by examined through the well log signatures. The-gamma
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log with horizontal scale from: 0 to 150 or from 0 to 200 maximum were considered for some
wells depending on availability and then were calibrated in Standareri¢ganPetroleum
Institute (API) unit. A shale baseline of 65 and 80 API respectively was used to discriminate
between the sands and shale; these were identified by gemyniag (GR) based on
deflection of gammaay log motif to lower and higher concenioais region of radioactive
materials, thus, indicating sands and shale respectively. The quantitative analysis involves the
calculation of parameters such as, Clay/shale volume, effective porosity, water saturation and
permeability. Water saturation valigecalculated here by considering the shaly nature of the
Valanginian sequence. For this, Sw Indonesian (Swimatjel was chosen to estimate water
saturation. The values sucftortuosity factor), a=1, (water saturation exponent) n= 2 and
(cementation expeents) m= varies from 1.94 to 1.98 were used to develop the model. Cut
off values were also determined for the porosity, permeability, water saturation and volume

of clay from various crosplots in the study.

The 2Dseismic lines were loaded Retrel D14° softwareand subjected to merging with

their respective navigation files to make sure accurate positioning within the study block.
Seismid well tie was performed to ensure the amplitude match between seismic and wells
and to generate synthetic to eleaproper mapping of different horizons sequences on the
seismic sections. The Valanginian horizon sequences on the seismic sections were mappe
and TweWay-Time (TWT) maps were generated. Consequently, velocity modelling was
performed and time depth magsneratedvhich was later converted to depth map and used

to estimate thickness in time and depth respectively. A structural model was created using
different faults interpretations, mapped and converted to depth maps to generate stratigraphig

framework.

Lithological sequences were defined based on python script (Gamma Ray (GR 1) <80, O, If
(GR1 >80 GR 1 <102, 1, 2)), wherer@presents sandstone, 1 represent siltstone and 2
represents shal@he GR values less than 80 API are classified 0, (SandstoneyalB&s
between 80 102 API classified as Siltstone, while GR value greater 102 API are classified
under Shale. Facies logs was generated and upscaled for the wells and facies modeling wa
performed by means of stochastic method using the SequentiahtbrdiBimulator (SIS)
algorithm. The Petrophysical properties includes porosity, permeability and water saturation
were also upscaled along the llweto populate on grid cellsThe Stochastic simulation
algorithm method by means of Sequential Gaussian 8tronl (SGS) was geostatistically

applied in assigning the propertims Petrel 2012
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Seismic stratigraphy analyses were performed based on seismic sequence and seismic facie
analysisusing comprehensive classification characteristic of seismic refletgramnation
patterns such as onlap, downlaplép, erosional truncation aménfigurationof the seismic
reflectionssuch as, amplitude, continuity, frequency and the external geometry reflection on
depositional sequence interpretation approached mideitified on a seismic section
outlined by (Mitchum Jr,et al., 1977)and (Vall, et al, 1977)respectively. This was also
calibrated with well log (Gammeay; GR) fo detailed geologic descriptiof the
environment and lithfacies distibution based on GR log moti8D-lithofaciessurface map
attributes depth thickness model was also constructed for the Valanginian section to correlatg
with the lithostratigraphic interpretations to deduce depositional environment of the study
area. The biostratigraphic analysis was carried out using well cuttings for two representative
wells following conventional methods and using the microfossil group foramimiseaaool.

Results

The seismic sequence and the seismic facies analyses draskdsification characteristic

and configuration of the seismic reflection terminations paiteticate that the depositional
environment of the Valanginian section across the drilled wells in the northern part was under
deep marine regime and that camps of submarine fan, basin floor famd abyssal
environment with an indication of periods of erosional surfaces anedewwosition of
sediments. Also within this arealew energy facies extending from continental shelf to
marine slopewas identified. This suggestshallow marine to deep marine depositional
environment prevailed in the northern part of the study area. On the other hand, the southerr]
part of the study area revealtd evidence of mass flooding within maristeelf to further
deeper ocean area possible presenceatubmarine canyon with a canyon fill deposit and

sub marine fan lobe. Therefore, it was concluded that the deposition in the present study ared

was under marine shelf to deep marine environment

The calibrated gammiay log sgnatures revealedn aggradation stacking parasequence
predominantly of sand and silt of cylindridalocky and serrated pattern of sastdne to
siltstone indicating channdill, submarine canyoifill, storm dominated shelf and distal deep
marine slope mvironments in the northern area. While the southern part of the study area
indicate similaraggradatiorstacking parasequengeylindrical or blocky shapebuilt-up of

thick uniformly graded mediufto-fine-to-coarse grainedilt-shale sandstone associati

that were deposited in a wide range of environments from deep tidal clifinsékllow
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marine, submarine channel to deep marine environments similar to the northern part

suggesting a transgressive system tract.

The 3Dlithofacies surface depth atitite facies map indicatesmass flooding characterised

by thick bedded siltstone lobe (siltstone facies) with intercalated fineraukd(Shale facies)

and minor sandstone in low energy turbidite channel depositional environment in the south
western partof the study area. The northern part indicatesliachronous deposition
dominated by sandstone, intercalated with minor siltstone and shale, probably deposited in &
high energy turbidite channel, followed by low energy settling of the siltstones and shale
before the next pulse of high energy sandstones were depositedorilreast to the south

east of the Valanginian sequersigggests that high energy turbidites might be encoutered,
the marine deposits dominated by sandstone intercalated with siltsthmeirzor shale that

are characterized by erosional surfaces due to tectonic processes as a result of uplift that

created a sediment hiatus in the section

The foraminiferal biostratigraphic studies carried out in two representative wells indicate a
close similarity in faunal assemblage, suggesting the two intervals are homotaxial.
Comparison of the microfaunal assemblage with known Valanginian sections in different
localities confirm the geological age. The study further indicates that deposition toekrpla

a marine slope under uppermost bathyal to upper bathyal condition.

The Petrophysical formation evaluation from the well log data reveal that out of the total
eleven, only seven sand interval® hydrocarbongroducing within the studied Valanginian
section. This is based on the data analysed from the five exploratory welB2(HaG1,

HaK1, HaAl, and Hall) from the northa the south of the study argaut-off parameters

were appliedo distinguishbetween the pay and ngay intervals. Porosi, permeability,

water saturation and volume of clay were calculated within the pay sand intervals. The
estimated average effective porosity for the pay sand intervals of the wells ranged from
12.5% to 16.2%, the average water saturation ranged from 30.996.2%, the average
volume of clay ranged from 10.0% to 20.6%he calculated permeability obtained for the
reservoir intervals is less than 1mD, ranges from 0.08mD to 0.1mD indicating that the
Valanginian section is poorly permeable, has no abilitraasmit fluids and lower water
saturation reservoirs. Thisuggests that the sandstone reservoirs within the Valanginian

sequence is a hydrocarbon bearing gas reservoir where the effective porosity is varying from
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fair-to-good in the northern padnd mor-to-fair in the south and characterised by poor

permeability in the entire region.

The stochastic modeling revedhatthe facies and the spatial distribution of the discrete and
continuous Petrophysical properties (porosity, permeability and wataraton) for the
studied Valanginian sectiomhe model indicateshat the section is hydrocarbon bearing with

a dominantshale facieslistributed across the section without @wpstantial reservoir sand.
The model revealed variation in effective potp$iom poor to good from the southetm the

north with overallpoor permeability values throughout the entire secfldre northern part

of the area showing fato-good effective porosity anthe southern part indicates poor to fair
effective porosity wh lower water saturation and poor permeability across the entire section
respectively i.e. a section with no significquaire spaces capable to accommodate fluids and
poor connectivityto transmit fluids. Thanodel revealed the highest and lowest poyosit
values of 19% and 0.08% respectively, permeability values of 0.1mD (< 1.0 mD) and highest
and lowest water saturation values®80 to 0.45 (30% to 45%) across the Valanginian
section of the study area.

Conclusions

Based on the integrating method apglieghe present research able to resolve that the
reservoir sediments in the study area were deposited during Valanginian stage (Early
Cretaceous) under marine set up within a set of environments that ranges from deeper shelf
deep marine (slope) undeflactuating bathymetry of ~ 500m. This resulted in deposition of
a series of sedimentary succession from deep marsterto dominated shelf and distal deep
marine slope environments. Within this succession sands were deposikethiasl fill, basin

floor fan lobe or as canyon fill deposits which are likely to be a working carrier beds

(stratigraphic control) for the hydrocarbon bearing reservoirs .

The heterogeneity within the sandstone reservoirs prone to be hydrocarbon bearing with
lower water saturatn and the porosity varies widely from poor to fair to good as observed
from the Southern part towards the Northern area within the Valanginian section. The
permeability is poor throughout the section and thus do not have the ability to trénisisuit

This is due to the shale facieslominantly distributed across the succession.
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CHAPTER ONE

1. Scientific Background and State-of-the-Art
11 Introduction and Background Information

The Gamtoos Basin is among the fiveemelons subasin on the soutbastern margin of

the Outeniqua Basin, offshore South Africa. It is an extension of a line of basins that
developed westwards from the Oudtshoorn-lsakin and is bordered in the north by the
Gamtoos Fault. The basin attains a throw of 12km in the did&llaE, is a complex rift type
basin that exists both in onshore and offshore. Itsswcturally complex basin and severely
faulted as a result #tgulhasFalkland Fracture Zone (AFFZAndreoli, et al., 1996 Broad,

1990; Bate & Malan, 1992This basin consists of relatively simple half grabens bounded by

a major fault to the northeast and containing comparable thicknesses of sediments.

The offshore and onshore parts of the Gamtoos Basin cover abouts§,088, while the
offshore seismic line covers about 4,272 km. The Gamtoos Basin has been found to be thg
smallest among the five @athelon sulbbasins namely: Bredasdorp, Pletmos, Algoa and
Southern Outeniqua in the Outeniqua Basin, South Affibe@. Gambos and Algoa basins
are considered as twins basins as both contain half grabens that are separated by Paleozojc
basement arche@vialan, et al, 1990. After high intensity exploration for hydrocarbon
prospects in the Gamtoos Basin, it has been discovered containing sedimentary source
rocks of gooebil, wet-gasto-oil prone and drgasto-oil prone prospectshe early and late

rift subsidence related deposits of these half grabens consist of thick sediments containing
Kimmeridgianto- Portlandiarto- Hauterivian (D to 6Atl) wegasto-oil-prone shales with
sandstones of reservoir potential in the Valanginian. In addition, the late rift subsidence
during the Hauterivian also resulted in thick sedimentary packages of oergdnghale rock

for petroleum generatiorfMalan, et al, 1990 McMillan, et al, 1997)

However, detailed understanding of this basin remains unsolved in terms of petrophysical
characterization qualities of its Valanginian reservoir sandstone and the depositional
environment that nde up this sequence of sediments. The seismic stratigraphy in terms of
seismic sequence and seismic facies analysis has not yet been examined for clarification of
the depositional environment. No significant work on depositional environment of the

Valanginan sediments from sedimentological or biostratigraphic aspects were carried out so

far in the Gamtoos Basin.




The present work involves an integrated approach wincludes interpretation of the
seismic stratigraphy in terms of seismic sequence and sei@oes analysis, integrated with

the microfossil biostratigraphy to arrive at an understanding of the depositional environment
of the sedimentary rock sequence. Petrophysical analysis and static modeling was carried ouj
to describe the heterogeneity tietreservoir quality within the Valanginian section of the
basin. This was based on an evaluation of the volume of clay, porosity, permeability and
water saturation potentiaf the reservoir rock of the formation, deduced from core analyses
and well logs.

An understanding of seismic facies, Petrophysical characterization of well logs as well as the
interpretation of both cores and biostratigraphy are vital tools in exploration and exploitation
of hydrocarbons in the oil industries. The seismic faciesyaisahids the information on
depositional environment particularly in an area where there are no well controls. The
importance of seismic facies analysis is well known in hydrocarbon exploration and different
seismic parameters are used for the purposextfacting the necessary structural and
stratigraphic information. As stated above, seismic facies analysis based on seismic reflection
characteristics is useful in determining depositional environments. It also helps to understand
the lithology, fluid cotent, porosity and relative age. Petrophysical characterization
parameters enhance the information on reservoir quality assessment and its production
capacities. These parameters such as porosity, permeability, and clay volume and watel

saturation serve asdetermining factor for the hydrocarbon potential of any basin.

Biostratigraphy is the study of stratigraphy based on fossil occurrence. The applications of
microfossil biostratigraphy in oil industries play a key part on reservoir scale in all phases
from exploration through appraisal, development and ultimately in structuring the geologic
model for hydrocarbon exploration, drilling operations and production phase. This study
further helps in fixing the geological age and also demarcation of hiatiestingation of the

paleo depth.




1.2 Problem Satement

Previous exploration reports by South Africa Oil Exploration Corporation (SOEKOR),
(1971) andrRoux, (1997)only outline the potential of the Gamtoos Basin, in a superficial
manner.The early Cretacess sedimentation of dériasian and Valanginian age turbidity
channel and fan sands, is the primary target in the Gamtoos Basin which locally dominated
the early rift depositioriBroad, 1989; Broad, 1990hese sequers consist of thick source
rocks and good reservoir sands which are of great significance in the hydrocarbon
exploration, particularly the Valanginian sequence which consists of highly significant
reservoir sands across tBeteniqua suasins, offshore@ith Africa(Broad & Mills, 1993)
classified this basin as a synrift succession which contains thick ongamimarine shales,

with sandstones deposited in the Early Cretaceous of the Valanginian sequence that has

economic gnificance as petroleum source rocks and good reservoirs respectively.

McLachlan & McMillan, (1979)focused mainly on microfauna studies in the study area in
sediments of the Cretaceous drift succession of Early Barremian to Late Maastrichtian age.
Howe\er, the studies did not provide detailed account of the geological age and depositional
environmentsof older group of sediments belonging to Valanginian age. fdtare of
heterogeneity and the quality of tlsandstonaeservoirs were also not studied.eThnly
reference available for the Valanginian succession is from a brief geological history they
described in their work. Some reference of this succession is available also in the Well

Completion Report.

In the present work an integrated approach us@igmic stratigraphy based on seismic
sequence and seismic facies analysis and formation evaluation by means of Petrophysica
analysis from well logs and Static modeling studies have been selected as the method to stud
the depositional sequence of seditsenelonging to the Valanginian age. The depositional
set up of the sediments belonging to Valanginian age was studied in this work is mainly
based on lithology and biostratigraphy. This integrated work will further improve the

understanding and provideroprehensive output on:

1 The heterogeneities of the sandstone reservoir qualities of the hydrocarbon potential
in the basin,
1 The geological age and the depositional environment of the sedimentary succession

from the biostratigraphic studies.
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Figure 1. 1: Framework diagram of the thesis.

1.3 Location of Study Area

The Gamtoos subasin of the Outeniqua Basin, offshore South Africa is the extension of a
line of basins that extended eastwards from the onshorssi@aih sukbasin located north

of Mossel Bay and bounded in the north by the Gamtoos Fault. The latter attains a throw to
the South of 12km in the distal offshofEhe Gamtoos Basin is located on the serdht

margin of South Africa and extends from onghareas to the offshore region, covers about
5,038 kni. Along the Southern coastline of the Western Cape and Eastern Cape Provinces on
the Eastern edge of the continental shelf, is the Agulhas bank with water depths of less than
200 mincreasing rapidly &@yond 500 m in the south at the present day shelf edge, due to the
erosion caused by the Agulhas current flowing along the seesitward in the shelf edge.
The Gamtoos Basin is considered as a twin basin to the Algoa Basin on the Eastern edge of
the conthental shelf located on the sowghstern margin of the shelf and existing both
onshore and offshore. The Algoa Basin covers about 8,193 sq. km including both onshore
and offshore. These basins are a product of rift and drift activity during the Gondwehnala
break up(Brown, et al.,1995)




The rift basins are overlain by Aptian to Early Albian fill of the Gamtoos and Algoa canyons.
The canyons are more pronounced and larger in the Algoa Basin than in the Gamtoos Basin
regionallyabout 10 to 30 km wide, close to 2km deep and extending 60 km in south easterly
direction across the Algoa Basin, containing channel sandstones withoregetential in

both basinsBasement, the half grabens and canyon fill are overlain by Albian setim
(Malan,et al.,2009) Nevertheless, the focused area of the present work is tigadield of

block 13C. This is located along Sotghst to the North of the Gamtoos Basin is about 250
km north east of the proven fiethttvelopments in the Bredasdorp ddsin, which produces
mostly gas with some oil, from Berriasian to Valanginian-Byft sediments which till date
supplies the PetroSA G#&s-Liquids (GTL) plant situated in Mosel Bay via theAFfield
platform (Mudaly, et al.,2009)

The study area is bounded in the west and east by geographmalicgates as followsda-
Al, (Lat: 34°21'24.013"S, Long: 25°40'23.8681aB2, (Lat: 34°24'21.17"S, Log:
25°36'32.86"E.). H&1, (Lat; 34°18'30.33S Long: 25°41'48.75'E). HH, (Lat:
34°15'21.9"S, Long: 25°42'31.7"E). H¥L, (Lat: 34°13'38.70"S, Long: 25°40'50.50"E). -Ha
G1, (Lat: 34°18'30.33"S, Long: 25°41'48.75"'E)

SOUTH AFRICA OUTENIQUA BASIN
STRUCTURAL FRAMEWORK
T -

24

Figure 1. 2: Location of the study area, onshore ath offshore for oil and gas wells within
Block 13C, Gamtoos Basin. (Modified after: Letullier (1992), McMillian et al., (1997).
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1.4 ResearchAims and Objectives

The study is based on the integration of seismic stratigraphy, built on seismic sequence and
seismic facies and tieid with the biostratigraphy studies. Furthermore, the petrophysical
analysis of theeservoir and static modeling will contribute to a better understanding of the

hydrocarbon potential of théalanginian age rock sequenzieGamtoos Basin.

