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ABSTRACT

Petrophysical Evaluation of the Albian Age Gas Bearing Sandstone Reservoirs of the O-M field,
Orange Basin, South Africa

Opuwari, Mimonitu

Petrophysical evaluation of the Albian age gas bearing sandstone reservoirs of the O-M field,
Offshore South Africa has been performed. The main goal of the thesis is to evaluate the
reservoir potentials of the field through the integration and comparison of results from core
analysis, production data and petrography studies for the evaluation and correction of key
petrophysical parameters from wireline logs which could be used to generate an effective
reservoir model. A total of ten wells were evaluated and twenty eight sandstone reservoirs were
encountered of which twenty four are gas bearing and four are wet within the Albian age depth
interval of 2800m to 3500m. Six lithofacies (Al, A2, A3, A4, A5 and A6) were grouped
according to textural and structural features and grain size from the key wells (OP1, OP2 and
OP3). Facies A6 was identified as non reservoir rock in terms of reservoir rock quality and facies
Al and A2 were regarded as the best reservoir rock quality. This study identifies the different
rock types that comprise reservoir and non reservoirs. Porosity and permeability are the key
parameters for identifying the rock types and reservoir characterization. Pore throat radius was
estimated from conventional core porosity and permeability with application of the Winland’s
method for assessment of reservoir rock quality on the bases of pore throat radius. Results from
the Winland’s method present five Petrofacies (Mega porous, Macro porous, Meso porous,
Micro porous and Nanno porous). The best Petrofacies was mega porous rock type which
corresponds to lithofacies A1 and A2. The nano porous rock type corresponds to lithofacies A6
and was subsequently classified as non reservoir rock. The volume of clay model from log was
taken from the gamma-ray model corrected by Steiber equations which was based on the level of
agreement between log data and the x-ray diffraction (XRD) clay data. The average volume of

clay determined ranged from 1 — 28 %. The field average grain density of 2.67 g/cc was



determined from core data which is representative of the well formation, hence 2.67 g/cc was
used to estimate porosity from the density log. Reservoir rock properties are generally good with
reservoir average porosities between 10 — 22 %, an average permeability of approximately
60mD. The laterolog resistivity values have been invasion corrected to yield estimates of the true
formation resistivity. In general, resistivities of above 4.0 Ohm-m are productive reservoirs, an
average water resistivity of 0.1 Ohm-m was estimated. Log calculated water saturation models
were calibrated with capillary pressure and conventional core determined water saturations, and
the Simandoux shaly sand model best agree with capillary and conventional core water
saturations and was used to determine field water saturations. The reservoir average water
saturations range between 23 — 69 %. The study also revealed quartz as being the dominant
mineral in addition to abundant chlorite as the major clay mineral. The fine textured and
dispersed pore lining chlorite mineral affects the reservoir quality and may be the possible cause
of the low resistivity recorded in the area. The reservoirs evaluated in the field are characterized
as normally pressured with an average reservoir pressure of 4800 psi and temperature of 220 °F.
An interpreted field aquifer gradient of 0.44 psi/ft (1.01 g/cc) and gas gradient of 0.09 psi/ft (0.2
g/cc) were obtained from repeat formation test measurements. A total of eight gas water contacts
were identified in six wells. For an interval to be regarded as having net pay potential, cut-off
values were used to distinguish between pay and non-pay intervals. For an interval to be
regarded as pay, it must have a porosity value of at least 10 %, volume of clay of less than 40 %,
and water saturation of not more than 65 %. A total of twenty four reservoir intervals meet the
cut-off criteria and was regarded as net pay intervals. The gross thickness of the reservoirs range
from 2.4m to 31.7m and net pay interval from 1.03m to 25.15m respectively. In summary, this
study contributes to scale transition issues in a complex gas bearing sandstone reservoirs and

serves as a basis for analysis of petrophysical properties in a multi-scale system.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND INFORMATION

Petrophysics is regarded as the process of characterising the physical and chemical
properties of the rock-pore-fluid system through the integration of the geological
environment, well logs, rock and fluid sample analyses and their production histories.
A reservoir is a subsurface layer or a sequence of layers of porous rock that contain
hydrocarbon. Depending on their geological origin, these layers are usually sandstone
rock or carbonate rock. The hydrocarbon resides in the open spaces in the rock matrix
called pores. The parameters that determine the behaviour of pore system are known
as the petrophysical properties.

In reservoir evaluation and development, the assessment of petrophysical properties
such as porosity, permeability, and water saturation, percentage of shale volume,
mineralogy, and type of pore fluid are deduced from well logs, core analysis, and well
tests. The successful evaluations of these properties are necessary for determining the
hydrocarbon potential of a reservoir system performance and also help us predict the
behaviour of complex reservoir situations. The integration of comprehensive
mineralogical studies with the evaluation of petrophysical properties provides a
valuable basis for reservoir systems studies. Thus, it aids in understanding the
influence of minerals in rock properties when correlated with wire line geophysical
logs. The operators in the Petroleum Industry need quick and reliable methods by
which the fundamental properties of the rocks and the fluid contents can be
determined in the subsurface. This is easily achieved by the use of wire line
geophysical logs.

Geophysical logs are not direct measures of the petrophysical properties of the
formation. The logs measure different formation parameters that are then translated to
properties of geological significance during log interpretations. The parameters
measured by the logs may be inherent to the formation itself such as the formation

resistance to an electric current. Logs also measure mechanical parameters in the



borehole such as the hole diameter and the down hole temperature. The petrophysical
properties determined from cores and logs are not always comparable, hence
considerable care must be observed when comparing data from core and log analysis.
Core analysis is one of the reservoir assessment tools that directly measure many
important formation properties. The analysis determines porosity, permeability, grain-
size distribution, grain density, mineral composition, sensitivity of fluids, and effect of
overburden stress (Bateman, 1985).

The Albian reservoir intervals in the Orange Basin consists of an overall association
of coursing-upward, laminated and bioturbated mudstone to massive and planar cross-
bedded sandstones with evidence of reducing conditions. The reservoirs are
heterogeneous consisting of massive sands and are encountered at depths below
2700m with varying thicknesses.

The Albian age gas bearing reservoir sandstones evaluated in this study range
between 2800m to 3500m depending on the position of the well. The study area is
zoned into two. The MA wells in the Northern part of the field and the OP wells in the
central and southern part of the study area. Ten wells are the focus of the study, of
which three (OP1, OP2 and OP3) were regarded as the key wells because core

analysis was performed in some of the reservoir sections of these wells.

1.2 APPROACH AND OUTLINE OF THE THESIS

This thesis started with the review of previous studies and literature search in
comparable oil and gas fields. This is to get familiarize with the basin architecture,
tectonic and structural features, sediment source and transport history, flow units and
inter play of accumulation. Emphasis has been placed on classic reservoirs because
the techniques that were developed in this study focus on sandstone and shale
lithology.

The petrophysical evaluation approach adopted in this study is a probabilistic log
analysis technique which takes all continuous log data and uses the response to create
an answer. The answer which yields the least difference between the raw and re-
computed logs from that answer is chosen. Core and production data are used to
calibrate the answer derived from the log by adjusting in order to obtain better
performance.

The thesis is grouped into two sections which are depicted in Figure 1.1 below.
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Figure 1.1: Outline of Research.

In petroleum evaluation, the importance of mineralogical studies has been
demonstrated in the northern North Sea where porosity evaluation from logs was
complicated by radioactive and heavy minerals and the evaluation had to resort to an
integrated approach with core and log analysis (Nyberg et al, 1978). The integrated
analysis and interpretation of core and log information together with fluid and
pressure analysis, by geologists, petrophysicists and reservoir engineers has resulted
in a valuable base for field development studies, particularly in circumstances where
major investment decisions are taken with the benefit of few appraisal wells (Hurst &
Archer, 1986).

Petrophysical properties are derived from individual characteristics of the mineral
constituents forming the rock (Serra, 1986), but the mineral themselves are seldom
considered in the evaluation of rock properties. Laboratory studies of sandstones
showed the various petrophysical properties, such as density, radioactivity, resistivity,
porosity, magnetic susceptibility, might vary considerable depending on clay and
heavy minerals, carbonaceous matter and on rock fabrics (Emerson, 2000).



The geochemistry of sandstone digenesis is routinely applied to problems of reservoir
simulation and enhances recovery (Hearn et al., 1984). Clay minerals affect all log
measurements and logs have potential for determining clay mineralogy. However, the
sensitivity of logs to mineralogy requires that log responses be calibrated for
mineralogy effects (Patchett & Coalson, 1982; Suau & Spurlin, 1982).

Mineralogy input into geophysical analysis has also provided porosity evaluation
results that are more comparable with direct measurements carried out on core
samples (Guest, 1990).

Saturation profiles can also be used to understand the distribution of water saturation
within a field or prospect Hartmann & Coalson (1990) showed how cores and logs
from four field wells of the Sorrento field, southeast Colorado was determined
through saturation profiles. Bastia (2004) in his study of the depositional model and
reservoir architecture of tertiary deep water sedimentation, Krishna Godavari offshore
Basin, India, reveal that the reservoir of the gas field tertiary sands originally
deposited in the deep water channel-levee system with relatively clean channel and
laminated levee facies as shown in his study.

Core analysis has evolved from qualitative geology descriptions to the use of
sophisticated analysis tool, such as the scanning electron microscopy (SEM), energy
dispersive x-ray spectrometry, x-ray diffraction, infrared spectroscopy, and imaging
analysis techniques Juhasz (1990)

Mineralogical techniques have shown that small variations in the clay mineral content
and rock texture can have an influence on the permeability and on different
geophysical log responses Hurst & Archer (1986). It has thus been suggested that log
derived mineralogical evaluation might be used in conjunction with mineralogical
analysis of core samples in order to validate the quantification from logs, and provide

additional information on mineral texture and distributions.



1.3 GEOLOGICAL OVERVIEW

The Orange Basin extends along the coast of Western Africa for 1500 km from the
Aguilhas Arch in the south to the Walvis Ridge in the north. The Basin is one of the
most lightly explored passive margin systems in the world with the South African
portion of the basin encompasses 130,000 km?2 with water depths ranging to greater
than 3000m. More than 75% of the prospective area is in water depths shallower than
500m and half of the prospective region lies in water depths shallower than 250m. To
date only 47 wells have been drilled in the basin. This exploration effort has lead to
the discovery of one gas field in Namibian waters (Kudu) and one gas field in South
African waters.

Deposition in the area took place in an overall shallow marine shelf-type environment.
Sand deposition mostly resulted from wave reworked dominated delta front and shelf
marine and storm bars. The sandstones are appears greenish which is indicative of the
presence of glauconite marine conditions. The greenish sandstones are massive and
exhibit a wave influenced type of lamination. The sandstones are generally well sorted
ranging in grain size from very fine to medium. The lower and upper contacts of the
sandstones are characterized by an abrupt lower contact, gradual, bioturbated upper

contact Petroleum Agency Brochure (2000).

Earliest sedimentation is dated as pre-Hauterivian and likely began in the
Kimmeridgian or Tithonian (~152-154 Ma), although fossil control in the older rocks

is absent due to the lack of marine facies in Wells drilled to date (Figure 1.2).
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Figure 1.2: Chronostratigraphic and sequence stratigraphic diagram of the Orange

Basin (Brown et al., 1995).

Two source rocks are present, the lacustrine shales restricted to the Pre-Hauterivian
section in rift phase half-graben sub basins and, terrigeneous derived Type Il kerogen
in Upper Cretaceous shales of the drift section. Both source rock sequences are

currently generative. The channels are part of a meandering system. Reservoir rocks



in the rift section are fluvial and deltaic sandstones and conglomerates derived from
the Palaeozoic Karoo section and underlying basement. Drift sequence reservoir
facies on most of the broad shelf are primarily fluvial sandstones and floodplain
deposits (Jungslager, 1999).

Numerous play types are present in the area. The rift plays are presented by possible
lacustrine sandstones trapping oil from organic rich claystones .The other major play
Is represented by synrift sediments and drift plays which include the early cretaceous
Aeolian sandstone play, the Albian incised valley play, structural plays in younger
shelf sediments and deeper water plays comprising roll-over anticlines in growth fault
zones (Vander Spuy, 2002).

Detailed mapping of the numerous reservoir channels at Ibhubesi field, Orange Basin
South Africa necessitated the building of a stratigraphic framework within the Albian
section. This framework was derived from a sequence stratigraphic study of the
Orange Basin by Brown et al which the area was referred as series of incised valley

fill sequences (Brown et al., 1995).

14  LOCATION OF STUDY/ WELL LOCATIONS

The study area is located within Orange Basin, Offshore South Africa (Figure 1.3)
below. Ten (10) exploration wells located within the O-M field is the focus of the
work. The field (O-M) and well names used in this study are imaginary names of gas
field and wells located in the Orange Basin South Africa. The wells are as follows:
OP1

OP2

OP3

OP4

OP5

OP6

MA1

MA2

MA3

MA4

V V. V V V V VYV V V VY
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1.5 AIMS AND OBJECTIVES

The research is aimed at evaluating the reservoir potentials of O-M field, Offshore
South Africa with limitation to the available data. This could be achieved through the
integration and critically comparing results from core analysis, petrography studies for
evaluating and correcting key petrophysical parameters obtained from wireline logs
and generates an effective static reservoir model.

The specific objectives include the following:

» Editing and normalization of raw wireline log data.

» Classification of lithofacies, petrofacies and flow zone indicators

» Calibration of logs/ core data to obtain parameters for petrophysical log
interpretations.

» Integrated studies of Sedimentology and petrophysics to determine the
percentages of clay, type and distributions within the reservoir sections and its
effect on water saturation.

» Determination of Porosities from logs

» Determination of true formation resistivity water and accurate estimate of
bound and free water saturations.

» Determination of water/oil/gas contacts from water saturation calculations and
Repeat Formation Tests (RFT)

1.6 RESEARCH METHODOLOGY

This process started with review of previous studies and utilizes the probabilistic
Petrophysics log analysis approach for multi-mineral evaluation for a static reservoir
model. This method takes all continuous log data and response equations to the
proposed formation components and computes an answer. Core and production data
are used to adjust this answer to produce a conceptual static petrophysical model.
Demonstrations will be carried out on integration of different subsurface data at
relevant and appropriate scales in order to construct reliable static reservoir models.

The Table below present summary of data used for this study:



Table 1.1: Summary of data used for study

Well Conventional | Conventional | Special | Petrography RFT | DST | Completion

Name | Logs Core Core Report
Analysis

MA1l | X X X

MA2 | X X X

MA3 | X X X

MA4 | X X

OP1 X X X X X

oP2 | X X X X X

OP3 X X X X X X X

OP4 X X

OP5 | X

opP6 | X X

A conventional suite of open-hole wireline logs were run by Schlumberger in all the

wells. The main measurements acquired in all the wells at different Runs include:

» Gamma-Ray, Caliper, Spontaneous Potential

» Porosity Logs — Density, Neutron and sonic

» Resistivity Logs- Deep Induction, Spherically focused Laterolog, Micro-

Spherically focused logs.

The collected data was first edited /reviewed and then loaded into the database for

petrophysical modeling at different stages.

The flow charts (Figures 1.4, 1.5) below represent summary of workflow which starts

from data collection and terminates at submission of report.

10




*

collection

“Wireline
Logs

F orkstation |
|

i

Normalization

and SCAL
Core

Final LASfiles |

Setting

Figure 1.4: Section one of the flow chat of research methodology.

11



PETROPHYSICAL
MODELING
v
v v v v
Lithology Porosity Water Permeability
Determination Model Saturation
v |
v L v .
v v Capillary Log
Core Logs Pressure
Core Log
L JV A 4
A 4 A 4
: Overburden RHOB Rw
Conventional/ GR, RHOB, PEF, Correction NPHI Sw
SCAL NPHI, SP, ILD, DT Swirr
A 4 A 4 A 4 A 4 6 "_*
Petrography vclay/log vclay Core/log porosity Core Log
Calibration Effective porosity v v
Calibration/
Overburden
v v v v

Fluid Contacts, Cut-Off and Net Pay

Figure 1.5: Section two of Research methodology flow chart.

12




CHAPTER TWO

WIRELINE LOGGING

2.1 INTRODUCTION

Wireline logging is a process that depends on lowering the logging cable into a drill
well by loggers for the measurements of physical, chemical, electrical, or other
properties of rock/fluid mixtures penetrated by drilling a well into the Earth’s mantle.
Well logging is usually carried out with instruments that are either suspended from a
steel cable (wireline) or embedded in the drill string (logging while drilling, LWD).
The wireline log is a graph and the data are continuous measurements of a log
parameter against depth. When a log is made, it is said to be RUN. A log run is made
at the end of a drilling phase and before casing is put in the hole and each of the run is
numbered being counted from the first time that the particular log is recorded.

When logs are used for purposes other than evaluation of oil and gas, they are often
called geophysical logs instead of well logs. The science is called borehole geophysics
instead of petrophysics. The theory of well logging remains the same just the
nomenclature and sometimes the emphasis (Rider, 1996).

The geophysical well logging was first developed for the petroleum Industry by
Marcel and Conrad Schlumberger in 1927. The Schlumberger brothers developed a
resistivity tool to detect differences in the porosity of the sandstones of the oilfield at
Merkwiller- Pechelbronn in eastern France (Schlumberger, 1989).

The wireline logging can be grouped into two. They are the open-hole and cased- hole
logging. The open-hole logging is based on measurements of the formations electrical,
acoustic, and nuclear properties. Cased-hole logging includes measurements of
nuclear, acoustic and magnetic properties. The open-hole logging will be the focus of
this research. Some well logs are made of data collected at the surface; examples are
the core log, mud sample logs, drilling time logs, etc.

Wireline logging is the established way of gathering about hydrocarbon bearing
reservoirs over the length of the well and the objective is to obtain information on
hydrocarbon. Physical properties such as resistivity, density, natural gamma radiation,
and magnetic resonance are recorded as a function of depth. These physical properties

are converted into petrophysical properties of the rock.
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The wireline logging tools can be grouped into active and passive tools. The active
tools measure the response of formation to some form of excitations. Examples
include density, neutron, resistivity, and the nuclear magnetic resonance (NMR) tools.
The passive tools measure natural occurring phenomenon such as the gamma
radiation that is emitted by elements in the rock or electric potential caused by
difference in salinity of the mud in the well and the formation water. Examples

include gamma ray (GR) and Spontaneous Potential (SP) logs.

2.2 THE NUCLEAR LOGS

The Nuclear logs record radioactivity that may be either naturally emitted or induced
by particle bombardment. Radioactive materials emit alpha, beta and gamma
radiation. Only the gamma radiation has sufficient penetrating power to be used in
well logging. Neutrons are used to excite atoms by bombardment in the well logging.
They have high penetrating power and are only significantly absorbed by hydrogen
atoms. The hydrogen atoms in the formation fluids are very effective in slowing
neutrons and thus tend to be an important property in well logging.
The basic nuclear logs that will be discussed briefly are the following:

= Conventional Natural Gamma-Ray (GR)

= Spectral Gamma-Ray (SGR)

= Formation Density (RHOB)

= Photoelectric Effect (PEF)

= Compensated Neutron (CNL)

= Sidewall Neutron Porosity (SNP)

2.2.1 Conventional Natural Gamma-Ray Log (GR)

The natural radiation is due to the disintegration of nuclei in the subsurface.
Potassium, Thorium and Uranium are the major decay series that contribute to natural
radiation. These elements Potassium, Thorium and Uranium tend to be concentrated
in shales, and are present in feldspars and micas that occur in many sandstone
reservoirs.

The gamma-ray log is a log of this naturally occurring radiation. The units are
American Petroleum Institute (API).Clean sands has fairly low levels of <45 API and

shales has high gamma reading > 75 API. The measurements are used to calculate the
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amount of shale as a function of depth and the vertical resolution of the tool is
approximately 0.6m with a depth of investigation of 0.15 — 0.3m depending on the
density of the rock. The gamma ray log is used for basic lithology analysis,
quantitative estimation of clay content, correlation of formations, and the depth
matching of multiple tool runs.

The simple gamma ray log is usually recorded in track one and scales chosen locally,
but 0 — 100 and 0 — 150 API are common. A deflection of GR log to the right
indicates shales, where the maximum and constant recorded radioactivity to the right
shows shale line. A deflection to the left indicates sandstone, where the maximum and
constant recorded radioactivity to the left shows sandstone line as indicated in Figure
2.1 below.

0 150 API
——

A =il AeTlecticam

'> Fod iFirm e e Tle ctiom

g

Figure 2.1: Diagram of GR log (Modified after Russel, 1944).
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In the conventional gamma sonde, a scintillation counter detects total disintegration
from sources in the radial region close to the hole. The scintillation detector uses a
sodium iodide crystal coupled to a photomultiplier tube to detect tiny flashes of light
associated with penetrations of the crystal by gamma rays.