The study aims to understand the depositional environframtthe assessment of geologic
time and age based on microfossildntegrated analysis of seismic stratigraphy and
biostratigraphy studies provide-depth understanding of the heterogeneity complexity of the
sandstone reservoir rock potentiat the hydrocarbon exploratioof the Valanginian gein
Gamtoos Basin.This is achieved by integrating Seismic sequence and Seismic Facies
analysis tiedn with biostratigraphy, Petrophysical well log analysis and static modeling
application. This approach will provide -@epth understanding of the depmsial
environments using various microfaunal fossil groupsand reservoir quality of the

hydrocarbon potential of the basin.

1.41 TheResearchApproach

The physical rock characteristisgach as lithology, fluid type, and hydrocarbon bearing zones
were qualitatively dfined while parameters such as porosity, permeability, resistivity of
formation water, water saturation and hydrocarbon saturation where possible were estimated
using Interactive Petrophysics (fP¥oftware for selected reservoir intervals of the wells.
Petrophysical wireline log data was further usedidtntify the potential production reservoir
zones from t hoedetesnmine digpih,sthickmess of ones, and also distinguish
between oil, gas or water in the reservoir. The static model wouldilhdrbm the seismic
horizon and shall be used to populate and distribute the Petrophysical parameters of the
formation sequence. The seismic facies combined with wireline log response analysis gives
more information on depositional environment, partidylin an area ofvery limited well

information.




15 SpecificResearchObjectives

The specific objectives to study tBandstone reservoir sediments of Valanginian sequence

are:

x To characterize and evaluate the Petrophysical parameters of the pc@mdistone
reservoir of the sequence by means of well logs.

x To construct a static reservoir modesed onPetrophysicalpropertiesand litho-
facies variation founderstanding the qualities of the reservoir potential.

x To populate and distribute the Rgthysical andacies parameters within the model
for clear understanding of the formation reservoir potential.

x To study, identify and interpret éhseismic sequence and seisnacids reflection
pattern of the sediments from seismic data to understartefusitional environment
of the siccession.

x To interpret the depositional environment of the reservoir succession during the
Val anginian time wusing the microfossil

depth of deposition using benthic microfossils.

1.6 General Review of Work on the Gamtoos Basin

The Gamtoos Basin is one of the five sadsins foundn the Southern Outeniqua Basin off

the south coast of South Africa. However, while some studies have been carried out on this
basin, there are veryJeavailableliteraturesthat deal with general geology, stratigraphy,
paleageography, sedimentological, structural features and hydrocarbon potential of the
reservoir and source rocks, as all are internal reports nessibte to the general publibue

to the nature of this research, this section began with the broad overview of the previous work
that has been done in the Gamtoos Basin. The available literature indicates that deposition
initiated in Gamtoos Basiunder deep marine conditiolfhe sedimemtry processes that
involve bulk emplacement such as, Slumps: (sediment transport by mass with little
deformation or folding of layers), Slurries: (debris flows and mud fodestroying any
previous bedding or layering), and turbidite currents (the ramidement of large slurries
down slope) that made up its sequence and reservoir geometry. Troetarad sediments
(terrigenous sediments) on the continental slope and continental rise are transported into dee
sea by slurries or turbidity currents dowmops#. Turbidity currents are driven by gravity
which enhanced movementaébrisfar into the seaSediment transport is accelerated during




low stand conditions, when sea level falls during which the coast is at the shelf break creating

rivers to deposit thir sediment load directly on the slope.

The early sedimentation in the Gamtoos Basin indicates substantial lateral wanmtio
depositional environmentsThe Late Jurassic (Portlandian, Kimmeridgian) to Early
Cretaceous (Berriasian and Valanginian) iditip channel and fan sands asensidered as

the primary target for exploration in the Gamtoos Basin and locally dominated the early rift
deposition. The Kimmeridgian sedimentation on the flanks of the St. Francis Arch is
characterized by a basal noraine conglomeratic and rdoked interval, which is overlain by
shallowi marine interbedded sandstones and siltstéBesad, 1989; Broad, 199K owever,

to the east near the Gamtoos fault and the Gamtoos Basin depsc#rdgrupper slope black
claystones with minor turbiditic sandstones are accumulated during this time under low
oxygen conditions. The microfauna are sparse with mostly agglutinated foraminifera and
radiolaria which are always present and sometimes aegum floods. Several intervals
indicated organic enrichments with a good potential as a source rocks, though they were
buried at around 4000m depttidcMillan, 1990) There are indications of minor gas shows
while drilling the thin sandstone in the seque@soad, 1989; Broad, 1990)

Southern oil exploration corporation (now PetroSA), through a broad sequence stratigraphic
approach, based on seismic mapping of multiple unconformiseshleshed the stratigraphic
specification procedures for South African offshore sedimentary successions and various
structural elements such as, structural highs and faults within the drift succdsasons and
subbasins. The drift succession denoésda sukset of the stratigraphic units, the deposition

of which has been referenced to the initial and later period of the graduasouésivest

ward extending plates off the southern coast of Africa. These arrangements brought about the
creation of Outeiqua subbasins which are named as Bredasdorp, Pletmos, Gamtoos and
Algoa basins from West to East. The boundary of thedAfiesuccessions is marked by the
drift-onset unconformity (1Atl), which occurred in the late Valanginian. Post drift
successionsefer to stratigraphic units which are related to the development of true passive
margin after the termination of transitional 4dftift in the mid Albian(Petroleum Agency of
South Africa, 2004/2005)McLachlan & McMillan, L979) comment on the substantial
change in sedimentary and tectonic style seen at the unconformity associated with seismig
horizon D to 6Atl which show the rapid subsidence and sedimentation during the pre

Kimmeridgian to Hauterivian period. But the sedimts later are much thinner compared with
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the equivalent interval previously at Pletmos and Bredasdorp Basin except the 13Atl to
15At1 canyon fill. Frewin, et al., (2000) debated the geologic characterization of a deep
marine channel lobe system. The-&a@as field is part of the oil fields discovered by Soekor
both having hydrocarbon accumulation within the turbidite structure in the Cretaceous drift
succession of the Pletmos Basin that extended to Gamtoos Basin. Based on the seismic line
that showed nummeus unconformities within the drift successions, stratigraphic naming
reflects a sequence stratigraphy approachner,et al., (2000)recognize the individual sea

level falls through early Aptiaand midAlbian resulting in materials being eroded frone-p
existing Highstand shelf sandstones and transported into the central basin by turbidity
currents from the westouthwest. HoweverTurner, et al.,2000) were able to extrapolate
sandstone reservoirs into the Gamtoos Basin from the Pletmos Basin wiscst ob a stack

of merged channels and lobes. The fan lobes consisting of coarsgmiagd while

channelized reservoirs are fining upward.

According toBrown, et al.,(1995)sequences defined by significant unconformities shown on
seismic sections wereivgn numbers (22) while unconformities were labelled by the

sequence overlying them (1A 4B, etc.)example would be: Type 1 = Atl.

1.7 Exploration and ProspectingHistory of the Gamtoos Basin (BLOCK 13 C).

Exploration of hydrocarbon accumulation inuBo African coastal basins started several
years back, the first oil and gas exploration commences in year 1960s by Soekor (the former
State Oil Company of Southfrica which became PetroSAn 1965, a small accumulation

of oil of noncommercial quantityvas discovered onshore in the Western Cape Province
location of the Southern Outeniqua Basin. The hydrocarbon exploration in the Gamtoos
Basin and its onshore blocks which cover a large area of 5,038 sg. km began in 1968 with
drilling of (Petroleum Agency of South Africa, 2004/20@b¢ Swartkops borehole east of

Port Elizabeth in the onshore part of the Uitenhage trough in the Late Jurassic (Portlandian)
which consist of a | ateral v dsdqeenhcégMeMilan, n | i
1990) The drilling in the onshore portion (
maximum depth of about 1800 m. This revealed a basalm@ime red sandstone and
conglomerate, overlain by fluali sandstone (Swartkops Member). The offshore drilling in
the Uitenhage Trough occurred only in the southern half, away from the onshore well, on
basement horizon D6 which at t-waptime (TWT) ma X
approximately 8000 m in the madistal part. However, no commercial production of oil or
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gas has been achieved despite encouraging hydrocarbon @alas , 1993) A drill stem
test (DST) has pr atdno nagdificant3fléw rateOh shovs gnd log | 0
evaluation showed the presence of reservoir oil in a closed borehole, but drill stem testing
was ineffective. The subsequent drilling of adjacent wells was unsuccessful to confirm any
hydrocarbon reservoir therefore concluded that the oil ntighie been trapped in the local

fracture.

However, offshore, hydrocarbon shows were encountered in the borehole drilled in the Port
Elizabeth and Uitenhage troughs and in the Gamtoos Bdsiklillan, et al.,1997) But drill

stan tests were not performed offshore, although the reservoir shows have been sufficiently
encouraging for hydrocarbon exploration to continue. Also, an encouraging hydrocarbon
show is the 630 kimwet-gasto-oil sniffer anomaly noted in Algoa bay; this andynaas
centred in the overlying area of the northern extension of the Algoa canyon and the St Croix
fault. Thus, the distribution of the reservoirs and source rocks suggests that the best
hydrocarbon potential may be accumulated in poorly explored soyithesof the Gamtoos

Basin and the undrilled southern Rdttizabeth and southern Uitenhage trougfisLachlan

& Wickens, 1990)

Exciting opportunities for these complex basins can be concluded based on:

1 The combination of ambundance of reservoir quality sandstones in the northern
Uitenhage trough with the presence of the sniffer hydrocarbon anomaly upgrade in
Gamtoos and Algoa basins.

1 Encouraging hydrocarbon shows present in Albian sandstone beneath the Algoa and
Gamtoos anyon, with similar untested stratigraphic traps present in the south.

1 An onshore data set of 22 borehole and offshore data sets of 19 boreholes, with
comprehensive multichannel seismic coverage.

Moreover, there are numbers of identified prospects ethasins and one advantage is

that the water less than 300 m deep. The Gamtoos and Algoa basins aexdered

and have known reservoir units, numerous petroleum charges, regiosaiatogs well

as several traps. Thus, the good tempoedhtionshipsbetween these factors have

indicated good potential for undiscovered petroleum accumulations in the Pdsias

, 1993)
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CHAPTER TWO

2. Literature Review

21 Introduction

The topics included in this review focus geismic sequence, seismic facies, geophysical
well logs,bi ostratigraphy (focussing mainly on
discussion on seismic sequences and seismic facies analysis focuses on using seismi
par amet er sd a tandrthe Btwdtueak infornatioru of the sediment, mainly the
depositional processes and the environment of deposition. The description is based on thq
integration of the core data and well logs, with the aim to improve the formation evaluation in
terms of he reservoir qualities, identify the microfossil groups present and interpretation of
overall depositional environment and the possible related source of errors that may arise
during the analysis. These were thoroughly reviewed, because the geologighisses

information to draw a map that can guide in establishing the aeatidn for drilling for olil.

Also the data can be used to correlate the age between wells and to determine the depositional

environment based on paleo water depth. Many of the beothiminifera live in a specified
depth interval and their preservation in the sediments are useful to understand the

Paleobathymetry.

2.2  Seismic Stratigraphy

Seismic stratigraphy is the method used to extract stratigraphic information from seismic
data, by means of interpreting seismic reflection within the geological frame work and was
introduced byVail, et al., (1977) The application of Seismic stratigraphy to extract

information from seismic data isviled into three parts namely:

1. Seismic sequere stratigraphy analysis (which deals with separating time depositional
units according to unconformities),

2. Seismic facies analysis (used to deternulepositional environments) arlde reflection
characteristic analysis which is the aspect that is usestutly the lateral variation of
individual reflection events, or sequence of events, in order to

3. Locatethe occurrence of the stratigraphic change by means of identifying their nature
such adDHI (direct hydrocarbon indicator), which is the major taml this by modelling

both synthetic seismograms and seismic logs to detect hydrocarbon, mostly gas.
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The seismic stratigraphy is based on the properties of primary reflections that are generated
through velocity and density contrasts on physical surfacdseafocks consisting mainly of
strata surfaces and unconformities. The interpreted result from the seismic section can bg
recorded in Chronostratigraphic depositional and structural patterns. However, the main
concept of seismic stratigraphy is the idicdition of stratigraphic units comprised of fairly

conformable successions of genetically related strata, known as a depositional sequencq

(Figure 21). These are both bounded at the top (B) and base (A) by an unconformity.

Unconformity Conformity

Surface of Nondeposition No Hiatus

Unconformity i Unconformity

Surface of erosion Surface of
and Nondeposition Hiatus Nondeposition

Figure 2. 1. Schematics of a depositional sequence (Maodified by Vail et al., 1977).

2.2.1. SeismicSequence Analysis Concepts

Seismic sequence analysis is one of the concepts used to interpret sequence stratigraphy frofn
seismic data by means of seismic eefion. It is the process of identifying unconformities

and correlative conformities on reflection seismic sections in order to separate the packageg
of the sequence with different depositional time unit. The discontinuities or unconformities
and the depsitional boundaries can be recognized by interpreting the seismic reflection
termination such as onlap, downlap, and toplap as well as truncation orderly displayed by a
discontinuity surface. The depositional sequence boundaries can be identified by the
termination reflection that is caused by lateral termination of the strata known as discordant
surfaces. The three major types of discordance at upper and lower boundaries can bg
recognized and are described below. The concordance can be referred tocadinieus
sedimentation. The sediment lying on top of one another have the same strike and dip (Figurg
2.2). According to Catuneanugt al., (2009) in seismic stratigraphy, there are four strata
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terminations that can be used to identify sequence strdtigraprfaces. Two are found at
upper surfaces and are called onlap and downlap, while the other two occur at lower surfaces
and are called truncation and toplap (Figur®.2n addition, offlap strata termination is a
major strata stacking pattern thadicates the recognition of force regression and describes
the subaerial unconformities and their correlative conformities. Such lapouts are useful to
interpretation of depositional trend as well as system tracts. The strata geometries and stratg
terminations can be used to define surfaces and system tracts, and understand accommodatiop

conditions during the depositig@atuneanuet al.,2009)

SEQUENCE
TOPLAP / BOUNDARY

<« ONLAP —

i

TRUNCATION = o

SEQUENCE
DOWNLAP

DOWNLAP SURFACE TRUNCATION

Figure 2. 2: Reflection termination and types of discotinuity (the discontinuity names
are underlined) after Vail, 1987.

truncation

sequence
boundary SB\

Figure 2. 3: Schematic of seismic strata termination (After Catuneanu, 2002).

2.2.1.1 Lower Boundary
Onlap:
An onlap is a basdiscordancy in which the indl strata terminate updip against an initially

inclined surface, or it is an initially inclined surface that terminates against strata of greater

inclination (Figure 24). Onlap can also be referred to as lapout, and indicate the lateral

15




termination of seidhentary units at its depositional limit. An onlap type of termination can
develop in marine, coastal and Am@rine environments, such as:

Marine onlap This developed on continental slopes during transgressions (slope aprons,
(Galloway, 1989)

Healingphase deposits(Allen & Posamentier, 1993)occur when there is deepwater

transgressive strata onlap on the maximum regressive surface.

Costal onlap This is also known as transgressive coastah@lowwater strata onlapping

on the transgressive (tidal, wave) revilement surface.

Fluvial onlap referred to as landward shift of the upstream end of the aggradation area in a
fluvial system during the base level rise (normal regression and tranegjessien fluvial

strata onlap on the subaerial unconformities.

Downlap

Downlap is also a bas#iscordancy in which the initially strata terminate downdip
progressively against an initially horizontal or differently inclined surface (Figdde IR.is
alsoknown as baselap, and indicates the base of a sedimentary section at its depositiona
limits. The downlap strata termination is usually observed at the base of prograding
clinoforms either in shallow or deep marine environments. It is uncommonly foumahin
marine settings, except in lacustrine environments. Thus, downlap represents a change fron
marine (or lacustrine) slope deposition to marine (or lacustrine)dapasition. However,
baseconcordance refers to the strata of the sequence which dormanate against the

lower boundary.
2.2.1.2 Upper Boundary
Toplap

This is the termination of strata (clinoforms) against an overlying lower angle (updip),
surface (upper boundary) primarily due to ra@position or as a result of bypassing sediment
with possible minor erosion (Figure4. The strata lapout (lateral termination of a reflection

at its deposition sectionfpllows landward direction at the top of the section, but the
successive termination rests progressively seaward. Thus, toplap sunfaigetisggproximal
depositional limit of the sedimentary section. In seismic stratigraphy, the topset of a deltaic

system (delta plain deposits) can be too thin or weak to be recognised on a seismic sectior
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profile as separate units (thickness below thensiei resolution). In events of this, the topset

may be mistaken for toplap (apparent toplap).