2.2.2 Spectral Gamma Ray (SGR)

The spectral gamma ray log record individual responses for potassium, thorium and
Uranium bearing minerals. The detectors record radiation in several energy windows
as Gamma-Ray — Potassium, Gamma-Ray- Thorium, and Gamma-Ray-Uranium. In
the three window tool, estimates of the concentrations of the three radioactive
elements can be made as follows:
= Potassium: Gamma Ray Energy 1.46Mev (K40)
= Thorium Series: Gamma Ray Energy 2.62 MeV (T1205)
» Uranium-Radium Series: Gamma Ray Energy 1.76 MeV (Bi214)
Spectral gamma sondes also provide a total GR counts from a fourth window that is
equivalent to a conventional gamma log. The main applications of spectral gamma
logs are:
= Clay Content Evaluation — Spectral logs will distinguish between clays and
other radioactive minerals such as phosphate.
» Clay type identification — Ratios such as Th: K are used to distinguish
particular clay minerals.
= Source Rock Potential — There is an empirical relationship between U: K
ratios and organic carbon in shales.

2.2.3 Density Logs

Density logging employs incident gamma radiation which results in two important
interactions with the electron cloud and its parent atoms which are the Compton
scattering and photo-electric absorption. The density logging techniques are the Bulk
electron density and the photo-electric density.

Compton scattering allows the measurement of bulk density based on electron

concentration moderating the gamma flux. The Photo-electric response occurs at
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lower energies where gamma rays are absorbed by atoms which then eject secondary
gamma rays. The low energy portion of the spectrum is dominated by the PE effect.

The source emits high energy gamma rays that pass through the formation until they
are scattered (Compton scattering) and then eventually captured (Absorbed) having
lost most of their energy. Two sodium iodide detectors are placed within the cloud

capturing a portion of the scattered rays and counting them (Figure 2.2).
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Figure 2.2: Compton scattering of gamma rays.

The count rate at each detector is proportional to the electron density of the rock and
is proportional to the bulk density. The radioactive source most often used in density
logging is the isotope Cs137. This is because it has energy of 662 KeV in the centre of
the range of energies where the probability of Compton scattering is highest (Figure
2.3 below).

A density log is a measure of the number of low energy gamma rays surrounding the
sonde which is due to elastic scattering and is proportional to the electron density of
the rock. We actually measure electron density but what is needed is the bulk density
of the rock, therefore the ratio of atomic number and weight are important.

The density tools use a gamma ray source and three gamma ray detectors. The number

of gamma rays returning to the detector depends on the number of electrons present
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and the electron density. The electron density (pe) can be related to the bulk density

(pp) Of the minerals by an equation below

pe=p (2Z/A)

Where Z is the number of electrons per atom and A is the atomic weight.

The assumption made in the interpretation is that Z/A = 0.5 which is very close for
most elements commonly encountered, except hydrogen which has little effect on the
measurement. Therefore, pe=p. The tool measured density has been experimentally

related to the electron density as:

pp=1.0704pe — 0.1883

The tool has a shallow depth of investigation and the fluid is assumed to be mud
filtrate with a density of 1.0 g/cm? for fresh water and 1.1 g/cm? for salt water.
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Atomic
energy

Pe logging
{use of photoelectric effect)
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{use of Compton scattering effect)
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Figure 2.3: Density and litho density (photoelectric) logging in relation of gamma ray
energy. (Modified after Ellis & Singer 1987).
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2.2.3.1 Formation Bulk Density Log (RHOB)

The density log is a continuous record of formation bulk density. This is the over all
density of a rock including solid matrix and the fluid enclosed in the pores. The unit
of bulk density measurement is gram per centimetre cubed (g/cm?®).

The density log is normally plotted on a linear scale of bulk density and run in tracks
two and three most often with a scale between 2.0 and 3.0 g/cm® (Rider, 1996). Table

2.1 present density parameters.

Table 2.1: Depth of investigation of density tool and typical readings

Density Parameters

Standard 18 inches

Depth of investigation 6 inches Vertical resolution
6’ to 9 inches

Limestone (0%) 2.71

Sandstone (0%) 2.65

Dolomite (0%) 2.87 Reading in Zéro porosity

Anhydrite 2.98

Salt 2.03

Shale 2.2-2.7

Coal 1.5+ Typical Readings

The density tool is extremely useful as it has high accuracy and exhibits small

borehole effects. The major uses are in the determination of porosity as given below :

» Determination of porosity-

¢: Pma — Lo (23)
Pma — L+
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Where:
@ = Porosity
P ma =Matrix density
p p =density from log
p 1=Fluid density of the mud filtrate
The other uses of the density log are:
» Lithology identification in combination with Neutron tool
» Gas indication in combination with Neutron tool
» Formation acoustic impedance in combination with Sonic tool

» Shaliness of formation in combination with Neutron log

2.2.3.2 Photo-electric Effect density Log (PEF)

The photo-electric effect log is influenced more by atomic number than by electron
density. The photo-electric effect only occurs at low energy; generally below 100KeV
(Figure 2.3).1t measures the absorption of low energy gamma rays by the formation
and is calibrated into units of barns per electron.

The logged value is a function of the aggregate atomic number of all the elements in
the formation and so is a sensitive indicator of mineralogy. The log is less sensitive to
porosity and caving effects since hydrogen has a very low atomic number. The Pho-
electric response depends on the atomic number of the elements in the formation and
varies according to the chemical composition. The photoelectric effect log provides a
direct indication of lithology. The Table below present the photoelectric absorption

factors (Pe) for common sedimentary minerals.
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Table 2.2: Photo-electric absorption factor for common minerals

Mineral Pe
Quartz 1.81
Kaolinite 1.83
Montmorillonite 2.04
Dolomite 3.14
|llite 3.45
Halite 4.65
Anhydrite 5.05
Calcite 5.08
Chlorite 6.30

2.2.4 Neutron Logs

The Neutron log was introduced commercially by Well Surveys Incorporated two
years after the gamma ray log. Gus Archie working for Shell used the neutron
porosity log in his equation of 1942.

In Neutron logging, fast neutrons are emitted by a chemical source (Americium-
Beryllium) in the sonde and travel through the formation where they are slowed
mainly by collision with hydrogen atom. Slow neutrons are captured by the atoms
with the emission of a gamma ray at various energies and velocities as indicated in

Figure 2.4 below:
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Figure 2.4: Neutron speed versus source (MeV; Ellis & Singer, 1987).

Various logs detect the following:

» Capture gamma Rays

» Slow (thermal) Neutrons

» Partly slowed (epithermal) neutrons
There are two interactions that generally affect counts at the neutron sonde’s detector.
The presence of hydrogen in the formation which is thermalisation and the presence
of chlorine or iron which is early absorption. The log reacts to the presence of
hydrogen, and so water in the formation. This in turn indicates the formation porosity,
both primary and secondary and the system can be calibrated to estimate the

percentage of pore space in the clean sandstone, limestone or dolomite.
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2.2.4.1 Compensated Neutron Log (CNL)

The compensated Neutron log (CNL) tool has two detector spacings and is sensitive
to slow neutrons. The tool detects thermal neutrons. The logs can be run in open and

cased holes.

2.2.4.2 Sidewall Neutron Porosity Log (SNP)

The sidewall neutron porosity tools is a single detector pad tool that detect partly
slowed epithermal neutrons. All neutron tools can be run in cased holes to determine
formation porosity. Corrections must be made for the presence of casing and cement
(Krygowski, 2003).

Principal uses of the Neutron logs are listed below:

» Porosity display directly on the log
Lithology determination in combination with Density and Sonic logs
Gas indication in combination with Density log

Clay content estimation with gamma Ray log

YV V V VY

Correlation in open or cased holes

2.3 ACOUSTIC (SONIC) LOG

The traditional sonic logging involves just the compressional wave measurement done
in the sonde in real time and converted to velocity for lithology, seismic and
geotechnical applications. The sonic log provides a formation’s acoustic interval
travel time, designated At. The travel time or slowness of a sonic primary (P) or
compressional wave through rocks varies due to rock type, compaction. The P-wave
is a refracted wave that passes through the rock mass. It is a fast wave and the first
arrival at our receivers so it is easy to discriminate.

The sonic tools create an acoustic signal and measure how long it takes to pass
through a rock by simply measuring this time we can get an indication of the
formation properties. The amplitude of the signal will also give information about the

formation. The tool uses a pair of transmitters and four receivers to compensate for
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caves and sonde tilt. The normal spacing between the transmitters and receivers is

about 3 to 5 inches. The diagram (Figure 2.5) below presents the configuration.

- Transmitter

Receivers

B | Transmitter

Figure 2.5: The positions of transmitters and receivers in sonic tool.

The figure above presents a simple tool that uses a pair of transmitters and four
receivers to compensate for caves and sonde tilt. The normal spacing is between 3 to 5
inches. The configuration produces a compressional slowness by measuring the first
arrival transit times.The sonde is centralised and run at about 6 metres per minutes in
water while transmitting at 10 times per seconds at 20 kHz. Each arrival at a receiver
generates a voltage whose first arrival within a prescribed time gate is discriminated.
Noise and cycle skips result in spikes on the log but a de-spiker in the sonde removes
most of these spikes.

The sonic log in sedimentary rocks is considered a porosity log and can generate a
sonic based sandstone or limestone porosity log to compare with those created from
neutron and density logs. No calibration is necessary because it relies on a fixed,

perfectly spaced geometry. The sonic log will display raw transmit times in micro-
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seconds per foot. The most common interval transit times fall between 40 and 140 ms.

The sonic log is presented in tracks 2 and 3. The major uses are listed below:

. Correlation.

. Porosity.

. Lithology.

. Seismic tie in time-to-depth conversion.

The porosity from the sonic slowness is different from the density and Neutron tools.
It reacts to primary porosity only and as such does not see fractures or vugs. The basic

equation for sonic porosity is the Wyllie Time Average given below:

Where:
® = Sonic Porosity

At 1og = Formation of interest sonic log reading
Atmax = Matrix travel time

Ats = Mud Fluid travel time

There is another way of transforming slowness to porosity called “Raymer Gardner
Hunt”. This formula tries to take into account some irregularities observed in the field.

The simplified Version of Ramer —Gardner Hunt is given in equation 5 below:

At At

—C g Tma 5
¢ At (5)

Where C is a compaction constant usually taken as 0.67.

Table 2.3 presents the sonic porosity readings of some common sedimentary rocks.
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Table 2.3: Typical sonic matrix travel times of some rocks

Mineral Matrix Travel time (Atmax)ms
Sandstone 51-55

Limestone 47.6 -53

Dolomite 38.5-45

Anhydrite 50

Salt 67-90

Shale 62.5 - 167

(Rider, 1996).

2.4 ELECTRICAL LOGS
The electrical logs measure electrical properties of the formation in different
frequency ranges. This includes the Spontaneous Potential (SP) and the Resistivity

Logs.

2.4.1 Spontaneous Potential (SP)

The self Potential originated from the electric currents flowing in the mud of a
borehole caused by electromotive forces in formations. The Self Potential (SP) log is
a measurement of a very small electrical voltages resulting from electrical currents in
the borehole caused by the differences between in the salinities of the formation water
and the drilling mud filtrate. The voltage changes are measured by a downhole
electrode relative to the ground surface. They are naturally occurring potentials within
the earth.

The SP currents are measured in millivolts (mV) and the scale positive or negative
millivolts. The potential read for shales normally varies very little with depth. The SP
is measured relative to this base line zero called the shale base line.

Negative deflections to the left of the shale base line occurs opposite sands and reach
a maximum in clean porous sands called the static self potential(SSP) as shown in
Figure 2.6 .

The SP is positive if the mud filtrate is saltier than the formation water and negative if

the formation water is more saline than the mud filtrate.
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Figure 2.6: Graphics of self potential curve showing static self potential (ssp) and
shale line.
The SP log is used to determine the resistivity of water by applying the following

equation:

» Determination of resistivity of water (Rw)

I?mfe
SSP — —k IOgR—....(2.6)

wwe

Where:

K = Constant that depend on formation temperature

Rm = Resistivity of mud filtrate at reservoir temperature

27



Rwe = Equivalent resistivity of water
SSP= Static SP value.
The other uses of the SP log are the following:
» Differentiate potentially porous and permeable reservoir rocks impermeable
clays
» Define Bed Boundaries.

» Give an indication of shaliness

2.4.2 Resistivity Logs

The Resistivity log is a measurement of the formation resistivity with direct current
using the principles of Ohm’s law. The resistivity of a substance is a measure of its
ability to impede the flow of electric current .The basic measuring system has two
current electrodes and two voltage electrodes. Resistivity is the key to hydrocarbon
saturation determination and the measuring unit is ohm-meters and they are plotted on
a logarithm scales in track 2 or 3.

The Resistivity logs can be grouped into three measurements; Induction logs,
Laterologs, and Microresistivity measurements.

2.4.2.1 Induction Logs

The Induction logs measure the resistivity of the undisturbed part of the formation
laterally distant from the borehole .An induction tool uses a high frequency
electromagnetic transmitter to induce a current in a ground loop of formation. This in
turn induces an electric field whose magnitude is proportional to the formation
conductivity. Induction logs measure conductivity rather than resistivity.

The Induction tool is designed for an 8.5 inches hole and can be run successfully in
much larger hole sizes in which logging is usually performed with a 1.5 inch stand off
from the borehole wall. The tools work best in low resistivity formations and in Wells
drilled with high resistivity muds. Tool resolution is in the order of 6 feet. Depth of
investigation is 4 — 6 feet for the Medium Induction log (ILm) and about 10 feet for
the Deep Induction log (ILd).

= The Typical applications of the Induction Logs are:
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Measure the true(undisturbed) formation resistivity (Rt)
Ideal in Fresh or Qil -based environments
Ideal for Low resistivity measurements

Fluid saturation determination

2.4.2.2 Laterologs

The laterolog tools use focusing or bucking currents into a planar disc shape and

monitor the potential drop between an electrode on the tool and a distant electrode.

The potential drop changes as the current and the formation resistivity changes and

therefore the resistivity can be determined. Table 2.4 below present laterolog curves

display generic names commonly used.

Table 2.4: Curve names and mnemonics of laterolog

Curve Name Mnemonics
Deep Laterolog Resistivity DLL,LLD,RLLD
Shallow laterolog resistivity SLL,LLS,RLLS

(Krygowski, 2003)

The resolution of the tool is about 3-5 feet and depth of investigation of about 3 feet
for the LLs and 9-12 feet for the LLd.

Laterolog applications include the following:

Measures True(Undisturbed) formation resistivity Rt
Useful in medium to high resistivity environments
Overpressure detection

Fluid saturation determination

Diameter of invasion determination

Limitations of the Laterologs are:

Affected by the Groningen effects in some environments
Cannot be used in oil-based muds
Cannot be used in air-filled holes
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2.4.2.3 Microresistivity Log

The microresistivity logs are pad mounted tools with shallow depth of investigation
and of higher resolution. Tools are focused to pass through the mud cake. The tool
uses a set of five electrodes which focus the signal into the invaded zone just before
the mud cake.

The shallow reading versions of this resistivity tool are always pad-mounted. First
was the Micro-log which is still in use, second was the Micro-Laterolog (MLL),
replaced by Proximity (Pl) tool and thirdly the Micro-Spherically Focused Log
(MSFL) which has another version as Micro-Cylindrical Focused Log (MCFL). The
tools are variously affected by factors like mud cake thickness of the invaded zone.
Table 2.5 below shows common names used for the microresistivity logs.

Table 2.5: Common curve names of microresitivity logs

Curve Name Mnemonics
Micro normal resistivity MNOR
Micro inverse resistivity MINV
Micro Spherically Focused resistivity MSFL
Micro Laterolog MLL

(Krygowski, 2003).

Microresistivity log applications are:
= Determination of flushed zone formation resistivity Rxo
» Flushed zone water saturation(Sxo) through Archie’s Equation
= Invasion corrections deep resistivity tools
= Thin bed definition
Limitations of the tools are:
= Rugose hole
» Qil-Based mud
= Heavy or thick mud cake
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2.5 AUXILIARY LOGS

These are logs that are required to assist in the quantitative interpretation of many
other logs that are sensitive to borehole diameter, wall roughness, hole deviation, and

fluid temperature. This includes; the calliper, temperature, and dipmeter logs.

2.5.1 Caliper Log

The calliper logs are the first runs in borehole to measure the diameter of the hole or
casing for corrections to other logs and measurements. The measurement of the
borehole diameter is done using two or four flexible arms, symmetrically placed on
each side of a logging tool.

The calliper shows where deviations occur from the nominal drill bit diameter. The
simple calliper log records the mechanical response of formations to drilling. Holes
with larger diameter than the bit size is caved or washed out. The curve is traditionally
a dashed line and usually plotted in track one with a scale of 6 to 16 inches. The log
also provides information on fracture identification, lithologic changes, well
construction and serve as input for environmental corrections for other measurements.

It can be run in any borehole conditions.

2.5.2 Temperature Log

The temperature tools measures the temperature of borehole fluids. Temperature
logging is used to detect changes in thermal conductivity of the rocks along the
borehole or to detect water flow through cracks or fractures.

The temperature log is normally plotted so that changes in the temperature gradient
(change in temperature to depth) might be related to lithological boundaries or
aquifers. Ideally the logging sonde is run twice; once immediately after drill rods are
withdrawn and after 24 hours in order to describe the temperature gradient.

The unit of measurement is normally in Degree Fahrenheit (°F). The logs are to be run
in fluid—filled boreholes and are also used for temperature corrections to other logs

and measurements.
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2.5.3 Dipmeter Log

The dipmeter was the first structural logging tool (originally an SP dipmeter).The log
provides a continuous record of formation dip and direction of dip or azimuth. The
dipmeter measurements of borehole tilt and azimuth are based on magnetic and
gyroscopic sensors in the sonde. All recorded data are corrected to true dip and strike
and log is usually presented in a tadpole or arrow plot form with respect to true north
as presented in Figure 2.7.

i Dip magnitude {degrees) 90’
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Figure 2.7: Example of presentation of dip log

The log describes a correlation solution as tadpole with a prescribed frequency. Tool
rotation, magnetic field and gamma ray logs are included for quality control of the
log. Quality is dependent on low rotation frequency and calibration of the tool.

The dip angle is the angle formed between a normal to a bedding plane and vertical. A
horizontal bed has a dip angle of 0° and a vertical bed has a dip of 90°.

The dip azimuth is the angle formed between the geographic north and the direction
of greatest slope on the bedding plane. Dip azimuth is conventionally measured
clockwise from north so that a plane dipping to east has a dip azimuth of 90°.

A group of dips of more or less constant low dip magnitude and more or less constant

azimuth is coloured green (Figure 2.7).Group of dips of more or less constant azimuth
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showing an increase in dip magnitude with depth is coloured red, and that showing
decrease in dip magnitude with depth is coloured blue (Bateman, 1985). Depositional

features like sand bars and channels might be identified from the dipmeter plot.

2.6 OVERVIEW OF NEW GENERATION LOGGING TOOLS

The new generation of logging tools technology are developed to capture complete
map of the borehole wall in terms of diameter, deviation, light and colour. They have
higher resolutions. They can be divided into two categories:

Qualitative and quantitative devices.

The Qualitative devices include the following:

¢+ Dipmeter:

Stratigraphical high Resolution Dipmeter tool (SHDT)
Oil Base Dipmeter tool (OBDT)

+ Image Logs:

Formation Micro-scanner (FMS) tool

Full-bore Formation Micro-image (FMI) tool

Borehole imaging in oil-base mud (OBMI)
Borehole televiewer (BHTV)

Azimuth Resistivity Imager (ARI)
Array Induction Tool (AIT)
+« Quantitative Devices:

Nuclear Magnetic Resonance (NMR)

Combinable Magnetic Resonance (CMR)
Pulsed Neutron Capture Log (PNC)
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CHAPTER THREE

DESCRIPTION OF PETROPHYSICAL PROPERTIES

3.1 INTRODUCTION

Petrophysics is regarded as the study of rock and fluid systems. Petrophysical
measurements are made on cores in the laboratories and boreholes to determine the
major reservoir properties which include porosity, permeability, fluid saturations and
capillary pressure. The petrophysical parameters obtained from cores are used to
calibrate borehole measurements and for volume calculations. The petrophysical

parameters will be reviewed.

3.2POROSITY

The porosity of a rock is the fraction of the total rock volume that can be filled with
gas, oil, water or a mixture of these fluids. The porosity developed in sedimentary
rocks is a function of the grain size distribution, grain shape, orientation and sorting.
When all the grains are of the same size, sorting is regarded as good and if grains of
diverse sizes are mixed together, sorting is regarded as poor.

The ratio of a volume of void spaces within a rock to the total bulk volume of that

rock is expressed as a percentage denoted as ®. This is expressed mathematically as

o = Pore VVolume *100

Pore volume + Grain VVolume

An example of pore space and grain space is given the Figure 3.1.
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Figure 3.1: Example of pore space and mineral grain space.