Erosional truncation

Erosional truncation is the termination of strata against the upper boundary of a sequence dug
to erosion. These commonly occur where steatatilted as a result of structural movements
(Figure 24). Top concordance refers to the strata at the top of the sequence that do not

terminate against an upper boundary.

Structural truncation : This is the lateral termination of a stratum by structdratuption

that is generated by faulting, gravity sliding, and igneous intrusion or salt flowage.

Apparent truncation: Is the termination of relatively loangle seismic reflections beneath a
dipping seismic surface, where that surface represents n@impression (Figure £a).

However, other types of strata termination include:

Offlap: Is the progressive offshore shift of the updip termination of the sedimentary sections
in a conformable succession of rocks in which an individual successively yolewens
exposed a portion of the older section on which it lies. Thus, offlap is the outcome of base
level fall; therefore it is an indicative for forced regressicapout is the lateral termination

of a reflection (generally a bedding plane) at its dejoosil section.

—— e
———

EROSMONAL T RUNCATION T O Ay COMNCORDANCE

LOWER BOUNDARY

EE—— __/':;"‘ — :ii—i'i\'?\\; —— = ~—

— —— e S —

EZS B S|

OoreLAP COoOwWNLAS CONCORDANCE

GEOMETRICAL RELATIONSHIFS DISPFLAYED BY SEISMIC REFLECTIONS

Figure 2.4. Schematic reflection discordance (Emery & Myers , 1996) (b) Types of
unconformable relationships displayed by reflection geometries on seismic section,
(Veeken, 2007)

17




2.2.13 Seismic Facies Analysis Concepts

Seismic facies conceptgere introduced in exploration geophysics only a few years ago, but
the concept has not been widely used. Though, seismic facies analysis has been subsequently
usal in interpretation of seismic stratigraphy for hydrocarbon exploration from seismic data.
However, in this study the focus shall be on seismic facies analysis in addition to seismic
sequence analysis. Seismic facies analysis makes use of different geismeters for the
purpose of getting other than structural information. The procedures are usually applied in oil
exploration. A seismic facies unit is defined as a sedimentary unit which is different from the
adjacent units in the seismic facies charastic (Roksandic, 1978)Seismic facies may
someti mes correspond to geol ogi cal faci es,

to different factors such as:

(a) Resolution from the seismic method is much less than tliaeafeology methods.

(b) Seismic data do not include all information necessary for the definition of a
geological facies.

(c) Some seismic parameters are influenced by secondary processes which are not strictly
connected with a geological facies. For instance,pitesence of gas may change the
seismic signature.

Besides, the characteristic of seismic signature of some geological bodies essentially
composed of one geologicécies can be caused by features originating from the-post

depositional processes. Suslhthe case with diapir cores (core from dome strata or rocks).

The objective of using seismic facies analysis is to enable the correlation of reflection
attributes with the stratigraphic characteristics of the identified sequence. It can also provide a
correlation frame work between seismic and well data. These reflection characteristics are
thought to correspond to the unique geological and depositional history of the sequence
(Mitchum Jr,et al.,1977) However, several previs studies have shown a direct correlation
between seismic facies type and lithology. Nevertheless, calibration between the two is still a

basin specific; therefore, an independent analysis must be carried out for the basin of interest.

Seismic facies amgsis aids in interpreting lithofacies distribution, determining the
depositional environment and energy sources from seismic data reflection characteristics
(Mitchum Jr,et al, 1977) such as: amplitude, continuity, configtiolm and interval velocity

that distinguish them from neighbouring sefsingree & Widmier, (1974&and Sheriff |
(1975)directed that the following seismic data or seismic facies elements such as: reflection
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amplitude, dominant frequency, interval velogityeflection configuration, reflection
continuity, external form of seismic facies units i.e. the geometry of the seismic facies units,
should be considered in seismic facieslysia (Figure2.5 and2.6). Thus, interpretation of
lithofacies and depositi@h environments using seismic facies analysis involved the

following internal and external key seismic parameter units:
Internal key seismic parameter units include:

+ The reflection termination (reflection discordance) such as: (onlap, downlap,
erosional tuncation, and toplap) found at the upper and lower boundary in a seismic
sequence (Figure.

+ The geometry reflection such as: reflection amplitude: low, high and variable.
Continuity: high, low, and variable. Frequency: thickness of each layer (Rdire

+ The reflection configuration includes: parallel, divergent, chaotic, prograding, such
as: sigmoid, oblique, shingled, and hummocky (Figurés2ZZ & 2.8).

External key seismic parameter units include:

+ Three dimensional forms such as: Sheet, Shemied Wedge, Bank, Lens, Mound
and Fills, (Figure B).

FREQUENCY/ SPACING

Figure 25: Geometry reflection attributes: continuity, amplitude and frequency/spacing
(modified by (Badley, 1985)

Nevertheless, there argvd ways of interpreting seismic facies data such as direct and
indirect interpretation. The direct interpretation of seismic facies analysis is aimed at finding

out geological causes responsible for the seismic signature of seismic facies units, such as
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predicting the lithology, fluid content, porosity, relative age, overpressure shale, type of
stratification, geometry of the geological body corresponding to the seismic faitiaadiits
geological settingWhile the indirect interpretation tends to reacmclusions on depositional
processes and environment, sedimeansportsdirection, and some aspect of geological
evolution (transgression, regression, subsidence, uplift and erosion). The result of the seismig
facies analysis can be shown on seismiciefa crosssections and seismic facies map,
depending on the availability of seismic data and geological conditions of the area under
consideration. The seismic facies map can be of different types such as a general seismig
facies map indicating distribwain of different seismic facies units, sasttale ratio map, and

direction of crossedding and paletransport maps etc.

2.2.1.4. Important Notes in Seismic Facie Analysis

(Sangree & Widmier, 1979ecognised the followingey factors in using seismic facies
analysis.
1) An understanding of the impacts of lithology and bed spacing on reflection parameters

such as: amplitude, frequency and the continuity of reflectiigsire 25).

Table 2. 1. The features of reflections and Geological interpretation of amplitude,
frequency and continuity of reflection(Sangree & Widmier, 1979)

Features of reflections | Geological interpretation

Amplitude Fluid content, impedance (Velbg-density) contrasts, laye

spacing (cause constructive and destructive interference).

Frequency Fluid content and bed spacing.

Continuity of reflections | Depositional processes and bedding or layer continuity.

2) Parallel and sujparallet This formed by strata which were possibly deposited under stable

basin conditions or at uniform rates on a uniformly subsiding shelf, (Figgire 2.
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Figure 2. 6: Internal structures (parallel and sub-parallel) reflection patterns on
sasmic section(Mitchum Jr, et al., 1977a)

a) Divergent The divergent reflection configurations are characterised by a wedge
shape unit where lateral thickness of the whole unit is as a result of thickening
individual reflecton subunits in the main units (Figure@). This configuration is
interpreted to indicate lateral variations according to rate of deposition or progessive
tilting of the sedimentary surface in deposition.

b) Prograding The prograding reflection configutian created by sediments that are
horizontally outbuilding sediments deposited earlier or sediments deposited in a
progradation pattern forming a gently sloping depositional surface known as
clinoforms. However, prograding reflection configuration shapes sigmoidal
(superposed -Shaped reflector) and oblique, complex sigmalidique, shingled and
hummocky, (Figure 7).

c) Chaotic Chaotic reflection configuration patterns (Figuré)2occurred as a result of
penecontemporaneous, seéidiment deformain or possibly deposition of sediments
in a varialke highenergy environment e.gbasement environment), thereby

interpreted to signify a disordered arrangement of reflection surfaces.

a. SIGMOID d. COMPLEX SIGMOID-OBLIQUE

~

c. PARALLEL — e

Figure 2. 7: Seismic reflection configuratons patterns interpreted as prograding clinoforms.
(Mitchum Jr, et al., 1977)
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Figure 2. 8: Seismic reflection configurations of external seismic facies units in three
dimensional patterns(Mitchum Jr, et al., 1977)

23  Parasequences

The parasequence is the fundamental unit of sequence which is defined as the relatively
conformable succession of beds or bedsets that are both bounded at the base and top 4
marine flaoding surfaces or their correlative surfa¢éan Wagoneret al, 1990) Generally,
parasequences are irregular shallowapgvard sedimentary cycles and the lower section of
the parasequence consists of deeper water faciassamgper section shallower water facies.
However, in a typical siliciclastic wave dominated shoreline setting, particular sets of facies
occur in order: the parasequence that traversed these facies begins with bioturbated offshor
mudstone, overlain byiteer the storm beds of the transition zone or the lower shore face.
This in turn is followed by the cross bedding of the shore face environment and ultimately
passing upward into the seawandlined laminae of the foreshore. The sequence is typically

topped by coastal plain coal beds (Figur@) 2.
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Figure 2. 9: Typical wave dominated parasequencé/an Wagoner, et al., 199Q)

Parasequences are commonly used to describe individual prograding sedoodies in
coastal to shallowvater systems. They have correlative surfdugh on the coastal plains,
which can be an erosive surface, root horizon,abbcal erosion surface, and basinward as

an upward succession of facies which suggests of degpéepositional surfaces. However,

a parasequence which developed on a muddy siliciclastic shoreline exhibits a different set of
facies, which arrayed vertically in a shallowing upward order; such parasequence begins with
crossbedded, subtidal sands, folled by interbedded bioturbated mudstone and rippled
sands of intertidal environment, overlain by mudstones of the supratidal zone and swamp coal
(Figure 210). A flooding surface is the surface across which there is an abrupt change of
facies that can dier indicate an increase in water depth or a decrease in sediment supply
(Van Wagonergt al., 1988) Flooding surfaces occur over a paleosol, offshore transition,
open marine limestone, or any depositional facies. Floodirfgcas may reach maximum
landward positiortalled maximum transgressiofhe horizon of the maximum transgression

within the sequence is called maximum flooding surface (MF&) Wagoneret al.,1990)
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Figure 2 10: Typical tidal -parasequencgVan Wagoner, et al., 1990)

23.1 Parasequence Sets and Stacking Patterns

Furthermore, stacking patterns respond to interplay of changes in the rate of sedimentation
and base leveland reflect a combination of depositional trend such as progradation,
aggradation and down cutting. Each stratum stacking pattern describes particular genetic
types of deposits such as transgressive, normal regressive and force redréssivé
Tucker, 1992) However, due to predictive strata stacking patterns in a sequence,
parasequences are classified into parasequence sets. Thus, parasequence sets are basical
succession of genetically related parasequences which fatimctive stacking patterns
typically bounded by major marine flooding surface and their correlative surfaces. These sets
of successive parasequences can exhibit consistence in thickness and facies compositio
depending on sediment supply and accommodattuoh can be progradational, (coarsening
upward), aggradational (representing relatively constant water depth) and retrogradational
(can dip upwedi backstepping) (Figure 21). All these correspond to different forms of

system tract.

23.2 Progradationd Stacking

This is the lateral outbuilding, or progradation, of strata towards the seaward direction. This

is the parasequence set or stacking in which successively younger parasequences depositq
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farther basinward, implying that the overall rate of depugisediments is greater than the
rate of development of accommodation space (Figur&).2ll also creates an overall
shallowingupward trend within the parasequence set, and can be recognised by the
progressive appearance of shalloweter facies upwarin the parasequence set, as well as
the progressive loss of deepeater facies upward in the parasequence set. It is bounded by a
flooding surfacéHunt & Tucker, 1992)

2.3.3 AggradationalStacking

This is the vertical bld-up of a sedimentary sequence, which generally occurs when there is
a relative sea level rise caused by subsidence or eustateveesase, thereby enhancing the

rate of sediment influx to the extent that it is sufficient to match the formation of the
depositional surface and can form near the sea (eeelvhen carbonates afastics sustain

in HST). This occurs when the sediment rate is equal to the sea level rise, thus producing
aggradational stacking in a parasequence when the patterns ofi¢lseatabe top of the each
parasequence are essentially the sdawes of shoreline stays in the same position) (Figure
2.11).

2.3.4 RetrogradationalStacking

This is the movement of the coastline landward as a result of transgression. This occurs wher
the sedevel rises with low sediments influx. A retrogradational parasequence set is a
paraseqguence set in which successive younger parasequences are deposited farther landwgrd
in a backstepping form. For instance, the contact between the shorelinesdride coastal

plain facies at the top of each parasequence will appear to move farther landward in each
successive parasequence. Thus, the overall rate of deposition or sediments deposited is legs
than the rate of accommodation space (Figurd)2Therdore, accommodation space is
created more rapidly than it is filled, water depth develops deeper, and facies gradually move
farther landward. Although each parasequence is shallewpngrd, the amount of
deepening at the flooding surface surpasses theummof shallowing in the next

parasequence, creating a net overall deepening in the parasequence set.
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Figure 2. 11: Typical stacking of parasequence sei@/an Wagoner, et al., 1990)

24  Core Description

Core analysis is the preliminary fundamental point of geologic and engineering studies for
reservoir characterisation. It is the only tool used in the reservoir assessment that measure
the formation propertie€ore and well cuttings are the subsoégaiock materialsTherefore,
convectional cores enable us to visualize subsurface formation properties which can help in
reducing uncertainty that is associated with the reservoir, seal distributiargaality. The
analysis may aim to determine formatiproperties such as

porosity (storage capacity for reservoir fluid),

permeability (reservoir flow capacity),

saturation (fluid type and content), and,

sedimentary structures,

lithology (grain size distribution, grain density, and mineral composijtion)

fossil and trace fossil association and

=4 =2 4 A A4 A -

flow characteristics of the fluitBateman , 1985As well as

1 the effect of an overburden stress,
All these provide useful information to geologists and engineers whether a welilbbe
economic or not, also to understand the depositional environments, reservoir geometry and

quality. Laboratory core analyses usually provide accurate measurements, however, error in
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conducting laboratory test procedures in analysis of core sampieparation may cause
damage to the core if not correctly performgginclair & Duguid, 199Q0) Damaging
processes, such a plugging can cause partial disintegration of a formation and thereby
extensively affect the results dhe petrophysical property measurement. Thus, partial
disintegration of core due to the plugging process has been observed as the source of overl
optimistic permeability measurementsurst1987b) The excessive breakage of the core
during thetransportabn, and removal from the barrel, as well as laying them out in the
laboratory may also cause damaging of the cores. Laboratory procure during the drying
samples can extract the water content in the clay parti€leslair & Dugquid, 1990)This

could result in misidentification of minerals on the petrophysical properties.

Jahaz, (1990)describes the analysis of using core obtained from qualitative geological
description by the use of complex analytical tools, includirmgyxdiffraction (XRD), and
Scanning electron microscopy (SEM). Today there are however no calibration standards or
uniformly accepted experimental procedures. Consequently, there are a lot of substantial
inconsistencies in the analyses of a major reservoirdiffgrent laboratories thereby
enhancing the reality that validation of the result can only be done only within the arranged
procedures based on singular laboratory. For instance, measuring porosity in the dried core
plug by means of humidity controlleghgroaches has been observed to be constantly lower
compared to those measured from odeled core pluggPenney & Looi, 1996)Thus,
analysis of related groups of core samples by different laboratories based on their ihdividua
techniques can result in significant differences in the evaluation of potential reservoir
sequences. The method of drying core samples, for instance has been known to be vital ir]
conserving the wsitu morphology of some minerals (illite) as well as ustéding the
difference in permeability measurements obtained from core analysis and well test data
(Pallat,et al, 1984) In addition, related observation was notedvbyHardy, et al.,(1982)in
comparing the morphology oflite contained in samples that have gone through different
drying processes. Therefore, as a result of deficiency in the measurement, the rock propertieg
validated based on the evaluation of particular core analysis methods may not always be

counted, ashe extent of the errors in assessment that could arise during the analysis is not

acceptable. The major consequence is that, core analysis results can be completely differen

from the geophysical data. In that case, the predictions based on the gedpbgsara
occasionally doubtful without a reflection of the laboratory analytical procedures.

Nevertheless, another coring method such as sidewall coring may be carried out when
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supplementary rock samples are needed after the drilling of the well poasitay. Sidewh
coresare acquired witla wire tool by means of firing hollow cylindrical bulletby pulling

the wires connecting the barrel to the gimo the formation andubsequently recovering it
after the formation wall has been affectedtbgsecylindrical bullets,(Figure 2.2). Core
barrels are designed for penetrating formatiohdifferenthardnessthe types of barrels and

the size ofthe charge are varied to enhance recovery of different formations. However, the
major problem with corings due tothe susceptibility of the formation sample toward the
physical changesn its journeyfrom the well foot to the surface. Several higlesh coring
mechanisra that can conserve the orientation, pressure and the original fluid saturations of

core amples have been established.

Figure 2. 12: Sidewall-Coring Scheme (Schlumberger, 1972).