There are many descriptions of porosity but the two common are the total and
effective porosities. The total porosity @t is defined as the ratio of total pore volume
within a rock to the total bulk volume including voids. The effective porosity ®e is
defined as the ratio of the interconnected pore space to the total bulk volume. The
Figure 3.2 below presents an example of effective, non-effective or isolated, and total

porosity of a rock.
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Figure 3.2: Example of effective and total porosity.

The amount of porosity is mainly caused by the arrangement (cubic or rhombohedral),
size and sorting of rock. The cubic arrangement of grains has a maximum porosity of
about 48% and rhombohedral packing of maximum porosity of about 26% (Figure
3.3).
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Cubic 48 % Rhombohedral 26 %

Figure 3.3:  Packings of spheres of primary or intergranular porosity ( Fraser &
Graton, 1935).

In sedimentological terms, a wide grain size distribution is called poorly sorted; a
narrowly distribution is considered well sorted. Well sorted systems approach the
ideal rhombohedral packing which gives porosity higher than poorly sorted grains.
Porosity can be measured indirectly by the wireline logs and directly by core analysis

methods.

3.2.1 Porosity Alteration

When sediment has been deposited it has an initial porosity known as the primary
porosity. Over geological times the primary porosity is altered by the following
factors:

% Diagenesis — The physio-chemical precipitation of minerals from the pore
fluids. Cementation is the most important diagenetic effect because it binds the
grains together and thereby reduces the porosity.

¢+ Compaction — Compaction is caused by the load of the overlying sediments.
Compaction leads to a more compact arrangement of the grains. It is a
mechanical phenomenon and dependent on the rock types, the pore fluid type

and weight of the overburden.
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%+ Leaching — Leaching occurs when minerals dissolve in the pore fluids. This
type of porosity is referred to as secondary porosity because it is produced
after deposition of the sediments.

¢+ Bioturbation — The mixing of deposited sediments caused by bioactivity of
small organisms such as worm that move through the sediments and leave a
trace of fine particles behind.

« Clay coating — This involves crystals that grow on the surface of the grains
over geological times and can even completely fill pores (Schutjens, 1991).

3.3PERMEABILITY

The permeability is the measure of the ease at which fluid flows through connecting
pore spaces of reservoir rock. The fluid flow is proportional to the gradient of
pressure. Permeability is controlled by size of pore openings, degree and size of pore
connectivity, type of cementing material between rock grains.

The concept of permeability originates from the laboratory flow tests carried out by
Henri Darcy in 1856. The following equation is an expression of Darcy’s equation to

determine permeability.

K=Q U/ A (AP/L)oooeoeoeeooeeeeeeeeeeeeeeeeeeeeeeeesseseeees (3.1)

Where:

K = Permeability (darcy)

Q = Flow per unit time (cm/s)
p=Viscosity of flowing medium (cp)
A = Cross section of rock (cm?)

L = Length of rock (cm)

AP = Change in pressure (psi)

The unit of measurement of permeability is in Darcies, more commonly in

millidarcies (md). A reservoir productive capacity is largely determined by its
permeability. Permeability is measured horizontally and vertically (Figure 3.4). The
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horizontally measured permeability is accepted as the rock permeability because it is
measured parallel to the bedding which is the major contributor to fluid flow into a
typical reservoir. Vertical permeability (Kv) is usually less than horizontal
permeability (Kh) because of layering effects of sedimentation (Hughes, 2002).

Vertical Permeability Kv

Horizontal permeability Kh

Figure 3.4: Directions of measurement of permeability.

Three types of permeability are employed in Petroleum applications; absolute,
effective and relative .Permeability is absolute when the reservoir rock is completely
saturated with the flowing fluid. Permeability is effective to a particular fluid when
that fluid occupies less than 100 % of the pore space. An example is a gas or oil
permeability in a rock which contains connate water. Relative permeability is the ratio
of the effective to absolute permeability.

The permeability which could describe fluid flow in reservoirs is effective or relative
permeability. The values of permeability can be determined from Core analysis, well
tests, and drill stem test analysis. Permeability measured from core data is the most
accurate and values can be classified fair is permeability is between 1 to 10md; Good
from 10 to 100md; very good from 100 to 1000md. The Figure below present rock
permeability ranges (Garven, 1986).
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Figure 3.5: Rock permeability ranges (Garvin, 1986).

3.4FLUID SATURATION

The fluid saturation is the fraction or percentage occupied by a certain fluid. This
could be expressed mathematically as the volume of fluid divided by the volume of

pores in which the fluid resides. That is,

Fluid saturation (Sf) = Eormation fluid occupying pores
Total pore space in Rock

The total saturation of fluid in rock is 100%. Reservoir rocks often contains two (oil
and water, gas and water) and three (gas, oil and water) fluids. Water in a formation
usually contains dissolved salts that facilitate ionic conductivity but the hydrocarbon
in the formation is non conductive fluids. A relationship between electric conductivity
and saturation can be established. Investigation of the electrical properties of wet and

oil bearing rocks was pioneered by Archie in 1942.
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3.4.1 Electrical Formation Water

The method Archie used to arrive at the conclusion of his investigation on resistivity
and saturation was simple. He took a number of cores of different porosity and
saturated each one with a variety of brines. He measured the resistivity of the water
Rw and the resistivity of the 100% water saturated rock Ro. When the results were
plotted, he found a series of straight lines of slope F referred to as the electrical
formation factor (Bateman, 1985).

The rock formation factor is the resistivity of a rock sample completely saturated with

water to the resistivity of the water. Mathematically; it can be expressed as follows:

Rw
Where:
Ro = Resistivity of 100 % saturated rock (Ohm-m)
Rw = Resistivity of water (Ohm-m)
Archie found out that measured value of F could be related to the porosity of the rock

by an equation of the form

Where:
® = Porosity

m=cementation exponent
Another empirical equation relating F and @ was also suggested by the results of

experiment measurements conducted by Winsauer et al (Bassouni, 1994). The
equation is of the form
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a=tortuosity factor
m=cementation exponent

Some commonly used formation factor to porosity relations are as follows:

F=0.81/®% in most sandstones (consolidated)

F=0.62/® ** unconsolidated sandstones (Humble formula)
154 - :

F=145/® (Phillips Equation)
1.73

F=1.13/® =" (Chevron Formula)
1.29

F=1.97/® ~ (Porter and Carothers)

F=1/®*  (Carbonates)

The reasons for the observed variations in the cementation factor (m) in the above
relations has been attributed to number of factors which includes; degree of
cementation, shape, sorting and packing of the particular system, compaction due to
overburden pressure, type of pore system etc (Helander, 1984 ).

Fresh water yields low formation factor and cementation values. Cementation factors
for various rock types are presented in Table 3.1 below.

Table 3.1: Cementation of various rock types

Lithology Cementation Factor (m)
Sandstones

Loose un -cemented sands 1.3

Slightly cemented sands 1.3-17

Moderately cemented sands 1.7 -19

Well cemented sands 19-22

Limestones

Moderately porous limestones 2

Some oolitic limestones 2.8

(Piron, 1958)
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3.4.2 Water Saturation (Sw)

Archie experiment showed that water saturation could be related to its resistivity. He
defined the resistivity index Ir as the ratio of the resistivity of a partially water

saturated rock Rt to the resistivity of the fully brine saturated rock Ro.

If the rock sample was originally fully saturated with water, then Rt will equal Ro and
IR will equal one. The presence of hydrocarbon is indicated by the value of the

resistivity index. Saturation can be expressed as a ratio of the resistivities:

—_

Where n is the saturation exponent an empirical constant and taken as two in most
case. Substituting for Ro in equation 3.4a and F in equation 3.4b above, the

expression the water saturation becomes

Q- a R

w ¢m R,
The Archie’s equation links the porosity and resistivity with the amount of water
present Sw in the formation. Increasing porosity will reduce the water saturation for
the same Rt. Once the water saturation is known; the hydrocarbon saturation can be

calculated.
Shc=1-Sw
Where:

Shc = Hydrocarbon saturation.

Sw = Water Saturation.
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The Archie’s model considers the electrolytes in the pores as the only conductive
path, hence the relationship is valid for only clean sand formations. Shaly sand
formations exhibit more complex behaviour because clay minerals present in the
formation contribute an additional pararell conductive path in addition to the

formation salinity.

3.4.3 Influence of Clay on rock resistivity

The presence of clay in a rock will influence the resistivity of the rock depending on
the type and distribution of the clay. The presence of cation exchangeable clays often
cause apparent low resistivity index values to be observed which also causes a
decrease in water saturation calculations. The conductivity of the clay is related to the
cation exchange capacity (CEC).The higher the CEC, the lower the formation factor
at any salinity.

Active sites exist on clay surfaces where cations may be exchanged with drilling mud
fluid. This ion exchange may alter formation porosity, reduce permeability, formation
resistivity and also result in erroneous high calculation of water saturations from
downhole logs. Waxman-Smit-Thomas and other researchers proposed equations that
allow calculations of a formation factor independent of the clay conductivity effects
(Core laboratories, 1982).

3.5 CAPILLARY PRESSURE

Capillary pressure reflects the interaction of rock and fluids and is controlled by the
pore geometry, interfacial tension and wettability. Hydrocarbon reservoirs can be
regarded as a capillary system where in the absence of other forces, the distribution of
the fluids is determined by the interaction of gravity, interfacial tension and
wettability.

The wettability is defined as the contact angle between droplets of liquid on a
horizontal surface. It is a measure of which fluid adheres to the rock. The wettability
describes the affinity between a liquid and a solid. The fluid/fluid interaction
dominated by intermolecular van der Waal forces is regarded as the interfacial

tension. The gravity plays a role in both wettability and interfacial tension situations.
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In order to understand the distribution of fluids in a reservoir and the position of
oil/gas and oil/water, knowledge of wettability and interfacial tension is essential.

In situations when the adhesive affinity between water and the rock matrix is larger
than the force between oil and rock, the reservoir is considered water wet. In oil wet
rocks, the affinity between oil and the rock matrix is larger than the affinity between
water and rock. Most sandstone reservoirs are assumed to be water wet. The pores are
assumed to be initially filled with water that was forced out by the oil because it floats
on water.

The capillary pressure concept is an important parameter in volumetric studies where
it is used to calculate saturation- height relationships from core and log informations.
It is also used to infer the free water level (FWL) from oil transition zone saturation-
height relation when pressure gradient data for both oil and water legs may not be
available. The saturation-height function is able to predict the saturation anywhere in
the reservoir for a given height above the free water level and for a given reservoir
permeability or porosity or to estimate permeability once water saturation is known
(Harrison & Jing, 2001).