25  Petrophysical Well logs or Wireline logs

Petrophysical well logging or wireline logging is the act performed by engineers and
geologiss to extract subsurface information on physical properties of rocks which are
exposed during the drilling of an oil well. This is obtained by means of measuring equipment
called logging tools (sonde) lowered on a cable (wireline) into the well. Thesener@ants

of the different rock properties are transmitted through the cable which contains several
conductors to the surface components (computer unit) where the readings are noted. Thq
recording of this information on paper or film establishes the-Mgll This process is
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sometimes referred to as geophysical well log technique which was introduced by Conrad
Schlumberger and Henri Doll (brothers) in Alsace, France, 1927. In addition, geophysical
well logging has become essential in hydrocarbon explorasaio the geological sampling
(cutting samplings) during the drilling shows an inaccurate record of formations encountered.
Mechanical coring methods are more expensive and slower but their results are explicit.
However, logging is more precise, but iuéres the attention of an experienced geologist or
Petrophysics for the interpretation. Loggi
gap between the cutting and cores thereby providing detailed subsurface inforrhlaéon.
circumstances whichntail core and log measurements differ extensively. Well logs measure
in-situ parameters and they are not usually assigned to geological factors. The logging tools
are also affected by the environmental factors, including temperature, overburden pressure
casing and other facto(Rider, 1996)

However, as stated above, wireline loggings differ from drilling logs. Reason being that they
are performed after the termination or an interruption of drilling the well, by means of
lowering instruments into the hole; this process is known as Logging While Drilling (LWD)
(Schlumberger, 2000Yisual examination of samples brought to surface is done by means of
geological logs including: cuttings logs, cdoggings or petrophysical loggings as
recognised tools(Ofwona, 2010) The drilling logs are performed during the drilling and
record factors such as such as drilmage, torque and muldss which comprises drilling

mud salnity, PH and mud weight, etc. These are ways of obtaining petrophysical information
about the rock formations as the bit penetrates through the formation and produces a
primitive lithological log. They main objective of well logging is to acquire petrophls
properties of reservoirs such as porosity, permeability and hydrocarbon saturation etc. For the
hydrocarbon exploration, logs also enhanced subsurface information regarding to the fluids in
the pores of the reservoir rocks. The petrophysical parasnaieh as effective porosity (,

water saturation"Y0, formation resistivity'Y 0, hydrocarbon saturation™¢ and true

resistivity Y 0 are all evaluated by means of using well log data.

Thus, Petrophysical well log analysis and interpretation are very important tasks to
distinguish the reservoir Petrophysical parameters like porosity, water saturation, and
thickness of hydrocarbon bearing zo®chlumber, 1974; EGawad, 2007) The well
logging application is principally directed towardstefmining the lithological and

Petrophysical components by means of relevant techniques combining various logging data.
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Well logs have been effectively used as part of drilling practise in exploration and
development wells, to offer more information anm@ajer accuracy of reservoir evaluation
(Connolly , 1965; Brown, 1967They are also utilised to identify depositional environment
(Serra & Abbott, 1982; Serra, 89; Rider, 1996; Rider , 1990and the depth and thickness

of productive zones. Additionally, they are also used to differentiate between oil, gas and

water in reservoirs to assist in estimation of hydrocarbon resgkggsith, et al.,2004)

25.1 Classificaton of GeophysicaMWireline Logs

The geophysical wireline logs are classified either based on their mode of operation of the
logging tools or mode of their usage which involves measuring physical parameters and the
condusions that can be obtained from them.

2.5.2Classificationof GeophysicaMWell logsBased orMode ofOperational Principle
includes

+ Electrical logs: Spontaneous Potential (SP) log and Resistivity logs.

+ Nuclear or Radioactive logs: Gamma ray (GR), Digresnd Neutron logs.

+ Acoustics log: Sonic logs.

25.3 Classification based on their usage mode includes

Resistivity logs by: Induction, Lateral log and Daegistivity
Lithology logs by: Gamma ray and Spontaneous potential.

Porosity logs by: Sonic, Dengiand Neutron logs.

-+ + F

Auxiliary logs by: Calliper, Dip meter, Bit size logs etc.

25.4 Characteristics ofSelectedwireline Logs

25.4.1RadioactivelL og

Radioactive logs entail the use of radioactivity to identify the lithologies of the formation and
to deermine their porosity and density; this is done mostly in a cased hole. Radioactive logs
can be classified into two groups such as: Gamma ray that passively measures the naturgl
gamma ray radioactivity of the formation and the gamma ray that measurezedndu
radioactivity from the strong radioactive sources in the Sonde. However, the first group of an
element that uses a natural radioactive phenomenon is due to the presence of potassiun
thorium and uranium in lithologies. Based on the effect of radiagcton lithology, we

know that shale commonly has the highest radioactive value, while sands are intermediately
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radioactive, and dolomite, limestone and quartz generally show a low radioactivity
(Bassiouni, 1994)Sometimes elements, such as ash bandasipdieds, and radioactive ores
with higher levels of radioactivity than shales, may be encountered. Due to high radioactivity
of shale sediments, most of the radioactive elements tend to concentrate on shale and othgr
fine sediments, the clay particles whiare chemically active absorb radioactive minerals.
Also, some heavy metals selectively precipitate and entrain fine sedifBertsouni, 1994),

but potassium is the major contributor to shale radioactivity. Common shale log tools may be
used to identif them. Having said that though, radioactive log tools must be carefully
interpreted, because not all shale formations are radioactive, and conversely, not all the

radioactive formations are shale.

However, Shaldree sandstones and carbonate confineh wiery minute radioactive
minerals as a result of chemical environment that existed duringdepasitionare not
favourable to accommodation of radioactive minerals. Gamma ray activity varies from region
to region but may be constant in a specific fifltie spectral gamma ray is the borehole
equivalent of the gamma ray spectromefdris measures the numbers of gamma rays and
their energy spectrums. It allows determination of specific concentrations of potas$fym (K
thorium, and uranium. These measuents enable the emission of uranium content to obtain
a superior evaluation of shale contemts. 6 s d i f f eimgengammia rap log whithe
measures the radioactivity of the three elements (potassitfiy {orium, and uranium) that

can be used teepresent the depositional environment of formations. Uranagium series,

the thorium series and potassid® (K*9) are the most abundant in sedimentary rocks.
Uraniumradium series are mostly concentrated in marine sediments while the thorium is
found mostly in terrestrial sediments; they exhibit a certain level of natural radioactivity.

There are two types of these radioactivity logs, namely:

(i) The Gamma ray or formation density log that deals with densities.
(i) The neutron or porosity logs.

25.4.2 Gamma ray Log

The gamma ray log is the result of measuring the total gamma ray intensity in the wellbore.
The gamma radiation in the wellbore reflects the raditve activity of the different
formations which surround the well. This log can be usedéntify different formations as
well as to determine their depths and thickné8sssiouni, 1994)also, they aid in

distinguishing between potential hydrocarbon formations (sands, carbonate) and shales. All
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rocks have someadioactivity. However, the radioactive material initially occurs in igneous
rock and is later dispersed unequally throughout sedimentary formations during the erosion,
transportation, and deposition processes. In sedimentary formations, most of thetivadioa
elements tend to concentrate in clay minerals, which in turn concentrate in(Sraleisuni,

1994) In general, sandstones, limestones and dolomites have very little radioactive content.
Black shale and marine shale display the highest level obaetivity. Radioactivity is
related to lithology but not directly or rigorously so. It can be used to distinguish shale and
nonshale formation and also enables the estimation of the shale content of shaly formations.
A high level of radioactivity is hower not always associated withe presence of clay
minerals, hence the use of natural radioactivity in lithology differentiation requires good
knowledge of the local lithologyBassiouni, 1994&.g. a high gamma ray may notggest
shaliness but rather reflect the presence of radioactive sands such as potassium rich feldspay,
glauconitic or micaceous sandston€gean formations usually have a very low amount of
radioactivity due to low or nenconcentration of radioactive elemts, unless radioactive
contaminants such as volcanic ash or granite wash are present or if the formation containg

dissolved radioactive salts prevailing during the depositional period.

The simple gamma ray tool (Figure 2)1s a very sensitive gammay detector and consists

of a scintillation counter of sodium iodide crystals and a phatiplier tube. When the
crystal is hit by gamma radiation, it emits ultra violet or Higat photons. These photons
strike anodes placed at successively highéemi@ls. The scintillation counter is the most
suitable instrument for radiation detection. It is characterized by fast reaction and high
detection efficiency (50% to 60%). These characteristics allow it to detect thin beds. The
standard unit of measurentes APIl. The gamma ray log can be recorded in a cased well,
which enables the formation of correlation curves in completion and workover operation. It is
frequently used as a substitute or to complement SP log curves in wells drilled with salt mud,
air, or oil-based muds. It is also useful for location of shaly andshahy formations and

most importantly, for general correlation.
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Figure 2. 13: Gamma ray tool (Serra, 1984)
2.5.4.3 Neutron Log

The neutron log is a porosity log that measures mainly the hydrogen ion concentration in a

formation. Other porosity | ogs i mesponsasare d g
al |l affected by the for mat i on @atergtics cansthus vy ,
be determined. The toolsd responses are r

porosity log (Rider, 1996) Neutron logs are primarily used for delineating a porous
formation and determin@in of their porosity. Hence, in clean formations whose pores are
filled with water or oil, the neutron logs indicate the amount of liquid filling the pore spaces
and hence the porosity. Qualitatively, in a gas zone, it is an excellent discriminatorrbetwee
gas and oilRider, 1996 when comparing the neutron log with another porosity log (such as

a density log or a sonic log) or with core analysis. The combination of neutron log with one
or more porosity logs reveals more accurate porosity values andfigdgion of gross
lithology, evaporates, hydrated minerals and volcanic rocks, and even an evaluation of shale

content. It is therefore one of the best subsurface lithology indicators avéitalde, 1996

In the neutron dg, there is a radioactive source where formations are bombarded with
radioactive elements (fast neutrons rather than gamma tiaigsgreated inelastic scattering,
elastic scattering and absorption phenomenon occurrences in the formation. These neutron
travelling through formations only slow down drastically when they collide with atoms of
similar mass i.e. Hydrogen atoms. Once they have been slowed by recurrent collisions, theyj
are absorbed (inelastic scattering) into the nuclei of heavier atoms prasentause
emission of gamma rays recorded by counter. The number of neutrons that strike the detecto
(neutron count) is affected by a number of factors in the borehole environment, such as hole

size, mud weight and casing siateman , 1985)
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An example of neutron tools invented to compensate environmental effects is illustrated in
(figure 2.4 A and B). The neutron tools commonly comprise of a fast neutron source and
two detectors, near and far. Thus, by bombardingdhadtion with neutrons, the detectors
measure the energy | oss as they are pass
chemical, such as plutoniuberyllium (PuBe) or americiurberyllium (AmBe), and usually
produce fast neutrons with high energy lsvatound 4MevThe far detector is affected by

both borehole and formation, while the near detector records signals from the borehole
directly. The ratio of the counting rates from the two detectors gives only information about
the formation, which is usetd produce a record of the neutron porosity indowever, the

rapid rates at which the neutron slows down, the nearer to the counter the gamma rays are
produced, thereby resulting in a stronger sigr&ihce hydrogen is an important component
of both water and oil, the neutron log measures ligfildd porosity in clean formations,

whose pores are filled with water ait,.

Consequently, for any gas zone or pores that are filled with gas rather than oil or water, the
neutron logs usually indicate loveading values. This is due to the lower concentration of
hydrogen in gas as compared to oil or water. But, the neutron reading is usually high in pores
containing oil and wateihe lowering of neutron porosity by gas is known as the Gas effect.
As the twotools, gammaamma and neutron react to permeability and fluid in a similar way

to respectively SP (spontaneous potential) and resistivity, it can be used to replace the lattef
methods in cased holes. Clay minerals in the formation also affect the ntaglonThe

bound lattice water presence in the clay minerals can enhance high porosity to be indicated
by the neutron logbut the effective porosity in such rocks might be zero owing to the

presence of fine clay particles in the pore spaces.
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Figure 2. 14: (A) Schematic of Compensate neutron tool (B) Schematic trajectories of neutron in
limestone with no porosity and pure water(Rider, 1996)
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25.4.4 DensityLog

The density log measures the bulk signof formations, which includes the overall density

of the rocks such as solid matrix and the fluids confined in the pores. Bulk density is the
function of matrix and porosity. The density log is quantitatively used to estimate porosity,
indirectly hydocarbon density (fluid types) and acoustic impedance of the formation. The
density log is qualitatively used as a lithology indicator, which helps to infer certain minerals
in the rock as well as to identify overpressure and fracture porosity. The ldgghmgques
involve exposing the formation to gamma rays, which are backscattered and absorbed by the
materials in the formation. However, the rate of absorption and the intensity of the
backscattered rays depend on the number of electrons (electron Jd#raditthe formation

holds, which are closely related to the common density of the material. Dense materials
contain more electrons per unit volume (electrond/cwith which the gamma particles can
collide and loose energy. Therefore, absorbance of hagtergy occurred and backscattering

is lower in dense materials. In less dense formations that comprise of lower electron density,
enhanced more substantial gamma patrticles get to the detector and more counts are recordq

per unit time.

The detector cous later translated to bulk density as obtainable in the densityAlog.
illustration of a density tool is provided in Figure &.1The tool consists of a gamma ray
source and two detectors (near or short spacing and far or long spacing). The cotmting ra
recorded by the detector enables the correction for the effects density and thickness of the
mud cake. The geometry of the logging tool is designed to minimize the effects of the drilling
mud. The source and the detectors are fitted in a plaigiped kid and pressed against the

wall of the borehole by a centring arm. However, the force applied by the arm, and the shape
created by the skid, enable the tool to pass across the mud cake in order for the tool and th¢
formation to have contact, also minimmgi the contribution of the drilling mud in the
recorded signal. The investigation depth is about 1@dner, 1996)
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Figure 2. 15: Schematic of dualspacing density logging device (SPWLA Library).

The differences in the bulk density confirmed changes in porosity, since water and
hydrocarbon contain lower densities compared to solid (mineral or rock) materials. The
accuracyestimation of porosity from the density log depends on the range of deakigsv
used for the matrix and the fluid in the equation on Fidlr#s). The consistent source of
these values is from the laboratory analysis. However, an assumed value in log analysis carn
be used, mostly when the lithology formation is unknown or ial@sence of core#és core

is available, a standard rock density of 2.65 d/amused in Figuré.15) is no longer valid.

A study of the Jurassic Brent group in the North Sea indicates thaaridstonef 20 %
porosity, the error associated with eacfiolincrease in the proportion of siderite controlled
porosity, a measured porosity of around 0.8% provided is not valid in the matrix density
values (Guest, 1990)In addition, using more accurate matrix density parameters with
amount of organic mait and dense minerals presamsulted in at least 10 % increase in

porosity values compared with assumed value of 2.65%glarron & Herron, 2000)

Converselythe error in the porosity values acad with incorrect choice of matrix density

is roughly 50 times the error in the matrix val@&anberry,et al., 1968) For instance, an

error of 0.01 g/crhin grain density will produce an error of 0.5 % in porosity. The
coneguences atheseare that errors in matrix density parameters could have great effects in
the evaluation of reservoirs. In an absence of cores to verify the calculated density log
porosity, and if the low values of matrix density are used, the calcydatedity will be low,

so that the reservopotential could be extremely undestimated.In addition, the fluid

density values commonly accepted in density log analysis is that of water €) ghtraugh,

36




the definite fluid density could be lower wheretheservoir is saturated with gas or light
hydrocarbons. Evaluation from the density log can therefore result in an extremely high

porosity estimate.

2.5.4.5 SonicLog

The sonic log is a device for seismic velocity determination, thereby measuring tbgyvelo

of transmitting sound waves the formation. Quantitatively, it is a porosity detection tool
that is used to extract porosity values of a formation. It also enhanced the seismic
interpretatiorby given interval velocity and velocity profile which che calibrated with the
seismic section. When crepotted with the density, sonic log is used to deduce the acoustic
impedance log which is the first step of creating a synthetic seismic Tiaeeonic log can

be also used in combination of other lo@sg. density and neutron logs) for porosity,

shaliness and lithology interpretation.

Qualitatively, the sonic log is used to identify lithology, compaction and overpressure to
some extent fractures for correlation purposes, as well as an indicati@uroé gock,
because the presence of organic matter in the sediments lowered the sonic velocities. The
sonic tool comprises of transducers and receivers. The transducers translate electrical signal
into ultrasonic vibrations while the receivers change sumes waves into electromagnetic
pulses, which can be amplified to create the logging signal, (Figu. 2tlconsists of
numbers of both transducer and receiver, separated by defined distances. However, the
averaging interval transit time recorded byleaeceiver decreases the unwanted borehole

effects such as; the Sonde tilt effect and borehole size effect.

Figure 2. 16. Sonic Logging tool showing Receiver (R) and Transmitter (T)
(http://www.spwla.org/library info/glossary).Availble on 16" June, 2017)
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http://www.spwla.org/library_info/glossary).Availble

When a sonic log is running, various acoustic waves are affected by the measurements. The
compressional wave is amplified and measured by this Tb@.wavepulse travelled from

the transducers to the formation is refracted at the borehole wall and travelled within the
formation and before it gets back to the receivers as a fluid pressure(S«emberger,
1989) Integrating trasit time is also helpful in interpreting seismic records and the most
common interval transit time of the arithmetic sensitivity scale ranges between 40us and
140ps.