3.5.1 Capillary Pressure curves

The wettability of a rock for a fluid can be expressed by the contact angle 6. When
contact angles are smaller than 90° between the water surface and the solid, the solid
is considered water wet. For contact angles more than 90° between the same substance

and the rock are considered oil wet (Figure 3.6).
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Figure 3.6: Contact angles for water-wet and oil-wet surfaces.
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In capillary pressure measurements, a non wetting fluid invades the pore system that
was originally occupied by a wetting fluid whereby the latter is displaced by the
former. The capillary pressure of a non wetting fluid invading into the pores is

described by Laplace’s equation (Dullien, 1979) as follows:

Pc= 2y Z 2V COSG..vvvevieireesieesireesieeannas (3.5)
R pore R pore
Where:

Pc = Capillary pressure
y=interfacial tension
R = Average radius of pores

c =contact angle

The Laplace equation (3.5) describes the relationship between the radius of the pore
and the pressure that is required for the fluid to enter the pore. The laboratory values
of capillary pressure can be converted to equivalent reservoir condition values as
follows:

Pc (res) = Pc (lab) (Y COSOIES ovvveeeeeiiirneeen, (3.6)
(y coso)lab

Typical values for interfacial tension and contact angles taken from core laboratory
manual are given in Table 3.2. The laboratory to reservoir condition conversion
considers the difference in capillary pressure due to interfacial tension and contact
angle. The interfacial angle can be measured at laboratory and reservoir conditions but
the contact angle is difficult to measure especially for systems that are not strongly

wet.
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Table 3.2: Interfacial tension and contact angle values

Wetting Non-Wetting | Conditions: Contact Interfacial

Phase Phase Température(T) | Angle(e) Tension
Pressure(P) (dynes/cm)

Brine Qil Reservoir,T,P 30 30

Brine Oil Laboratory,T,P | 30 48

Brine Gas Laboratory, TP |0 72

Brine Gas Reservoir,T,P 0 50

Oil Gas Reservoir,T,P 0 4

Gas Mercury Laboratory,T,P | 140 480

(Core Laboratories, 1982)

Reservoir water saturation decreases with increasing height above the free water level
where capillary pressure is zero. A minimum water saturation (Syry) IS reached at a

great height above the free water level and this water saturation is immobile. The
transition zone is defined as the zone which can produce both hydrocarbon and water.
Changes in the capillary pressure radius are controlled by the pore geometry which is
a function of rock properties such as permeability and porosity. The pore size

distribution also has a great influence on the magnitude of the irreducible water
saturation (Syjrr) and height of the transition zone. The hydrocarbon water contact

will vary with depth as a function of the reservoir quality. The higher the
permeability, the smaller the separation between oil water contact and free water level
(Harrison & Jing, 2001).

3.5.2 Capillary pressure and seal

The seal is a rock which prevents natural buoyancy related upward migration of
hydrocarbon. Hunt (1990) extended the definition to any rock which is capable of
preventing all pore fluid movement over a substantial period. A seal is controlled by
the largest flaw in the sealing rock generally near the crest. The weakness of the seal
can be due to diagenesis and tectonic force. For a hydrocarbon to be trap, the upward

buoyancy must be smaller than the downward capillary pressure.
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Figure 3.7 below pressure versus depth and capillary pressure plot for typical
reservoir showing the petroleum and water gradients, position of free water level,

thickness of hydrocarbon interval and the position of seal.
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Figure 3.7: Pressure versus depth plot.

The pressure gradients for oil and water phases are determined by the fluid densities.
The water saturation distribution above or below the free water level are controlled by
the balance of capillary and buoyancy forces. The relationship can be expressed as

follows:

Pc = h (water gradient — oil gradient)............c.cccccouvneee. (3.7)
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3.5.3 Saturation-Height Equations

The correlation of capillary pressure curves according to rock type for a formations
and generating field saturation — height function that relates capillary pressure curves
to porosity, permeability or rock types have various equations. The methods include
the Leverett’s J-function approach, Cuddy et al (1993), Johnson (1987), Skelt-
Harrison (1996), and others.

3.5.3.1 Leverett’s J Function Approach
In 1941, Leverett investigated the effect of fluids interfacial tension and a rock
property on capillary pressure. Leverett was the first to introduce a dimensionless

capillary pressure correlation function. Based on experiments, he proposed the
following dimensionless group as a function of wetting fluid saturation (S,y) for

capillary pressure (Pc) modelling as

J(Sw) = PC_VK/D....oooeeeeeeseseseeeeeens (3.8)

ccos 0
Where:
Pc = Capillary pressure (psi)
K = Permeability (mD)
@ = Porosity
The cos 0 term was added to adjust for wettability. The (VK/®) is proportional to size
of typical pore throat radius and J-function is dimensionless for a particular rock type.
Special core analysis measurements of capillary pressure on core samples provide the
most reliable means to establish J —function for rock types with similar geometries.
Capillary pressure measurements are performed on each core plugs and then
converted to reservoir conditions and finally converted to J values for each samples
and plotted against saturation. This function which is sometimes termed universal J-
function did not produce a single correlation for different types of formations
(Leverett, 1941).
The J-function is useful for averaging capillary pressure data from a given rock type
of a reservoir and sometimes can be extended to different reservoirs having the same

lithologies though usually not accurate correlating different lithologies.
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3.5.3.2 Johnson Capillary method

Johnson (1987) proposed another way of correlating capillary pressure data water
saturation to permeability. Using special core analysis data, Johnson observed that the
plots of water saturation versus permeability for each capillary pressure de-saturation
step were approximate straight and parallel lines when drawn on log/log axes. His
permeability averaging method gives an empirical function that relates capillary
pressure to water saturation and permeability as follows:

LG (SW) = B. PCC—ATOG(K) rvrerereeerererereeseisesssssssssssessen (3.9)

Where:

A, B, and C = Constant

Sw = Water saturation (percent)
K = Permeability (mD)

Pc = Capillary Pressure (psi)

The constants A, B and C are derived from special core analysis measurements
capillary pressure data using series of cross plots. Johnson states that his method is not

universal but it has proved effective in some North Sea reservoirs (Johnson, 1987).
3.5.3.3 Skelt-Harrison Capillary Pressure and log Based Method

Skelt recommends the fitting of a curve to a set of height and saturation data. It was
initially to the capillary pressure data from special core analysis measurements and
then refines this to fit the log derived water saturation data. Each data point was
assigned a different weight during the regression (Skelt & Harrison, 1995).

The strength of the Skelt’s function is that rather than linearise the function using
logarithms, it makes use of its non-linearity to provide a fitted curve shape that
actually looks like a capillary pressure curve. The equation is of the form:

SW=1-Aexp. [-B/N+D)’] oo (3.10)

Where:
A, B, C and D = Coefficients found by regression to core and log data. h=Height

above free water level
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CHAPTER FOUR
WIRELINE LOG EDITING AND NORMALIZATION

4.1 INTRODUCTION

The aim of wireline logging is to measure and record a given formation’s properties in
its undisturbed state and convert it to petrophysical parameter. The objective is rarely
achieved because the drilled hole where the logging operation is performed is not
perfect and the logging environment also is often affected by drilling mud type, mud
salinity, that need to be removed in order to get the actual response of the logs.
When raw log data are collected for formation evaluations it is essential to check the
quality of the data and perform editing if necessary before performing quantitative
interpretation. Log editing is basically a form of log interpretation aimed at removing
or correcting problems that affect logs and provides the best possible presentation of
the in-situ properties measured and recorded by logs. Some of the problems
encountered by logs that need to be edited before using it for quantitative
interpretations are the following:

¢+ Depth Shifting/Matching

%+ Borehole environmental corrections

% Smoothing/De-spiking/Noise Removal

¢+ Merging/splicing of curves

After performing the editing process, the next stage is curves normalization.
Normalization is a mathematical process that adjusts for differences among data from
varying sources in order to create a common basis for comparison.

The flow chart starting from data collection through the editing processes to
quantitative analysis is given in Figure 4.1 below. However, this chapter starts with
the process of wireline log data collection and end on log normalization of the ten

wells within the study area.
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Figure 4.1: Flow chart of Log editing.
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4.2 LOG DATA COLLECTION AND CREATION OF DATABASE

A conventional suite of open —hole wireline log data were run by Schlumberger in all
the vertical exploration wells drilled between 1987 and 2003 and logged by
Schlumberger wireline Company. Water based mud (WBM) were used to drill wells
MA1 ,MA2, MA3, MA4, OP1, and OP3, while oil based mud (OBM) were used to
drill wells (OP2, OP4, OP5 and OP6).

All the wells were logged with basic log data suites and the data were provided by
Petroleum agency of South Africa (PASA) and PetroSA in Log ASCII format (LAS),

comprising measurements of:

» Gamma- Ray, Caliper, Spontaneous Potential
» Porosity — Density, Neutron, and Sonic
» Resistivity Logs
-Water Based Mud wells — Dual laterolog, MSFL.

-0Oil Based mud wells — Dual Induction

Digital data were provided in LAS format files at different Runs across the wells. The
logs were loaded into Interactive Petrophysics software created database. The log
header information and well completion report provides information on the interval of
wireline log for wells as given in the next subsection below. The logging suite tool

code name and description are shown in appendix A.

4.2.1 Wireline logged Intervals for Wells

The objectives of the well drilling project were to drill, log and test the primary target
intervals in order to prove a commercially viable gas reserve. Schlumberger Company
provided the wireline data with overall log quality very good. A suite of wireline logs
were available and successful Runs were conducted with well problems limited to
minor tight hole conditions at various intervals but were remedied by washing and
reaming during wiper trips. The static bottom hole temperature was estimated using
the Dowdle and Cobb method.
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The Table 4.1 presents the suite of wireline logs available and successful Runs

conducted at different intervals as indicated in the Table 4.1 below.