2.5.4.6 Spontaneous potential og

The spontaneous potential (SP) log is a measuremehe ofatural potential difference (Pd)

or selfpotential between an electrode in the borehole and a reference electrode at the surface
no artificial currents are applied in the measuremeht® currents were actually called
Apotenti e 0 s @ o resup poentiasnby Conrad Schlumberger and H.G. Doll
who discovered them. They originate from the electrical disequilibrium that is created by
travelling through the vertical formations (in electrical sense) when in nature they are in fact
isolated. The SPis primarily used to calculate formation water resistivity and to denote
permeability. The SP log curves record the electrical potential (voltage) generated by the

interacti on of t he f or mati onods connate w

sekctive rocks (shale). It can also be used to estimate shale volume, as well as indicating|

facies and occasionally for correlation (Figure.72.lHowever, the three factors that are

necessary to trigger an SP current are:

(i) A conductive fluid in the borehale

(i) A porous and permeable bed surrounded by an impermeable formation.

(i) A difference in salinity or pressure between the borehole fluid and the formation

fluid.

These differences produce spontaneous currents when the fluids made contact through 3
porous meaim or when in contact through shale which acts as-pemmeable membrane
(Rider, 1996)Mud filtrate and formation water are however the major fluids considered in an
oilfield well when running SP in a wellbor&éhe SP log was among the first logs lawsath
for determined correlation in saisttale sequences, primarily because certain intervals
developed typical log shapes. Thus, the shapes in-dald sequences indicated shale
abundance, with the full SP value appearing over clean (sand) intervalsdimmdiahed SP

value occurring over shaly zones. The relationship is considered as linear and the shaliness i
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correlated to grain size. The SP curve reading depends on the salinity contents in the fluid, if
the formation water salinity is higher than thed filtrate salinity, the deflection is the left

for the reverse case, the deflection is to the right.

SP circuit SP log
Galvanometer

s
QY (mv)
=

= 100

— 200

Impermaable

Depth (mbsf)

~— 400

Permeablq‘

M1 Moving electrode
M2 Earthed electrode

Figure 2. 17: Spontaneous Potential Logging tools (Rider, 1996).

2.5.4.7 Resistivity Log

The resistivity log is a measue me n t of a formationds resi
passage of an electric current. Conductiwv
capacity to conduct an electric current but this value is usually changed directly to resistivity.
However, most of the rock materials are basically insulators, while their surrounded fluids are
conductors (Rider, 1996) Hydrocarbons are exceptionaontrary in terms of fluid
conductivity in that they are extremely resistilre.a porous formation which contains salty
water the overall resistivity is usually low, while the same formation, if containing
hydrocarbons, usually has a very high resistivity. This is the characteristic that is utilized by
resistivity logs in oil welbores. A high resistivity value may indicate a porous, hydrocarbon
bearing formation. In addition, the resistivity of a formation is a key parameter in determining
hydrocarbon saturation. Thus, resistivity logs were developed to find hydrocarbons, which
saves as theprincipal quantitative usage. To interpret the geological significance of
resistivity logs, it is important to understand that the same porous bed can have a variety of
resistivity responses, depending on the fluid conteBubsurface formaties have finite,
measurable resistivity due to the presence of water in their pores or absorbed in their
interstitial clay. Thus, the resistivity of a formation depends on resistivity of the formation

water, the amount of water present and the pore steugeometry.
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26  The Description of Petrophysics and Petrophysical ParametefSharacteristic

26.1 Introduction

Petrophysics is considered as the study of physical and chemical properties of porous media
particularly of reservoir rdes and their contairkfluids. The objective of Petrophysics is to
identify and quantify hydrocarbon resources in the subsurface by evaluating rock properties.
The Petrophysical measurements of the rock properties are carried out in the borehole and on
cores in the laboratoryo determine the major reservoir properties such as porosity,
permeability, capillarity and fluid saturations. The Petrophysical parameters obtained from
the core are used in calibrating the borehole measurements. The borehole measurements afe
later used d calculate the volume of the hydrocarbon present in the reservoir. This

Petrophysical parameter will be evaluated.

2.6.2 Porosity

The Porosity is an important rock property for measuring the potential storage volume for
hydrocarbons. It reflects the freamt of the total rock volume that could be filled with oil,

gas, water or mixtures of these fluids. Porosity in the carbonate reservoirs ranges from 1 to
35% and in sandstones fromdl45%(Schmokerget al, 1985) For a Petrphysicist, porosity

is the first parameter to evaluate because it determines the amount of hydrocarbon that can b

11%

present in the reservoir. Porosity is determined from the grain volume and bulk volume of the

sample. In Sedimentary rock, porosity devetbpased on the grain size distribution, grain

D

shape, orientation and sorting. The ddnegr e
upon textural parametersgundness and fabric of the grains. When the grains are equal in
size, the sorting is regagd as good, while grains of various sizes mixed together are known
as a poorly sorted. By definition, porosity is the pore volume per unit volume of a formation;
it is the fraction of the total volume of a sample that is occupied by pores or voids spaces i
porosity is calculated as the ratio of the pore volume in a rock to the bulk volume of that rock,
expressed in percentages, denoted( as ) and mathematically ex}Jr
Figure 2.B) . Due to the definiti ofmarookisample cao be t y| (
determined by measuring any of these three following quantities: bulk volume, pore volume
and grain volume. The sources of the porosity data can be obtained either by direct
measurement from core analysis in the laboratory whichinesymeasurement of bulk and
pore volume of the core sample, or indirect measurement from well logging analysis and well

testing.
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Pore p”~

Figure 2. 18 illustrates the mathematical expression of porosity (Torres/erdin.C.,
2001).
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(A)—= =V/Vp* 1008 € € € é & . equation 1
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A

T MINERAL GRAIN

Figure 2. 19 Example of pore space and mineral grain space in sedimentary rock.
(Adini, A. 2006).

There are several classifications prosity which have been defined based either on the
degree of connectivity or the period of pores development in sediment, thesallade
primary porosity and secondary porosity respectively. The primary porosity is the porosity
that formed during theaposition of the sediment; i.e. intergranular or intercrystalline (Figure
2.19). Secondary porosity is developed by diagenetic process that occurred subsequently to
the deposition of the sediment; i:e fracture and vugs. But the terms commonly used in
engeering are Twotand pbfrfoesattiyv € APpOp Totalsporosyy ( A 4
( a) is the ratio of the total pore space of the media (rock) to the total bulk volume. The

effective porosity (aAe) is thebukadumeofthef t H
rock. The effecti ve pospaces aréisyally(used Jo indicate theo n n
porosity (A) that mostly used to establish
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Effective / connected
porosity (25%)

— Ineffective Porosity
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/ Total Porosity (30%)
Deadend or cul
de-sac pore

Figure 2. 20: An example of effective, noreffective or ilated, and total porosity of a
rock. (http://www.slideshare.net/MTaherHamdani/porosity-38903458, (Dated; 05/3/17)

In very clean sand where shale or clayabsent, the total porost yt) i§ @qual to the
effective porosity (ne), effective por os
hydrocarbon and neday water. The nowglay water is the free formation water that is
neither bound to clay nor to shale. Thus, effectiveparat 'y (A e) i s7)nmimug al
volume of caypound wat er . The r el at i onand effpctivdd e t w

porosity (Ae) can be representedlfor a sha

- Unit Bulk Volume Iin Shaly Sand Reservoir -

[ - Sand | - Total Porosity ¢ - o

Dry Clay Non-Clay
cl Bound Water Hydrocarbon
it Water | (Free Water)
- Shale > Effective Porosity >
P, wWioctive

Figure 2. 21. Porosity model for a shaly sand reservoir(Al -Ruwaili & Al -Waheed,
2004)
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2.6.21 Porosity Alterations

The primary porosity that is formed during the deposition of the sediments has undergone an

alteration over some geological et by the following factors: Diagenesis, Cementation,

Compaction, Leaching, Bioturbation and Clay coating.

+*

Diagenesis occurred as a result of lithified sediments which became hard sedimentary
rock by mean of physical, chemical and biological processes #fe sediments
deposi ted. -chemigad precipitationpphnineralofrom the pore fluids. The
diagenesis effect influences the amount and distribution of porosity and permeability
in sandstone thereby determining the reservoir capacity andflibuwdmovement in

the pore spaces of rock.

Cementation is the most diagenetic effect due to its influence to bind grains together
and consquently reduces the porosity.t 6 s t he maj or proces
sandstonavhere Silica, calcite and clay cae precipitated as cement thereby filling

the pore space and decreasing both permeability and porosity.

Compaction of the sediments is as a result of mechanical loads overlying sediments,
i.e the function of the mechanical strengths of the grains. l& imnechanical
phenomenon which depends on the pore fluid type, rock type and overburden weight.
Compaction of clay is intensely influenced by the clay mineralogy, pore fluid
composition and burial history. The more compacted the sediments are, the lower the
porosity will be due to dewatering and closer packing of the grains.

Leaching: This occurs due to the dissolved minerals in the pore fluids. The dissolved
minerals created cement which binds the pore spaces thereby reducing the porosity
and permeabilitye f f ect . ltds a type of seconda
sediments have been deposited.

Bioturbation alters the confines of the grains in the hosting sediments. They are
burrowing bieorganisms in the sedimgnwhich later became fossil§he trae

fossils commonly have geochemical characteristics that differ from the surrounding
sedimentary rocKGingras,et al, 2012) Therefore, trace fossils can influence the
distribution of porosity and permeability in the sedimentpbysically changing the
porethroat distribution. They can also behave as lock of the cementation and

dissolution processes during the early and late stages of diagenesis.
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+ Clay coating is the process where crystals grow on the surface of the graissltas re
of dissolutions over geological periods of time and can completely fill the pores
(Schtjens , 1991)
In general any of these transformations can extensively impact porosity and permeability and

therefore modify reservouwrolume and flow rate.

2.6.3 Permeability

Permeability is the measured capacity of a porous medium to transmit fluids through its
interconnected pore spaces. The fluid flow is proportional to the pressure gradient.
Permeability is the function of grasize and size of pore space connectivity, shape of grains
and shape of pore space, type of the cement materials between the grains and the degree
interconnected pore space. It is very important because it is a rock property that tells the rate
at which hydocarbon can be recovered. The concept of permeability as proportionality
constant controls the rate at which fluid flow is established by Henri Darcy in 1856. The
foll owing equation was Darcyds expression

porous material.

///////////////////////////

KeQUWA(pP/ L) ééééeéecececeeeeeececéecéeéeééequatio
Where;
K = Permeability (Darcyo6s) .

Q = Flow rate per unit time (cm/s).

K = Viscosity of fluids flowing (cp).

A = Cross sectional area of rock @®m
L = Length of the rock (cm).

P = urediffessce (psi).
Permeability is a rock property, while viscosity is a fluid property@®/ L i s t he me
flow potential. The measurement units for permeability are Darcies, commonly expressed in
millidarcies (md). Aityiseairdyrdetasninedby itsperroedbility,t i
where highly productive reservoirs usually have permeability values in the Darcy range.
Permeability is measured in the laboratory in horizontal (Kh) and vertical (Kv) position

(Figure 2.22). However, measuretorizontal (Kh) permeability is accepted in evaluating

rock permeability due to it being measured parallel to the bedding which is the essential
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mode of fluid flow into a reservoir (Figure 22 Horizontal permeability (Kh) varies in
different directionsand Vertical permeability (Kv) is generally less than Horizontal

permeability (Kh) due to the layering effects of sedimentgtiorghes , 2002)

Horizontal *
permeability (Kh) £
direction.

Figure 2. 22: illustrating the direction of measurement permeability (Hughes , 2002)

In Petroleum application, three types of permeability measurement are utiiiegdare absolute,
effective and relative permeability. The permeability is absolugeifkhe pore space of ¢h
porous medium or the rock is completely saturated (100% saturated) with a single fluid.
Absolute permeability is a fundamental property of a porous medium and its magnitude is
independent of the types of fluid in the porecp&ffective permeability (K is defined as

when the pore spaces of the porous medium are occupied with more than one fluid. For
instance, in a rock that contains oil, gas and connate water, the effective permeability of that
porous medium to oil is the permeability to oil when otthéids including oil itself, occupy

the pore spaces. Relative permeability is the ratio of an effective permeahi)itp @bsolute

permeability (k) of a porous medium (equation 3).

Where
Ke= Rel ative permeability of the porous me
Ke= Effective permeability of the porous mg

Ka = Absolute permeability of the porous medium.

The effective (k) or relative (k) permeability is commonly utilized to degze the fluid
flow in the reservoir rock. The bulk of permeability data is measured from the Core sample
analysis in the laboratory, pressure tesit] stem test and Well logThe permeability data

derived from the Core analysis in the laboratory aeentiost reliable in reservoir evaluation.
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The horizontal permeability data that are measured on Core plugs taken from whole core
sample, are between 1 to 10md (Very good is from 100 to 1000md and good is from 10 to

100md). Figure 22shows the permeabilityanges for various rock types.

SAND AND GRAVEL [ 1

KARST LIMESTONE AND DOLOMITE [ 1

FRACTURED BASALT [ ]

[ ] FRACTURED CRYSTALLINE ROCKS]
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| A ] s=AaLE

[ ] cRYSTALLINE ROCKS

N =V AFPORITES
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107 10° 107 10+ 107 10= 107" 1 10 107 = 10° I
HYDRAULIC CONDUCTIVITY (m/yr)

o
[}

T T T T T T T T T 1
102 107" 1 10 107 10° 2 e i
INTRINSIC PERMEABILITY (millidarcys)

Figure 2. 23: illustrating the rock permeability ranges (Graven, 1986)

2.6.4 Fluid Saturations

The pores space of a reservoir that are occupieftuigyis expresse as the fraction of the
volume of fluid in a given core sample teetpore volume of the sample the fraction of the
pore volume occupied by a particular fluid.

Fluid Saturation= €EEEeEeeéeéécééeééeé equationda

Sw=00 . . So=0¢, . andsgP 2 cEE6E666666666E equations db
wIy wIy wn '

Where:

Sw, ® andSgare water, oil and gas saturation fractions respectively.
Vw, VoandVgare the volume of the given fluids respectively.
Vpis thepore volumes of the rock sample.

In a petroleum reservoir, the fluids are typically water and hydrocarbon swih asgas
Commonly the fluid saturation used to evaluate the petroleum reservoir is water and/or
hydrocarbon. The relative volumes of water and hydrocarbons in the pore volume of the

reservoir rocks are known as Saturation.

Water saturation (Sw) in the reservoir rock is the fraction of pore volume occupied by

water; alsdHydrocarbon saturation (Sh) in thereservoir rock is the fraction of pore volume
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occupied by hydrocarbons. However, the sum of water and hydrocarbon saturation reservoir

in a reservoirock is equal to one; this relationship can be expressed as:

,,,,,,,,,,,,,,,,,,,,,,,,

Sh + Sw = 1ééééécececececeeeééécecceceaequaténdéécece.

Where:

Sh = is hydrocarbon saturation, fraction; a8 is water saturation, fraction. If the
hydrocarbon in the reservoir occurs in oil ayab phases, the equation 4c can be re written
as:

So+Sg+Sw=Ek éeeceééececeeééeceeceeééeeeéééequation /4

These equations 4c and 4d are very important, as they are applied quantitatively to determing
the accurate fluid saturations in the reservoir, modtltha discovery event, to assess the

potential hydrocarbon occupied in the reservoir after it has been penetrated with a well.

26.41Det er minati on of Water Saturation by Ar

The determination of water saturation for reservoir fluids bghfe in 1942 was based on
theory of the electrical resistivity log techniques applied in petroleum engineering called
Archi eds equation. Thi s empi qwetsaadstonegverat i g
moderate range of water saturation and pbess based on relationship between the
conductivity of electrical properties and saturation of wet and oil bearing rock. The total
saturation of fluids in a reservoir rock is 100%, and reservoir fluids often contain either oll
and water, or gas and watargas, oil and wateil and gas are neconductors while water
conducts current mostly when it contains dissolved salt such as NaCl,MgQlusually

found in formation reservoir water by movement of ions known as electrolytic conduction.
Archie notedthat resistivity of an electric current in a porous rock is mainly due to the
movement of dissolved ions in the brit@t occupied the porous rodke also observed that

the resistivity varies with temperature due to the increased ion activity in solasio
temperature increases. He thus presented the following main parameters and related then
with electrical properties of the reservoir rocks. The most fundamental concepts considering

electrical properties of the rock by Archie is the formation facthrgéexpressed below.

,,,,,,,,,,,,,,,,,,,,,,,,,,,

F:YS-YOeeeeeeeeeeeeeeeeeeeeeeeeeee. equation
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Where: F = is the formation factor, which indicates the relationship between the water
saturated rock conductivity and bulk water conductivity. It depends on pore structure of the

rock.

Ro = is the resistiity of the rock when saturated 100% with water (formation resistivity)
(Ym) .

Rw= is the resistivity water formation (Ym

Archiebds experiments s howRodand watertresistiitgRwWf or mla t

can be related by Formation resistividgtor (F) as expressed below (equation 5b)

/////////////////////

WhereRo = F * Rw ééééeéeééecéééeecééeééageatodalbhe éée.