Table 4.1: Suite of Logs Run in wells at various intervals

Well Run Hole size (in) | Interval (m) Logging Suite
Number
MA1 1 12 1/4 1118 -240.6 | HALS/ DSI/ TLD/ MCFL/ PEX.
2 812 3309.4 - 1107 | HALS/DSI/TLD/MCFL/PEX
MA2 1 12 1/4 1114 - 280.4 | HALS/DSI/TLD/MCFL
2 812 3171 - 1117 HALS/DSI/TLD/MCFL
MA3 1 12 1/4 1118 -240.6 | HALS/ DSI/ TLD/ MCFL/ PEX.
2 8112 3309.4- 1107 | HALS/DSI/TLD/MCFL/PEX
MA4 1 12 1/4 1134.9 - 256 | HALS/ DSI/ TLD/ MCFL/ PEX.
2 8112 3487.74 - 1090 | HALS/DSI/TLD/MCFL/PEX
OP1 1 12 1/4 1781 -3010 | ISF-MSFL-BHC-SP-GR, LDT-CNL-
GR,SHDT-GR
2 8112 3020 - 3520 | MSFL-ILD-BHC-GR-SP,LDT-
CNL,SHDT,VSP
3 812 3552 - 3071 ISF-MSFL-ILD-BHC-GR
OP2 1 812 1256.7 - 3520 | DIL/LDT/CNL/Sonic/GR
OP3 1 12 1/4 1386 - 3115 | ISF-MSFL-SP-BHC-GR,LDT-
CNL,SHDT
2 8 1/2 3107 - 3681 ISF-MSFL-SP-BHC-GR;LDT-
CNL;SHDT
OP4 1 812 1575 - 3430 | AIT/LDT/CNL/DSI/GR
OP5 1 812 772.5-3463 | SP-AIT-NGT-DSI-PEX
OP6 1 812 1750 - 3412 | AIT/LDT/CNL/DSI/GR

54




4.3 LOG EDITING
4.3.1 Depth Shifting

When combining measurements made during separate log runs through the same
borehole, discrepancies often arise and it is important that the measurements be
correctly correlated in depth with one another before performing quantitative
interpretation. Logs from different wireline tool strings may have slight mismatches
that may exist because of ship heave during recording, cable stretch, tidal changes in
sea level etc (Hagelberg et al., 1992). A curve is chosen e.g. natural gamma-ray log or
resistivity as a reference curve that provide means of depth shifting for correlation
with other curves and appropriate adjustments or shifts are applied.

For this study, the Interactive Petrophysics (IP) triple combination (triple combo)
module was applied for depth checking and was confirmed that no depth matching
was required except for wells that have core data that need to be depth matched with
the log data. Figure 4.2 below present example of curve run in all track with the

gamma ray log to check corresponding depth.
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Figure 4.2: Example of gamma-ray log Run at the same depth with other logs.
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The Figure above shows gamma —ray log (green colour) in track 2 and resistivity (red)
in track 6, sonic log (Foschini ) in track 7, and density log (red) in track 8 both
recorded at the same depth and Run, while the gamma-ray log is used to check if they
all record the same formation at a given depth. The gamma-ray or resistivity log could
be used as the reference shift curve.

No depth shift was required except for well that have core data that was depth shifted

with logs.

4.3.2 Borehole environmental correction

Logs are affected by borehole size and the environment, thus environmental
corrections by computer programs are applied. Borehole environmental influence is
caused by stress, mud weight, temperature, etc. All pad type devices such as the
density, sidewall neutron log, microlog, and dipmeter will not perform effectively in
large holes where the hole diameter is beyond the reach of the pad. The tools will read
the mud values or jump from high to low values due to the intermittent contact with
the borehole wall (Crain, 2001).Rough or rugose holes and shale intervals due to
washout will also leave excessive mud between the pad and the borehole wall and can
be observed from the Caliper and density correction DRHO logs as it will be very
high in such intervals.

Borehole environmental corrections have been applied to the following logs using
mud/borehole properties identified from log headers as presented in Table 4.2 below.
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Table 4.2: Summary of environmental corrections applied to logs

Gamma-Ray (GR)

Hole size,mud weight and
tool position.

Density (RHOB)

Hole size,mud weight

Neutron (NPHI)

Mudcake,mudweight,borehole
salinity,pressure and stand-off

Deep and Shalllow
Laterolog(LLD $ LLS)

Hole size and mud resistivity

Microspherical(MSFL)

Mudcake resistivity

Spontaneous potential
(SP)

Baseline correction

An example of a density log in rough and enlarged borehole diameter is shown in

Figure 4.3 below:
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Figure 4.3: Example of density log affected by borehole.
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The Table 4.3 below presents guide as to know when to apply corrections due to
borehole condition (Yan et al., 2008).
Table 4.3: Guide for borehole condition

Caliper and Bit size(BS) logs

Condition

Caliper—-BS=0%

Excellent condition, no need for correction

Caliper—BS <10 %

Logs are good quality, refer to DRHO log

Caliper — BS =10 — 30%

Logs probably need to be corrected

Caliper —-BS >30 — 50%

Logs incorrect, need to correct

Caliper — BS >50 %

Very bad borehole conditions. incorrect logs

(Yan et al., 2008)

The use of service company chart books provide options for environmental

corrections and the input parameters includes raw log data, tool type, caliper log,

drilling bit size (BS), and mud information.

The mud properties used were taken from log data files and Well completion reports.

Hole size was taken from recorded bit size and Caliper log.

Figure 4.4 below presents an example of an uncorrected log and environmentally

corrected logs. Green colour curves with C appended to the suffixes are corrected

curves, while Red coloured curves are the uncorrected curves. After performing the

corrections, the curves tend to increase in values except the resistivity logs as

presented in the Figure.
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Figure 4.4: Graphics of uncorrected and environmentally corrected logs
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4.3.3 Mud filtrate Invasion Correction

The sonic, shallow resistivity and density logs have shallow depths of investigations
and their measured values comes from the near the wellbore so are all affected by
invasion. The mud filtrate invasion into the borehole can be up to 0.5m to 0.8m when
using water based mud in the drilling process. Studies by Chi et al (2004) showed that
the maximum invaded distance is about 2m therefore if the invasion depth is beyond
the depth of the investigation of the logging tool; it will result in tool showing values
from the invaded zone.

The conductive mud used in drilling also causes the induction log to read too low
values due to invasion and invasion correction charts could be used in such cases. The
correction for a fresh mud in a hydrocarbon zone will reduce resistivity values instead
of increasing it. The resistivity logs can be used to identify invasion zones.

Presented in Figure 4.5 is an example of the use of the resistivity log for recognition
of thin bed.
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Figure 4.5: Thin bed recognition on resistivity logs



4.3.4 Smoothing, De-Spiking and Noise Removal

The process of de-spiking is an editing that involves removing of unwanted signals in
form of cycle skip, noise and spike that is associated with sonic logs. Care must be
taken in editing noise because some of the noise may be as a result of thinly bedded
porous layers. Track 6 in Figure 4.6 below present a sonic log data with spike. On
Track 9 is the edited sonic log without spike. When spikes are removed, the quality of

the sonic log data is improved (track 9).

Scale : 1: 500 OP2
DB Petrophysical Ihbubesi (15) DEPTH (3278.81M - 3379.94M) 200912009 11:15
2 5 6 9
DEPTH GRn (GAP) DT (US/F) DTCO_E (US/FT)
v 150.f140. 40.]140. 40.
4 | — S
j 4 <
‘P
\ 2
\? — 4
= >
%-
3300 — —
L —
] > <
7
=T i
> > -
e
< 1§

rMW“hA
N

— - 0
- {)
B <I N,
|
,S{ | 13
3350 \:? — -?’ Er—‘
e <
< 2
= _ X
=
= =1 11&
= -~ >
= e -
<l
—— Z\

Figure 4.6: Example of spike and de-spiking of sonic log
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4.4 CURVE SPLICING/MERGING

Log splicing or merging is a process of bringing together all the RUNS logged in a

well to form a continuous LAS file. The logs runs at different depths were spliced or

merged into a continuous log. Figures 4.7a and b are examples of un-spliced and

spliced logs.
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Figure 4.7a: Example of Log at different runs (unspliced curves)
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Figure 4.7b: Examples of graphics of spliced curves

4.5 CURVE NORMALIZATION

The objective of curve normalization is to adjust certain curves in each well so that
they register similar values in the similar rock type. Normalization is a mathematical
process that adjusts for differences among data from varying sources in order to create
a common basis for comparison (Shier, 2004).

Three types of curve normalization operation are enabled in the Interactive
Petrophysics package that is used to perform the curve normalization. One of the
types is the one point linear shift which adds or subtracts a fixed value to or from the
selected curve for normalization. The other type is the one point scale factor that
multiply the user selected curve by a fixed value. Also is the two point type that

combines the first two types, allowing a scaling plus a linear shift operation.
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Well log normalization especially the gamma-log is useful for multi-well
characterisation of facie types, assessing the lateral continuity of reservoir sands,
geological analysis and mapping and determining net pay (Scott et al., 2004).

The first step in the log normalization was the histogram plot of GR values of all the

wells over the intervals and compared as shown in Figure 4.8a below.
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The second step in the normalization process is to choose a standard or reference well
whose histogram is very similar and its geographical location is central to other wells.
In this case, well OP4 and OP5 were chosen as the reference wells and histogram

distributions are given in Figure 4.8b .
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Figure 4.8b: Possible Reference wells (OP4 and OP5) used for Normalization

The next step in the process is to carry out the normalization process. Because all the

wells were logged by the same Company (Schlumberger), the range of the gamma-ray

log responses were similar and the normalization required was a simple shift .The two

point type of normalization was adopted in this study which is of the form given

below:

GRn = Input GR curve *x +C
Where:

GRn = Normalized curve

X = Factor to be multiplied with input curve

C = Value to be added to curve.

The normalized curves have n appended to the curve mnemonic and are presented in

Figure 4.8c below.
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CHAPTER FIVE
CORE ANALYSIS AND INTERPRETATION

51 INTRODUCTION

The core analysis is done to establish ground truth for other formation evaluation
measurements and is essential for calibration of well logs. Core Analysis is a tool in
reservoir assessment that directly measures many important formation properties. The
objective of performing this analysis is to bring a sample of the formation and its pore
fluids to the surface in an unaltered state to preserve the sample and then transport it
to the laboratory for analysis. The analysis may aim to determine porosity,
permeability, fluid saturation, grain size distribution, mineral composition, grain
density; etc. Samples for this analysis may come from conventional core, sidewall
cores or plugs, and cuttings (Bateman, 1985).

The core analysis is usually carried out on core plugs, samples that are taken from the
bulk core. In the core laboratory, core plugs are drilled from whole core that typically
have a length of about 5cm and diameter of 2.5cm.The petrophysical properties are
then measured on these core plugs. Laboratory core analysis can provide very
accurate measurements and are regarded as the ground truth. Porosity determinations
in the laboratory are accurate within +0.5% of the porosity value and £5% for
permeability when the limits and procedures are properly observed. Samples of core
taken with either water or oil base mud and are preserved and subsequently tested
without cleaning and drying are referred to as fresh cores. Sample of cores cleaned
and dried prior to testing are referred to as restored core. An advantage is that air
permeability and porosity are available to assist in sample selection (Core
Laboratories, 1973).