However, Archie also derived the second fundamental concept of electrical properties of

porous rocks containing both water and hydrocarbon from theivagisdex (Ir).

The resistivity index(Ir), which is defined as the ratio of resistivity of a reservoir rock
partially saturated with wateR() to the resistivity of the rock if fully saturated with water

(Ro. Therefore, resistivity inde{tr) is defined as follow by Archie:

(|R):YO'Yéééééééééééééééééééééééééé. . éequation

Where:
Ir = is the resistivity index

Rt = is the formation resistivity or the resistivity of the rock when partially saturated with
water, (Ym).

Ro=istheresistiviyo f t he same rock when saturated w

Wyllie developed another relationship between the formation factor (F) and other rock
properties such as po.rTortsasity ys dé€fine)l asahe effedtive r t (¢
movement path of the fid through the porous medium. The following relationships were
derived by Wyllie.

(F)= | éééeeéeéeééééécecececeeeéeééééeeceeeeeée. 6b.
Where;
F = Formation factor

= Tortuosity of the rock.

A = Porosity.

48

N



Archiebds experiment alfactoevé&l)s camatbet e
and a slight difference between them can be corrected by introducing cementation exponent

(m) as expressed below:

F=! €eeéeééééeéée e e éé .equationbe, rewrtten in equation 6d
F=—eéeeéééceececececééeeeceéécecece e equationsd
Where:

F is the formation factor.
A is the porosity.

AmMO is the cementation exponent, which ranged from 1.8 to 2.0 for consolidated sandstone
and 1.3 for clean unconsolidated sands. This value varies with the grain size, grain size
distribution and the complexity of the paths between the pore (tortuokitgorting and
packing arrangement of a particular system, compaction as a result of overburden pressure
and type of porarrangement (Helander, 1984yesh water indicates low foritnan factor
and cementation values. The higher the value ofthe higher the cementation vafinea
Table 22 presents various cementation factors observed for difference rock (pesn,
1958)

Archi eds f i n aduatign todevaluate eedervoa rwater saturati®) (from
relationship of resistivity index with water saturati@)(of the rock, thereby introducing the

saturatiorexponents (n) whichknoas Ar chi eds famous eQuati orn

////////////////////////

(IR):Y°~Yéeeeeeeeeeeeeeeeeeeeeeeee. From equati pn

Resistivity index can be related to water saturation as:
Ir=Sy"ééeeeceeceeeéeééééeéececeeee. equaton7a
Where:

S, = is the water saturation, fraction;
n = is the Saturation exponent.

By cambining the equations 6a aiid:

rrrrrrrrrrrrrrrrrrrrrrrrrr

SW'”:YQYéeeeeeeeeeeeeeeeeeeeeeeeeeeequation 7

49




The formation factor, which is the formation resistivity factor for clean rock that is fully
saturated with water is derived from equation 5& = Y é-Y 0
From equation 5Ro = F * Rw

By combining equations 7b and 5a we get:

,,,,,,,,,,,,,,,,,,,,,,

SN'”=YQ‘O-Y§eeeeeeeeeeeeeeeeeeeee. . . . ..eguation 8

From equation 6d, F = , (Winsauer, et al, 1952)(Bassiouni, 1994)

Modi fied equation 5b | ater af)teads; Ar chi eds
F=| eééeecééeceéeceééeceeeéeceeéé . equaton9
Substituting equation 9 into equation 8 gives:

SN'”='Y‘5| .Yl,)ééééééééééééééééééééééé. .equati of
Equation10 can berearrangedo give:

7 7

Su=(——)""¢eeééeeéeeéeeecéeceéeeeé equatonll

Equationlli s t he Ar chi e 6s \wateusattiratiai®,) irftteresecvairl c ul at|i

rock.
Where:

Sw = is thewater saturatiorexpressed in percent, i s t he tortuosity

porosity,m = is the cementation exponeRi =is the resistivity of the water formation.

Rt = is the formation resistivity or the resistivity of the rock when partially saturated with

water, and An = is the Saturation exponentj|.

Archieds equation relates the porosity (A)
(Sw) present in the formation. An increase in porosity will reduce the amount of water
saturation for the similaofmation resistivity Rt). When the water saturation/{Ss known,
hydrocarbon saturation can be calculated g5:S1 - Su.

Where:
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Svc = is the Hydrocarbon saturation,
Sw. = is the Water saturation.

Archi eds equations ar ate thewater rsauratiopn ceancang t e d
formation and carbonate reservoir only. Due to the complex behaviours of shaly sand
formation as result of clay minerals present added more parallel conductive path together
with formation salinity. Thus, others modeted to evaluatedater saturatiom shaly sand
formation are WaxmaSmits model, Simandoux equation, Powjh@veaux equation and
Dualwater model.

Table 2.2: indicating various cementation factors observed for difference rockypes by
(Pirson, 1958)

Lithology Cementation Factor (m)
Sandstones

98]

Loose un-cemented sand B

Slightly cemented sands 1.3-1.7

Moderately cemented 1.7-1.9
sands

Well cemented sands 1.9-22
Limestones

]

Moderately porous

limestones

Oolitic limestone 2.8

26.5 Capillary Pressure

Capillary pressures are generated where interfaces between two immiscible fluids occur in
the pores (capillaries) of t he r e seefluidsoi r
distributions in a reservoifThe amount of pressure difference between the two fluids is
basically coordinated by pore geometry, rock wettability and the interaction of interfacial
tensions between rocks and fluids. It is usually consideredwasghtavo phases such as a
wetting phase and a nawetting phase.For petroleum reservoir engineering, capillary
pressures are important for three main reasons as follows, for the prediction of reservoir
initial fluid saturation, to know the cajck seal apacity (displacement pressure) and as
additional data for assessment of relative permeability data. This characteristic of a rock can

be measured from the core samples examined in a laboratory setting and related to the othe
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measurements taking in theelfi. This allowed reservoir engineers to find the degree of
hydrocarbon accumulation and avoid drilling into wafEne capillary pressure concept is
also an important parameter in volumetric studies which used to calculate field wide
saturatiorheight corelation from core and log information. It is used to understand the free
water level (FWL) from an oil transitional zone of the saturalieight relationship, when
correct pressure gradient data for both oil and water legs are not available. Theosaturati
height function is able to calculate the saturation of the reservoir for a particular height above
the free water level and reservoir permeability and porosity or to estimate permeability in an

uncored region once the water saturation is kngwarrison & Jing, 2001)

The difference in pressuiec is known as capillary pressure, also the pressure in the non

wetting phase minus the pressure in the wetting phase, (equation 12) as follows:

,,,,,,,,,,,,,,,,,,,,,

Pc = Pronwettingl Pwettingé € € € é 6 6 é é e ééeéééeéééé..equation

Thus, the capillary pressure may be either a positive or negative valod, ifovater, gas

water or ga$ oil system. Capillary pressure is defined by the following equations:

////////////////////////////

,,,,,,,,,,,,,,,,,,,,,,,,,

Pc=Pgasi Pwae€ € € € 6 €6 €6 €€ é€céecéecéeéééeé. . equation

//////////////////////////

Pc=Pcasi Poié é €6 ééééeéeéeéeéeéeéeéeceéeeéeeée. equation

The wettability is defined as the ability of one fluid to spread on solid surface in the presence
of another immiscible fluid. Inerms of reservoir fluid, wettability is the ability of one fluid

in the presence of another fluid to spread on the surface of the rock, i.e. it is the measure in
which fluid adheres to the rock. It is usually figured out by the value of the contactlzagle

a liquidliquid interface makes with a solid. Based on the wetting index, if the value is less
than 90 degrees indicates a wakat system, and a value higher than 90 degrees indicates an
oil-wet system as illustrated on tabl& 2Torsater & Hendraningrant, 201a@nd (Mirzaee,
2015) (Figure 2.2). The fluidfluid interaction is held together by intermoleculean der
Waal forces which ar&nown as interfacial tension. Gravity plays a majde rm both

wettability and interfacial tension states.

In reservoir rock, most of the reservoir rocks are watel; water is positioned at the pore
walls while the oil is in the middle of the pore. Due to the behaviour of respectively water
and oil at thepore wall of the reservoir rock, it is very important to note that reservoir rocks
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vary hardly in strongly watewet or strongly oHwet reservoir rocks and that the wettability
varies within a rock. A porous medium can be miwext or fractionallywet in nature.

Mixed-wet can be of mixegvet large and mixe#vet small wherever respectively the large
pores and small pores are-wiét. A rock with fractionally wet nature has no connection

between pore size and wettability, however with small or large pocas be oil wet.

Table 23: Wettability (wetting index WI) by contact angle (Torsater &
Hendraningrant, 2013).

Wetting index (cos o) Contact angle o Wetting condition
1.0 00 Completely water wetted
0 90° Neutral system
-1.0 180° Completely oil wetted.

Water-Wet Neutral Wettability

0°9<90 ©=90°

B\ R Water

o % Solid ¢ = % Soid | ™ -] % [~ % % Solid

IAdhesive tension belween waler and the rock suface  Adhesive tension between waler and the rock  Adhesive tension between waler and the rock surface
exceeds that between oil and the rock surface. surface equals oil and the rock surface. exceeds that between oil and the rock surface.

Figure 2. 24: illustrates the relationship between wettaility and contact angle (wetting
angle) of water and oil. (Mirzaee, N., 2015).

2.6.5.1Capillary Pressure curves

The capillary pressure curve of a porous medium is a function of pore size, pore size
distribution, pore geometry, fluid saturation, fluidtwsation history, wettability and the
interfacial tension. The wettability of a reservoir rock fluid can be described based on contact
angle.A value of the contact angle less than 90 degrees indicates aweatsystem, and a
value higher than 90 degreieslicates aroil-wet system (Figure 2.24n capillary pressure
measurement, a nemetting fluid occupies the pore system that was initially occupied by a
wetting fluid and later displaced by the former. The capillary pressure eivatiimg fluid

which occupied the pores is described by the Youhga p | a c e 6 $Dulleerg 4%a9) i o n
The YoungLapl aceds equation shows how capill a

fluids within for an immiscible fluid set in a circularosssection at lab condition.
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Pe= Y 1 piox Y OFlciepesccccsccscseéequation 1
Where:

Pc is the Capillary pressure (psi),

[ is the Interfacial tension,

r = is the average radius of the pore

| =is the contact angle.

The Laplace equation (16), describe the connection between the radius of the pore and the
capillary pressure needed by fluid to infiltrate the pores. The laboratory values of the

capillary pressure could be converted to equivalent reservoir conditiczs\adifollows:
PCreservoin= PCtany ([ O &di) r eg &€mowoid) N abééééééeéééééequay

The laboratory reservoir conversion method only measures the difference in capillary
pressure due to interfacial tension and contact angle. The interfacial tension can be measure
at laboratoryand reservoir conditions, however, the contact angle is complex to measure
mostly in the system that is a devoid strongly wet, i.e. most oil reservoir. The typical values
for interfacial tension and contact angle measured from the Core laboratory mangiakar

in table 2.4Harrison & Jing, 2001)

Table 2. 4: Interfacial tension & Contact angle values Core Laboratories, 1982),
(Harrison & Jing, 2001).

Wetting Phase | Non-Wetting Condition: Contact Interfacial
Phase ;ﬁ%@; Ef-l- Angle (0) Tension

(dynes/cm)

Brine 0Oil Reservoir, T, P 30 30

Brine 0Oil Laboratory, T,P 30 48

Brine Gas Laboratory, T,P 0 72

Brine Gas Reservoir, T, P 0 50

Oil Gas Reservoir, T, P 0 4

Gas Mercury Laboratory, T,P 140 480

54




2.7  Biostratigraphy

Biostratigraphy by definition is the element of stratigraphy which deals with the distribution
of fossils based on stratigraphic record and the organization of strata into units according to
the fossils found in therf©gg, et al., 2014) It relies on the study of isitu fossil distribution

that allows recognition of stratigraphically restricted and geographically widespread taxa or
populations which allows subdivision and correlation of lithostratigraphic succesSiais.

taxa may be selected as index fossils which can be used as a basis for biostratigraphig
correlation. However, biostratigraphy is also a branch of sedimentary geology that banks on
the physical zonation of biota, both in time and space, in order to reeotire relative
stratigraphic position in terms of older, younger and sage sedimentary rocks between

different geographic locations.

Apart from assigning the age based on fossil record this branch of geology helps to
understand and interpret the enwinzent of deposition and depending upon the presence of
faunal groups helps to demarcate the unconformity surfaces, the duration of hiatus , the depth
of deposition (benthic fossils) , identification of maximum flooding surfaces and condensed
sections. In b exploration and particularly in basin analysis application of biostratigraphy

spread very rapidly for the last 70 years period throughout the world.

In South African sedimentary basins not much work has been done so far related to
biostratigraphic workparticularly using important microfossil groups like foraminifera,
radiolaria or diatoms for sequence stratigraphic work. Whatever little published references
are available are mostly from the sediments of Aptian or younger groups of sediments by a
few workers. Very little account is available for biostratigraphic studies from Late Jurassic to
earliest Cretaceous marine succession in this area. Notable work on biostratigraphic studieg
for South African sedimentary basins are by McMillan (1986, 1990, X8%P 2003),
McMillan (2003) first time published a broad integrated account and correlation of different
basins across the South African coast. However, all of the sections studied in this work
belongs to rocks Barremian and younger group of sedimentsgéiweric identification of

most of the foraminifera microfossils were carried out using standard text Homkslich

and Tappan, 1988and the species level identification using several publications from
DSDP/ODP reports. Detail account of all these refeee including identification,

interpretation is given in chapter six of this thesis.
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CHAPTER THREE

3. The Geological setting of Gamtoos Basin

3.1 Introduction .

The recent exploration for hydrocarbons in South Africa is one of the key factors for
economic growth, and is playing a major role in the upstream sector. It plays a significant
role in the evolution of the South Africa
South Africa is one of the larger countries in Africa both in larads and coastline area. Its
land area is more than 1.1 million kavhile the coastline of South Africa is about 3000 km

in length. This includes the western coast which is about 900 km long and stretchdsefrom t
Orange River to Cape Poiirom Cape Pat the coast stretches a further 2000km along the
southern edge of the continent. There is also exploration activity along the eastern coast
through Durban and the Zululand Basin up to the Mozambique b@daoleum Agency of
South Africa, 2004/2005)Besides the coastline of South Africa, is the continental margin
that forms the South African offshore environment which is characterized by deep basins
filled with thick sedimentary sequenc@$ie continental shelf along the stecoast is about

207 160 km wide off the coast, while along the south coast it ranges fran260 km off

the southern coast and is about 30 km wide off the eastern Thasiontinental slope which
connects the continental shelf to the deep marine@@mient has a similar style in breadth

and is extensive along the west and south coasts but tends to be narrower along the easte
coast (Figure 3). The Agulhas current and Benguela current are two major ocean currents
that flow along the coastie of Suth Africa. The Agulhas current is a warm current flowing
southwesterly along the east and south coasts up to Cape P@rdt Its maximum strength
along the shelf break ammbvers the continental slop&he Benguela current on the other
hand is coldflows northwards from the Antarctic along the west coast of Africa to Angola
(Figure 32).
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Figure 3.2: The two major Ocean currents controlled South Africa Coastline. (Modified
from http://www.oceanwanderers.com/SouthAfrica.htm). Available 6th May 2015.

The Gamtoos Basinhich is the focus area of this stuydiyas numerous economic to marginal
economic discoveries of gas-oil prone source rocks that are found in the synrift, the early
drift, the canyon fill and the good oil show source midund in the Port Elizabeth tughs

in late Jurassic to early Cretaceous deposie borehole intersected an average of 60 m of
marginally matured Portlandian, anoxic marine shales whiglk baenrecordedto occupy
about 8.1 kg/metric ton of rodk/alan, 1993)s well asgood sandeservois of Valanginian
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http://www.oceanwanderers.com/SouthAfrica.html

(Early Cretaceoysage Sout h Af rsifc aausal gpsr prosiyctere improved
recently with the discovery of offshore reserves. The continuous exploration in the Gamtoos
Basin is to assess the extent of the available resanat their economic potentials. However,
South Africads offshore r egwaemexplorateon. Arecent y et
discovery of oil in 1990s shows that giant oil discoveries are more frequently found in the
deepwaterarea of the oceann the world than the shallowerater regions. It also indicated

that turbidite sandstones account for 87% of the -destpr discoveries of eprone source

rocks.

In addition, based on structural elements, the South African offshore basins were iditaded
three separate tectonostratigraphic zones, such as the Western offshore, the Eastern offsho
and the Southern offshore region respectiveéBetroleum Agency of South Africa,
2004/2005) The Western offshore region wherethe Orange Basin is located consists of a
broad passive margin basin that developed after the opening of the South Atlantic during the
Early Cretaceous. Conversetlie Eastern offshore regionthat comprises the sedimentary
section of Zululand and DurbdBasinsi s a narrow passive mar gi
which formed due to the breaking up of Africa, Madagascar and Antarctica during the
Jurassic, consequently limiting tis@dimetary deposition of the regioriThe Southern
offshore region known as tk Outeniqua Basin comprises of five-erhelon sulbasins
namely the Bredasdorp Basin, Pletmos Basin, Gamtoos Basin, Algoa Basin and the Southerr
Outeniqua Basin. This last basin demonstrated a strong strike slip movement during the
breakup and separatioof Gondwana in the late Jurassic to Early Cretaceous period
(Petroleum Agency of South Africa, 2004/200Bhe erechelon sufbbasins of the Outeniqua
Basin comprise a complex of rift hajfabens that are overlain Hyift sediments of different
thicknesses. Rift half grabens formed when normal fault acting on the sedimentary basin dips
in a similar direction, thus creating adjacent blocks slipping relatively down and tilting,
forming a set of tilted blocks separated by nornaalts. Often the sedimentary layers bend
along the fault plane (Figure3. However, the deepwater extensions of thesedrelon

basins except Algoa Basin are fused in the southern part of the Outeniqua Basin (Fyure: 3.
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Figure 3. 3: Formation of Half graben from a sequence of normal faults dipping in the similar
direction (Hudson, 1998)

SOUTH AFRICA < )

=

e
| REAT KAROO BASIN

i

Figure 3. 4: Topography of satellite image of the sea floor and continental amngin
surrounding South Africa and Structure elements and sedimentary Basin of South
Africa (modified from (Petroleum Agency of South Africa, 2004/2005)

3.2  Tectonic settings of Outeniqua Basin

Gondwanaland formed between &td 530 Ma years during a sequence of collision events
of earlier supercontinent fragmenfsieert & Van der Voo, 1996such as East Africa,
Brasiliano and Kuga Orogeny (Figuré&B.The tectonic settings of the Outeniqua Basan

be traced back to th&retching and brealfp of the Gondwanaland lithosphere in the Late
Jurassic to Early Cretaceobhstween ~180 and 130 Ma, when South America rifted away
from Africa along the Agulhafalkland Fracture Zone (AFFZ)BenAvraham, ¢ al., 1993;
McMillan, et al., 1997); (Thomson, 1999; Broad, et al., 2p0afd formedhe continents of
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Africa, South America, Antarctica, Australia and the smaller fragmigeesthe Falklands
(Figure 36). However, for Southern Africa, three pldeetanic episods are of great
significance, the Cape Fold Belt formation of the supercontinent orogeny, the intracontinental
extension which reswdd in the formation of present day offshore basand the continental
breakup responsible for theformation of presentday continentals marginsThe post
Gondwangperiod marked the appearance of intrantinental stretching and breaking at
about ~ 167 Ma with riftingn the Mozambique and Somali Basiffsoning & Jokat, 2004)
Most of the common development is plume related brgaKDalziel, et al., 2000) The
intracontinental extension which results time formation of present day offshore basin
startedwith therifting processat the early break up of @hdwanaandformed the Outeniqua
Basin offshore in Southern Afrigd&IcMillan, et al.,1997)(Figure 3.4).The Outeniqua Basin
is found between the southern Afmceoast and the Agulh&salkland Fracture Zone (AFFZ)
(Figure 37). It consiss of six shalbw and deepentechelon basinsncluding Bredasdorp,
Infanta, Pletmos, Gamtoos, Algoa Basind thedeep Southern Outeniqua Basivhich is
more than two km deep ahdsstrong ocean currents thereby creatiifgcult conditionsfor

hydrocarbon exploration

The Southern Outeniqua Basin, covers an area of about 2260 kned the larger part of

the Outeniqua Basin along the coast of South Africa as a result of rift tectonics during the
break up of Gondwana. These conditions dictated the seafloor depthsllaas land
elevation of Southern Africa, and defined the limits of the continental margin withehwh

the Outeniqua Basin fall$lowever, no well has been drifleuntil recent 2D seismic data
acquired by Canadian Natural Resources (foynRenger Oil)in 2001 and 2006onfirmed

the presence of major structures in the deep water front which are associated with synrift
structure within the oil window believing to contain gas (Petrol Agency SA Brochure,
2008).Also, confirmed from the latest seismictalavas the gigantic basin floor fan complex
call ed APaddavissieo which potentially cof
highly regarded for oil in the central and southern extent of the basin as well as more gas
prone along the northemmargin with thick overburden. A regional study also recommends
drilling the occurrence of source rocks in shallow marine and turbidite sandstones with large

structural and stratigraphic traps.

As discussed above, these sasins are formed as a resultdefixtral shearing of the South

African margin in the Early to MiCretaceousT he rift stage of the South coast terminated in
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the Late Valanginian connecting with a diaiiset unconformity (LAtljPetroleum Agency

of South Africa 2004/2005) The driftonset unconformity is of the same age as the initial
oceanic crust in the South Atlantic. A complex sequence of mplates such as the Falkland
Plateau steadily moved west scmthstwards past the southern coast of Affiegure 38a,

b). These movements formed some oblique rift half grabenbasins, including the
Bredasdorp and Pletmos basins, which were interpreted as failed rifts, and which are the

youngest in the west and the oldest in the east respectively (Fid)re. 3.
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Figure 3.5: Map of Gondwana after its amalgamation (~530 Ma) indicating its cratonic
cores and the orogeny during whiclsuper continentalfragments were combinedGray,
et al.,, 2008) The Kalahari craton consists of the Kaapvaal craton, the Zimbabwe
craton, and the Limpopo belt.
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Figure 3. 6: The rift stage in the Late JurassieLower Valanginian indicating the break-
up of Africa, Madagascar and Antarctica(Broad , 2004)
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Figure 3. 8: (a) Early drift stage in the Valanginian (1Atl) till Hauterivian (6Atl)
showing the movement of micro plates: Falkland Plateau (FLK) Patagonia (PAT) and
Maurice-Ewing Bank plates (MEB) past south coast of Africa (Broad, 2004). (b) Late
drift stage in the Hauterivian (6Atl) onwards (Broad, 2004).
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Figure 3. 9: Oblique rift half -graben subbasins of Outeniqua Basin: Bredasdorp, Pletmos,
Gamtoos andAlgoa basins(Broad , 2004)

3.3 The Evolution of the Gamtoos Basin

The development of the Gamtoos Basin occurred during the late Jurassic and earliest
Cretaceous, but has been initiated in the middle Jur@gsi@n ,et al., 1990) The oldest
sediments encountered during the drillindpted to be Kimmeridgian, but significant
thickness close the depocentres remains unexplored in the basin where the depocentre
contain approximately 7000 m of untkd Mesozoic section, in which the sediment horizon

D exceeds 5.5s twway-time (TWT) implying approximately 12 km thickness of the
undrilled rift sediments may be middle to late Jurassic age (Figufy,8lalan ,et al,

1990.

Figure 3. 10: Seismic profile and Geological interpretation across the southern Gamtoos Basin,
illustrating the basin characteristics. Profle GG6 ( Mo d i f(Malard, etfalr, 1090)
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34  Geology and Tectonic history of Gamtoos Basin

The Gamtoos Basin, within the-echelon sufbasins in the Outeniqua Basin Offshore South
Africa, is a late Mesozoic basin which lies at the southernmost tip of the African plate
(Malan, 1993)The Outeniqua Bsin, which exterglfrom the Agulhas arch in the southwest

to the Port Alfred arch in the northeast, comprises a complex-etleglon haHgrabers.

These halgrabens were developed during the early stafjeifting before the separation of

east and wegbondwana. In addition, the Gamtoos Basioomprisé of the mostly easterly

half graben in the Outeniqua Basin which is defined by the St. Francis, Recife, and the Port
Alfred archesand iscomposed of Paleozoic Cape Super Group rothke. Gamtoos Basiis
basically a simple haljraben featurg(Figure 311), controlled by the Gamtoos fault
extending deep into the crust as well displaying a complex history. The onshore parts of the
Gamtoos fault have a throw of about 3,000 m, while offslioeethrow ncreases to about
12,000 m.Further majormovementin the offshore Gamtoos Basin occurred on the eastern
flank of the St. Francis arch. In the offshore Port Elizabeth and Uitenhage troughs, top of
basement (Horizon D% reacled atdepths of 6,500 m and 8,009 respectively
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Figure 3. 11: A seismic and geological profle ED6 acr oss the Gamtoo
the half-graben structural style, stratigraphic subdivision, distribution of organic-rich
petroleum source rocks, oil and gs shows. Petroleum exploration wells are shown
(McMillan, et al., 1997) A: Two-way reflection time seismic profile, uninterpreted. B:
Geological profile based on seismic interpretation and well data.
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The sediments of the Gamtoos Basin are divided ouorajor units as follows:

Synrift ( horizon D to 1At1)

Early drift (1Atl to 6At1)

Canyon fill (13At1 to 14At1)

Transitionalearly drift tectonic and sedimentation (6Atl to 13At1)
Thermal subsidence (pogi4Atl)

-+ + & &

3.4.1 The Synrift (horizon D to 1Atl)

The angular unconformity (1Atl) at the top of the synrift succession is considered to be the
drift onset unconformity. The deep offshore drilling intersected basement rock only on the
flanks of basement arches and on the basement highs. The onshore drilirgbasement

was terminated once viable economic basements of Ordovician to Silurian Table Mountain
Group quartzites or Devonian Bokkeveld Group slates were reathedift-, transitional

early drift and late driffphases of sedimentation are knovetle unconformities D, 1Atl

and 13At1 which describe the basude onset of these periods in the Gamtoos B@sgure

3.12). The horizon D, which stretches from the top of the basement to horizon 1Atl of
Kimmeridgian to Late Valanginian age, records tiezurrence of an extensional stress
regime that led to horst and graben fill successidmsMillan,, 2003) that resulted in the

accumulation of thick sediment deposits.

The horizons D to 1Atl are cgmsed of thesedimentghat are composed of inner to outer
shelf sandstones and clay storas;h agyrey clay stones and glauctiaisandstones, with
localisednonrmarine red and green beds present, and in the proximal setting, occasional
conglomerates. These facies depositionsurred during the period of normalized oxygen
level in the basin which caused the rare organic enrichment in the rocks. The sediments in the
interval 1Atl to 6Atl (Late Valanginian to Hauterivian) are deposits that accumulated in a
considerably deep mae environment under deeply lowered oxygen conditions with local

organic enrichment that occurred on 1At1 surface.

3.4.2 The Early Drift (1Atl to 6At1)

When Gondwana split up and some of the undocking parts moved along the dextral Agulhas
Falkland transfon fault, the textural features which are attributed to tectonic strain,
developed. These features were preserved in the form of several inverted faults and anticlina

features in the Gamtoos region and developed during the Barremian to Early Aptian. As a
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result major baskwide erosion formed the 6Atl unconformity as well as the incision of
numerous canyons into the synrift and eallifts sediments. Thus, 6Atl and 1Atl form the

major unconformities in the Gamtoos Basin (Figur€g.1

3.4.3 The Canyon fil (13Atl to 14At1)

The Early Aptian (posi3Atl) marks the beginning of the canyon infilling and terminated
during the middle Albian at 14Atl. The canyon fill is overlain by Late Albian to
Cenomanian sediments terminating at 15At1. However, a furthee miarosion occurred in

the late Cretaceous with a number of channels eroding into the drift platform of the southern
Gamtoos and Algoa basins around the region of the {s&leld break. At some localities the
Santonian (Late Cretaceous) erosion wasequitensely cutting into the synrift region
(Figure 3.2).

3.4.4 Transitional-early Drift Tectonic andSedimentation (6Atl to 13Atl)

This was considered as the period of erosibitMillan,, 2003) During the period 6Atl to

13At1 (earliest Barremian to Early Aptian), two canyons were scoured out (Fig@je The

small canyons is found in the Gamtoos Basin close to the Gamtoos fault and partly eroded theg
Gamtoos anticline, while the much larger Algoa canyon of 60km long, sage/80km wide

and 1km deep, was developed in the Uitenhage Trough, in the Algoa Basin. This Algoa
canyon cuts across the Uitenhage Fault, revealing basement onttivewp side. A likely

arm of the canyon, probably formed by late reactivation of the Bimabeth Fault, lies in

the northern PotElizabeth Trough. The erosion that formed 6At1, locally cut down as deep
as well below 1Atl. The evidence fromthetwaay t i me contour map o0
hinterland illustrates the extent of this featuféne abovemplies that tectonic uplift was

accountable for the formation of these unconformities.

3.4.5 Thermal Subsidence (pos14Atl)

The southern offshore has experieneeseriesof phase of thermal subsidence since the
beginning ofthe mid-Aptian, during which the margins dhe Gamtoos Basin were uplifted
relative to the subsiding bastenter(Malan ,et al.,1990)This resulted in the erosion of the
thermal subsidenceegion thatis marked by truncationat 15At1 ard 22At1 (Figure 3.2).
Theunconformities al5Atl and 22At1l became the regional unconfaesihat marked the

end of the Cretaceous sediments. The offshore Cenozoic sediments asadhian be
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related to Pliocene to Holocene deposits wiaicdpreserve over parts of the onshore Algoa

Basin.
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Figure 3. 12 Simplified chronostratigraphic table for Gamtoos Basin showing major
unconformities, depositional sequences distribution of sandstone, source rocks and hydrocarbon
shows together with time of the events that influence the developments of the basins. Based on
Soekor (1994b) anchdapted & maodified after McMillan, et al., (1997).
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3.5 Petroleum Geology of the Gamtoos Basin

The potential reservoir sandstarie the Gamtos Basin are sparingly distributed but occur

as shallow marine sandstenghich are present in the Kimmeridgian in the western part of
the basin and in the Late Valanginian sequeircehe remainder of the basimhe
Valanginian sandstone sequence showsnii@l for hydrocarbon exploratigivialan, 1993).

Also, numerous stacked gebarged submarine sandstone fans defining a reservoir of
Kimmeridgian to Berriasiarage were also interconnected in the southern parts of the
Gamtoos Basin. As the geothermal gead of the Gamtoos Basin is strictly speaking low at
3J6/100 m on average, suitable maturity is reached. The commencement of the main stage of
oil migration in the Gamtoos Basin was well timed for migration integxisting traps from

the Late Cretaceous forwards. However, most of the synrift reserveisvarlain by clay

stone seals that developed regionally. The unconformities, subcrops, anticline, tilted fault
block, and the canyon erosion are characteristic features of the Gamtoos Basin which attest tg
its complex tectonic history as well as the sgraiphic traps that enhanced the exploration

opportunities of this basin.

Dry gas to oil-prone source rocks are presents in the synrift, the early drift, and the canyon
fill. From about 215 km measured from the South African shoreline, dry gas is pretent
Kimmeridgian to Portlandian sequences; also, wet g@asoil-prone source rocks were
encountered in the borehole at the central and southern parts of the Gamtoos Basin. Thes
source rocks were revealed to ultimately peak at 3kg/metric ton praaubtio due to the

large depths of its burial, its originally potential could have been up to 4 kg/metric ton or
more(Malan, 1993)if the temperature controlled by the geothermal gradient would not have
Acooked offo or expel | eods, whrhmassoalafed witih the bgsa s .
source rocks, were revealed to have occurred in the Port Elizabeth trough. The borehole on
this haltgraben intersected an average of 60 m of marginally mature Portlandian, anoxic
marine shale which produced 8.1 kg/tdrrack. Thus, if the source sequence continuous to
the deeper parts of the trough as indicated from seismic(Eigitare 311), a high maturity

value of the poorly explored halfraben of the basin is expected. Also, mature oil prone
source rocks are simailly expected to occur in the unexplored southern parts of the
Uitenhage trough.

In addition, the offshore Uitenhage trough contains about 130 m of-t dvgt gasprone
source rock sequence of latest Valanginian to Hauterivian age, present in the eadof
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the Uitenhage fault. Also, immature, dry gas oil-prone source rocks are present in the
central part of the Gamtoos Bas@bout 130 m of immature ggsone source rock also
occus in the fill of the Algoa canyon. Conversely, abautmaximum ¢ 20% porosiy
reservoirquality sandstongwith 400 md of permeabilityis revealed to have developed in
the Algoa Basir{Malan, 1993where the sandstone is comprised of 40% of the horizon D to
the 1Atl (Synrift) succession in the Uitenhage trough, whidiends to the Gamtoos Basin.
Nevertheless, slightly poorer reservoir quality sandstones of Albian age have been intersecteg
in the canyofrfill sequences for both Gamtoos and Algoa Basins respectively.
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CHAPTER FOUR

4. General Methodolgy Background for theStudy

Previous Studies —" Data Collection
Petrophysical Evaluation Se|s_m|c Seque_:nce i Biostratigraphy Studies
: Facies Analysis
Analysis
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Petrophysical digital wire 2D Seismic migrated data (4 Biostratigraphy studies of
lines, well completion report,| | lines), Check shot, Foraminifera from well
conventional core analysis Navigation &Formation tp cuttings
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into IP (Interactive Petroleum software
Petrophysics software) & (IP, Petrel 2014)
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Developed Petrophysical . ) :
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Seismic lines, WelBeismictie, Develop Reservoir
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picking, Faults interpretation & modeling

Seismic facies interpretation

Integrated results & Draft thesis writing Submission of Thesis
Interpretation

Figure 4.1: General methodology framework of the study.
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4.1. Introduction to the Methodology and Background

This studies utilise Geophysical wirelines logs (LAS Formatell Core, 45 line2D
Seismic data profiles in (SE®) acquired by Schlumbeger Services Company, collected
from the Petroleum Agency South Africa (PASA), as outlined in the above flow chart.

In order to achieve the objective of the study i.e. touatalthe petrophysical characteristics
of the potential sandstone reservoirs within the pay zones of the selected wells by means of
petrophysical well logs and the stochastic modeling method to delineate the petrophysical and
facies model of the Valangan sequence in the BasiAlso, application of seismic facies

analysis and seismic sequence analysis was used to delineate the depositional environment
the selected wells in the study area. Drilling cuttings samples were also collected for
biostratigrapic studies. The drilling cutting samples were processed and examined through
the microscope and the fossil present identified to denote the age of the sediment as well as
its depositional environment. These procedures were all put in considerationeweattia

aims and objectives of this study.

4.2  The methodology for the Petrophysical evaluation and reservoir modeling

The quality control (QC) such as hagliting, log splicing, and an environmental correction
were performed on the data when loaded thw Interactive Petrophysics software (IP) and
Petrel 2018. Thus, the data quality control (QC) interpretation, modelling and analysis of the
provided digitized wireline logs in LAS format data were corrected by means of the software
packages before anafter loading. The following data types such as digital geophysical
wireline logs, Conventional core analysis data reports, Geological well completion reports
and 2D Seismic (SGY) format, were used. However, in order to display the log curves and
carry outthe calculation of the petrophysical parameters, the following basic steps were

followed to achieve these objectives:

A Log interpretations were carried out to mark appropriate reservoir zones (pay zones)
within the selected wells.

A Computation of reservoiock characteristic parameters, using various wire line logs.

A Interpretation of the measured calculation parameters for the evaluation of the
hydrocarbon potential within the selected wells.

A Merging or splicing logs runs and depth shift curves betwegsftr the selected wells.

A Applying the environmental corrections for the logs
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Computation of the clay volume from the gamma ray

Computation of the total and effective porosity from the density, neutron and sonic logs
where necessary, depending on theilalgity of logs for the individual wells used for

this study.

Computation of water saturation using the Simandoux or Indonesian motuiegaior

the wells.

Calculating of net pay using the petrophysical industrial standarebftwalue for
porosityand permeabilityor the study wells.

Facies and the Petrophysical modeling of the reservoir characteristics of the selected

wells.
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Figure 4. 2: Flow chart depicting the methodolagy of the Petrophysical evaluation and Static
reservoir modelling parameters
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The geophysical data were carefully loaded into the software (IP Interactive Petrdphysics
and the log interpretation was started, to evaluate the possible depths of potsatizir
sandstones within the selected wells. Calculation of petrophysical parameters such as
porosity, permeability, water saturation, clay volume, was also performed. By calculating
these petrophysical evaluation parameters, the hydrocarbon gem@eatial of this Basin

could now be predicted.

4.2.1 Log Editing

Well logs are the result of physical measurement of subsurface properties obtained within the
limited spaces of a boreholgarvis , 2006) The probing instruments measure from very
clos range to the rock under in situ condition. However, these measurements are affected by
borehole irregularities such as mud filtrate invasion and casing points, but also depend on the
lapse of time between drilling and logging of the hole among othar§adthe way this error

is handled can affect the quality of the finale®ir characterization modélherefore, well

log data are some time required to be cleaned of the data of measurements associated wit
errors by means of editing, normalizationsreations and interpretation for consistent and
accurate logs wello-well before it can be used for the reservoir characterization study. Thus,
for this study, log editing such as environment corrections and splicing were performed on
t he sel elogtdstad wel | s 06

4.2.2 Environmental corrections

The environmental corrections are usually applied to wireline logs by means of using
computer programs because logging tools are sometimes affected by borehole and mudg
conditions. These effects on logs are duest@ss, mud weight, salinity content and
temperature etc., affecting the | ogsé mea
unwanted anomalies readings. The environmental corrections are applied to the following
wells: HaAl, Hall, HaN1, HaB2, HaG1 and HaK1. Corrections included are: borehole

size and mud weight correction to gamrmg logs, matrix corrections to the neutron porosity
and invasion corrections to the deep resistivity logs, mud salinity of the borehole and hole
diameter. Thesgroperties for the corrections are obtained from the log headers and make
that these logs provide a good set of data with the appropriate mud system required, so as t
evaluate the reservoir amtharacterizehe petrophysical parameters encountered orcteele

wells.
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4.2.3 Log splicing

Splicing of logs is the process of generating togethejottised runslogs, logged in a well to
produce a single ruAsg of a continuous LAS fileThe log runs at different depths in a well
Ha-K1, were spliced into a canuous log as illustrated in Figuress4nd 44.This procedure

was repeated for the rest of the wells used in this study.
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Figure 4. 3: illustrating the dis-jointed runs-logs of Gamma ray (GR) and Resistivity
(ILD) on well Ha-K1, before splicing.
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Figure 4. 4: illustrating the spliced runs-logs of Gamma ray (GR) and Resistivity (ILD)
of well Ha-K1, from dis-jointed logs runs into a single continuous LAS file.
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4.2.4 ldentification of a possibleéSandstone Reservoir

Identification of a potential sandstone reservoir or zone of interest which is referred to as the
clean zone with hydrocarbons is the initial measure taken to interpreting logs during
petrophysical evaluation of a reservoir. This carabhieved by clearly defining the baseline
cutoff from the gamma ray log. The baseline-otftof ~ 85.5 (API) defined for this well
Ha-K1 was calculated from the mean histogram obtained from the spliced gaymas

logs, during the logging of well #dK1, as indicated in (Figure%). The maximum deflection

of gamma ray logs to the right indicates a shale formation while the maximum deflection of
gamma ray logs to the left suggesiean sandstoneJensen , et al., 201.3The same
procedures were followed for the other wells used in this study. Fig@rglustrates an

example of a potential sandstone reservoir from welKila

Merged GR. [GAPI)
Mult-Well Interval histogram

Mumber of Points
g
Asuanbaay aagenwng

500
.
0 15
0213 poit= piotted out of 107439
Curve well |Zone Top Bottom |Min |Max |5b:l Dev |Mean |Mode ‘
Merged GR HaK1 [] 1800.15M 4237M 29453 (12013 (1518 85449 9L§
] 509.9M 2419.96M 9793 14812 2242 80.15 945
O 300M 219,56 M 1519 (14962 (1797 5877 9.5

Merged GR HaB2 O 1000 M 3978M 17343 150 2606 1032|1215
GR14 Ha-61 ] 250.08M 3000.44M 6.062 (14887 (17612 10229 1035
GrC Ha-A1 5] 115.87M 4700 M 6605 14999 18.233 1576 1365

Figure 4. 5: indicating the baseline cutoff at 85.5 (API) to defne the shale and
sandstone formations of well HaK1.
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Figure 4.6: Example of a potential sandstone reservoir from well H&1.

425 Deter mination of m, a, n and Rw par amet

For acurate estimation of water saturation of any reservoir evaluation, the determination of

the petrophysical exponentsd parameters njlam

factor) And (water saturation exprpateevery f alct

i mportant to obtain an accurate esti mati on
wells. For this study the Picketts plot method was utilized to calculate these petrophysical
parameters for sandstone reservoirs of the Valaagisequence of the Gamtoos Basin using
five wells (HaK1l, HaB2, HaG1, Hall and HaAl). Resistivity and Porosity are plotted

against each other in water bearing intervals using Standalone Pickett plots. The results werg

further discriminated by the volem of ¢l ay <cal cul ated from ¢tlhe

predict the matrix values within the reservoirs of the selected wells so that porositg can b
more accurately calculate@ihese parameters were obtained from the porosity and resistivity
taken from he data logs, in each of the runs in each well. Figufealldstrates the multi

wells Standalone Picketts plots for the six wells with the determined vdleaesloparameter
respectively.The straight lines in the cross plot indicate the amount of therwgaturation

present in the reservoirs; thus, the red line suggest 100% water saturation, 0.5 line represent
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50% water saturation, 0.3 line indicates 30% water saturation and 0.2 line suggests 20%

water saturation.

Multi-WWell Analysis
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Figure 4. 7: The Standalone Pickett plot from multiwells adopted to determine the

Petrophysical exponentés parameters (a, m, n and

4.26 Determination of Clay Volume

The Shale or Clay volume can be defined as the volume of wetted shale or clay per unit
volume of reservoir rocks, expressed in ided fractions or percentage®efore the
calculation of shale or clay volume, the gamma ray index) (Was the initial step to
calcul ate by means of using Schl umbealeger 6
volume is determined by using gamma ray logs runs for each of the wells studied in a porous

reservoir because shales are usually more radioactive than sand and carbonate.

lerR = (GRLog T GRmin)/ (GRmax T GRmin) (Schlumbeger , 1979% é é é € éequat i on
Where:
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lcr = Gamma ray index,

GRLog = Gamma ray log reading of formation.

GRmin = Minimum gamma ray (clay free zone.; for clean sand).
GRmax = Maximum gamma ray log (100% clay zone or shale zone).

Since the studied resmir wells are tertiary unconsolidated sandstaoneks, the shale
volume are calculated from the gamma ray indexg)l using the Larionov Tertiary Rock
model equation as follow3hese procedures are repeated for the wells studied and a detailed

interpreation will be explained later in the studies.

The various notlinear equations and model used for the volume of shale calculation and the
comparison of the models are presented below (Fig8yé3Zaputra, 2008)

Larionov (1969) for tertiary rock; Vsh = 0.083(2°Ri 1) ¢é é é & é é éguation 3.
Stieber (1970); Vsh=IGRI3* | GR é ééééééeeéeéeéeéééé. . ééeequatli
Clavier (1971); Vsh=1.7[(3.38(IGR+0.7f]'¢ ¢ ¢ ¢ ¢ 6 ¢ ¢ é . . éé éequati on

,,,,,,,,,,

Larinov for older rocks Vsh=033*PRi 1) ¢ ¢ ¢ é é é ¢ ¢ ééééé. . . equati
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Figure 4.8: Comparison of various methods used for Shale volume calculatig®aputra, 2008)
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4.27 Determination of Porosity

The porosity curves were derived from the density, neutron and sonic logs. The combination
of neutrondensity logs was utilized to calculate the porosity of wellsBdaHaK1, Hall,
Ha-G1, HaAl to obtain a goodndication of lithology and a more accurate estimation of

porosity, as presented fine following equation below:

A ZA@ " DHIC DT mMéééééééééééééééé. . é.equatio
Where:
A= is the porosity derived from the densi

& 6 Thematrix or grain density (g/cc)
" ¢= The bulk density which include the porosity and grain density (g/cc)
" "Cxiis the fluid density (g/cc), salt mud =1.0 and fresh water =1.

However, neutron and density logs were not available for weMNRlaTheréore the porosity

was derived using sonic logs by means of the Wyllie time average formula following the
equation below:

A = tiod- ° tmatrix / f-agtmatrix)ééééééééééééééé.. éé.equatio

Since the reservoirs in the study wells-N2 are the unconsdiated formations, a correction

factor for porosity derived from sonic, is nea@ys They are expressed below.

A 2tiod- ° tmarix /| @t°tmarix) *1/Cpé é e éééeééeéeéééé. equation
And,Cp=°tsh*C/1006 € é e e ééeééeceééeeéeeéée. é..equatio
Where:

A derived porosity in transit time (usec/m).

° tiog is the acoustic transit time sonic logs (usec/m).

°tmatrix  the acoustic transit time of the rock matrix (usec/m).
ady Acoustic transit time taken through the of interstitial fluids (usec/m).

° tsh the specific acoustic transit time in shales (usec/m).
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Cp the compaction correction factor,
C Is constant = 1

100 Acoustic transit time in compacted shale. Generally the shale compaction

coefficient ranges from 1.0 to 1.3, based on regional geologjobHaN2 it was 1.02.

4.28 Determination of Water saturation

Porosity logs neutredensity combined with resistivity logs were used to obtain porosity and
water saturation curves parameters (n, m, a, Rw) for water saturation from the Standalone,
Picket 6 s c r @iguse 47)ISismandoux model (1963) and Indonesia mdnePoupon

and Leveaux1971) equations 10 &11, as shown below were used to calculate the water
saturation for this study, due to the shaland f or mati on o fB2tHre st
K1, Hall, HaG1, HaAl and HaN1). It was further used to obtain the best fit curves when
calibrated with conventional core data analysis for water saturation. The model has an

effective porosity as the input porosity in the water saturation model.

Sw = aRw V$h/Rsh fM1(Vsh/Rsh) 2+ 4/F * Rw * Rt)é é .

(Simandoux, 1963)

Where:

Sw Water saturation. Rw  Formation water resistivity.

Rt true resistivity from deep resistivity loga Effective Porosity fraction.

Vsh Volume of shale calculated. Rsh Resistivity of the shale formation.

a Saturation equation exponent, which is the gradient of the line defined on the plots.
m Cementation factor.

1/ VI Rt = {V9ay/M Relay + A ™2aRw} SW2 ..o equation 11

Pouporand LeveauxX1971) Thus d =1-Vsn/2

Rt true resistivity from the deep resistivity log Sw Water saturation fraction.

Veay Volume of shale. Rw Formation water resistivity.
Reay Resistivity of wet clay. n Saturation exponent.
A Porosity. a Tortuosityfactor. m cementation exponent.
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4.29 Determination of Permeability

The method used in this study to estimate-dafgulated permeability (K) is based on
multiple variable regressionghe old wirdine logs which were runs in the wells are not
directly measuring the permeability from the wells. However, the estimated log calculated
permeability (K) was calculated from the regression equations obtained from the porosity
versus permeability cross pléhown as (PoroPerm) relationship plots. This is done by
plotting the Klinkenberg core permeability of the liquid horizontal in the logarithm scale
against gas expansion core porosity data in linear scale, obtained from the conventional corg
analyses of th wells (HaB2. HaK1l, HaG1, HaAl, Hall). Figure 49 illustrates the
regression equation from muitiells (PoroPerm) plots from core permeability versus core
porosity. The regression equations were used to predict the permeability (K) for wells

respectrely, where Core porosity depends on the porosity logs used for each wells.

Kmutti-wells = 10™ (2.11306 + 9.27334 * COre POrOSitY) ....ouvvreveiieiieeeeeeeeeeerreeennnns equation 12

Details of these regression equations obtained for each welBZHdaK1, Hall, HaG1,
Ha-Al and HaN1) and diagram would be interpreted in chapter 5 of this study.

Multi-Well Analysis
Core Porosity / Core Permeability (KL)
Multi-Well Interval plot

Y=f(x): Log(Core Permeability (KL)) = -2.11306 + 9.27334 * Core Pofosity R2= 0.85(
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R

0.01 0.068 0.126 0.184 0.2492 0.3
Core Porosity - Dec
279 points plotted out of 95546 (95267 nulls)

well Depths Discriminators
(3> Ha-B2 1000 M - 3979 M None
(4 Ha-K1 1800.15 M - 4237 M None
(5) Ha-G1 250.08 M - 3000.44 M None
115.87 M - 4700 M None
(1) Ha-11 609.9 M - 2419.96 M None

0000
A
Y
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>
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Created in Interactive Petrophysics

Figure 4. 9: The regression equation from multiwells (PoroPerm) plots from core
permeability versus core porosity.
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4.210 Core

Only three wells Hla-B2, HaK1 and HaG1) were cored in this basin, however no core was
recovered within the J1 Valanginian interval of the study formation. The core photograph in
Figure 410represents core logs from well ¥l encountered below the Valangin section

in this basin.

Figure 4. 10: Core photograph from well Ha-G1 depths 2399.82 m to 24.88 m used for
this study, showing the lithology below the Valanginian section.

4.211 Cross plots Determination

In this studydifferent types of well log crosplots between two variables were plotted and
the results of the chains of points were used to define the relationships between the variables

The crossplots include:

A Crossplots of compatible logs measuring the samem@ters such as porosity 10gs.
Neutrondensity cross plot and discriminated by the gamma ray log to denote
lithology.

A The crossplots of core sample value Klinkenberg core permeability parameter against
the core porosity logs.

A The croslots of petrophysial porosity logs versus water saturation and volume of
clay plots, to denote the eaff value used in this study.

These crosplots can be seen later in their respective chapters in this study.
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Multi-Well Analysis
NPHI7 / RHOB7
Multi-Well Interval plot

Created in Interactive Petrophysics

Figure 4.11. The multiple wells (HaB2. Ha-K1, Ha-11, Ha-G1, Ha-Al and HaN1)
crossplots of Density logs versus Neutron logs and Gamma ray logs as discrimination
logs for volume of clay determination

4.3 Petrophysical Static Reservoir Modeling Method

Due to the visualeguirements of the dynamic simulation process and to arrive at a final well
production and performance, it was essential to build a static model that represents the
subsurface reality of the reservoir sands of the Valanginian succession encountereafn most
the wells in the entire study area of the Gamtoos Basin as closely as possible. The statig
geological model was built by integrating relevant-sulface data and interpretation from
after the petrophysal evaluation processlhe 2D seismic structurahterpretation and
properties modelsuch as porosity, permeability, fetgross and water saturation;
lithological description and facies interpretation, from the log analyses are used to build the

static geological model of the Valanginian section fios study.

In addition, Petrophysical reservoir modeling is an important method for reservoir

description. This technique has a distinctive advantage in parameter estimation, reservoir
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