The special core analysis (SCAL) are measurements that are made on core plugs that
complement the routine core analysis measurements which provides information on
the electrical properties, relative permeability, capillary pressure, cation exchange
capacity (CEC) and wettability. The results of electrical properties of rock measured
from SCAL analysis include the resistivity formation factor, cementation exponent,

resistivity index, and also the determination of saturation exponent.
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The results of the relative permeability measurements helps to make quantitative
estimates of formation damage, quantifies effective permeabilities of water, oil and
gas, and calculate cumulative permeabilities to each different fluid.

The petrography studies which is the scientific description and study of rocks used
different mineralogical analysis techniques which include X-ray diffraction (XRD),
thin sections of the rock which gives visual study of textural properties of rock, and
the scanning electron microscopy (SEM) which allows visual examination of pore
throats and walls. These analyses were performed in some of the wells studied; results

and interpretations will be presented.

52 CONVENTIONAL CORE ANALYSIS

The conventional or plug type core analysis is the logging, sampling, and analysis of
cores where by a portion of each interval to be analysed is selected to represent the
interval of interest. This analysis is performed on homogeneous formations such as
sandstones, carbonates and shaly-sand formations at three to four inches of each foot
of core.

This analysis was performed in three wells OP1, OP2 and OP3 of the study area by
Core laboratory in order to determine the petrophysical properties of reservoir

formations.

5.2.1 Interval Cored

5.2.1.1 Well OP1

A conventional core was cut in well OP1 on the basis of good drilling break and
associated gas shows at a reservoir within the Albian age from 3370 to 3383m
predominantly consisting of sandstones with about 20% claystones and silty-
claystones. A total of 12.95m of core was cut and 12.43m was recovered giving a
recovery percentage of approximately 96 %. The routine core analysis measurements
were provided in excel spreadsheet format and the measurements were available for
horizontal plugs which includes; grain density, gas expansion (helium) porosity; air
and liquid permeabilities, fluid saturations, and calcimetry (calcite and dolomite).
Core photos were available and are presented in appendix B.

Table 5.1 below presents the results obtained from the conventional core

measurements of well OP1.

69



Table 5.1: Well OP1 routine core analysis Results

Porosit K Kair S So Sw Calcite Dolomite Grain Densit . .
el o | oo | oo | oo | oo | o | o | o (o) | Lithology Description
3370.05 18.9 96 108 49 0 51 0.5 5 2.64 Massive sandstone interval
3370.35 19.6 60 69 268 sandstone, poor ,Whi'te to grey, fine to

very fine

3370.6 20.2 55 64 2.68 predominantly fine, sorted to
3370.85 14.6 10 13 2.69 rounded consolidated,lithoclasts
3371.07 16.9 34 40 52 0 48 0.5 0.5 2.65 ,calcite.
3371.4 16.4 11 14 2.71
3371.65 16.7 15 19 2.71
3371.9 16.5 21 26 2.69
3372.03 12.7 4.5 6 56 0 44 0.5 0 2.65 Sandstone, very fine to fine,
3372.28 12 0.91 1.3 2.69 poorly to Well sorted, non calcite,
3372.53 9.5 0.2 0.32 2.68 argillaceous mixtures, brown
3372.82 8.5 0.09 0.149 2.68 Lithoclasts.
3373.75 5 0.01 0.018 2.69
3373.88 3.2 0.01 0.01 22 27 51 1 0 2.64 Claystone interval with siltstone
3375.6 3 0.01 0.017 2.69 & sandstone interbeds. laminated
3375.98 2 0.01 0.016 2.71 coal, black ,and fractured
3376.62 7.7 0.02 0.03 45 0 55 0.5 0 2.66 Brittle.
3376.86 8.6 0.09 0.151 2.65
3377.12 10.1 0.21 0.33 2.69 A massive sandstone interval
3377.36 9.6 0.09 0.151 2.69 with claystones and siltstone
3377.54 7 0.05 0.079 45 0 55 0.5 0 2.65 interbeds, and claystones
3377.78 7.9 0.07 0.104 2.68 Laminations.
3378.23 9.2 0.01 0.028 2.68
3378.48 8.6 0.01 0.025 2.67
3378.58 7.6 0.01 0.025 15 11 74 0.5 0 2.64 Sandstones, with ,calcite, lithic
3379.24 6.8 0.01 0.018 2.67
3379.64 1.2 0.01 0.013 2.64 A massive claystones interval.
3379.82 4.9 0.01 0.01 19 0 81 1 1 2.64 Dark grey and carbonated.
3380.15 3.3 0.01 0.015 2.67
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5.2.1.2 Well OP2

A conventional core of about 25 meters was cut at reservoir interval 3446 to 3471m.
At the depth of 3446 to 3465.17m was described as sandstones, very fine to medium
grained with rare shale deposited in fining-upward depositional units separated sharp
contact. Below 3465.17m was described as sandstones, siltstone, and shale deposited
in coarsing-upward depositional units separated by sharp to gradational contacts.

A total of 25m core was cut and about 24.5m was recovered which shows a recovery
of about 98 percent. The core photos of are presented in appendix A.

The routine core analysis measurements were taken on thirty five (35) plug samples to
determine grain density, porosity and permeability by Core laboratories. The results of
this analysis and lithology description are shown in Table 5.2.
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Table 5.2: Well OP2 routine core analysis results

Depth | Porosity [ Klin Kair Grain density Lithology Description
(m | (%) | (mD) | (mD) (g/cc)
3446.20 23.06 380 392 2.682 Sandstone, fine to medium, well sorted.
3447.08 24.24 225 227 2.681 Sandstone, very fine to fine, well sorted
3447.11 24.17 163 166 2.668 grains.
3447.83 18.65 13.600 14.2 2.578 Sandstone, dark grey, laminated
moderately sorted.
3448.69 22.01 27.4 30.3 2.684 Sandstone, fine grain and moderate to
344952 | 20.27 114 13.3 2.696 well sorted.
3450.58 | 22.32 162 165 2.685
3451.70 23.54 365 366 2.669 Fine to medium grain sandstone,
3452.14 | 23.83 605 606 2.679 moderate to well sorted, and possible
3452.59 24.01 432 435 2.684 horizontal burrow at 3451.35m.
3453.68 23.03 293 296 2.679 Fine grain sandstones, well sorted
3454.72 | 24.25 890 909 2.677
3455.08 | 22.96 1074 1095 2.673
345555 | 18.83 25.6 28.1 2.700
3455.86 10.42 1.67 2.07 2.665 Sandstone, fine to medium grains, silty to
3456.15 4.59 011 .019 2.744 shaly lamination, poorly sorted.
3456.65 3.37 013 021 2.705 Sandstone, fine to very fine grain, rich in
3457.18 3.27 .003 .006 2.767 calcite and moderately sorted.
3457.74 | 21.39 223 225 2.690
3458.69 21.36 268 270 2.683 Sandstone is fine to medium grain,
3459.59 20.11 208 213 2.681 moderately well sorted
3460.00 | 21.93 396 399 2.674
3460.10 | 22.05 659 675 2.686
3461.48 | 23.07 460 473 2.689
3462.54 18.91 31.0 33.1 2.727 Sandstone is fine, moderately sorted.
3463.48 | 19.55 108 110 2.695
3464.59 8.19 .055 .100 2.694 Fine grain scattered clasts, poorly sorted.
3464.81 4.92 025 .037 2.677 Sandstone, fine grain, moderately sorted.
3465.40 2.95 .003 .005 2.752 Limestone is very light gray.
3466.47 6.23 .007 015 2.714 Siltstone is light to medium gray,
3466.75 4.43 .055 .092 2.720 Shale is dark gray, laminated with
3467.50 4,12 034 .054 2.750 minor burrows.
3467.60 3.89 012 .018 2.732
3468.17 5.96 011 .020 2.686 Siltstone is light to medium gray,
heterolithic shaly lamina

3468.89 7.23 012 .028 2.695 with ripples.
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5.2.1.3

Well OP3

Two conventional cores were cut in sandstones associated with hydrocarbon shows.

Core one ranges from 3236 to 3244.93m consisting of 3m of massive sandstones

underlain by about 6m of predominantly claystones with thin interbedded sandstones.

Core two ranges from 3283.2 to 3296.3m consist predominantly of sandstones which

become more argillaceous below 3288m (PASA report, 1989).

The percentages of core recovery were 75 % in core 1 and 78 % was recovered in core

2. Core photos of this well are presented in appendix B. Presented below in Tables 5.3

and 5.4 are the results of the routine core analysis and lithology descriptions obtained

from core plugs.

Table 5.3: Well OP3 corel analysis results and lithology description

Grain
Depth | Porosity | Klin | Kair Sg So Sw Density
(m) (%) (mD) | (mD) (%) | (%) | (%) (g/cc) Lithology Description

3236.1 24.2 121 135 - - - 2.7 Massive sandstone interval,
very fine to fine, Well

3236.4 22.6 140 156 - - - 2.68 sorted,

3236.5 21.3 75 86 41 0 59 2.69 consolidated sandstones

3236.8 21.4 67 77 - - - 2.71 occasional calcite presence

3237.1 18.1 28 34 - - - 2.71

3237.3 18.1 36 43 - - - 2.69 Siltstone

3237.5 15 17 21 - - - 2.68

3237.8 12.9 6.6 8.6 - - - 2.85

3238 9.1 0.42 0.63 59 0 41 2.64 Sandstone, low angle cross
stratification, poorly

3238.3 8.9 0.13 0.22 - - - 2.66 sorted,

3238.5 6.3 0.04 0.074 - - - 2.66 parallel lamination.

3238.5 8.8 0.14 0.23 - - - 2.66

3239.1 4.3 0.04 0.06 - - - 2.68 Silty claystone,non parallel
wavy lamination, mm scale

3243.6 0.6 0.02 0.04 15 0 85 2.67 bed.
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Table 5.4: Well OP3 core 2 Routine core analysis results and lithology description.

Grain
Depth | Porosity | Kilin Kair Sg So Sw Density Lithology
(m) (%) (mD) (mD) (%) | (%) (%) (g/cc) Description
3283.2 19.2 3.7 4.9 30 0 70 2.68 Silty sandstone, poorly
sorted, pararell
3283.6 17.8 12 15 - - - 2.68 lamination
3283.85 17.8 25 30 - - - 2.68
Sandstone, poorly
3284.1 20.4 35 41 - - - 2.68 sorted with rip up
3284.35 21.3 34 40 - 2.68 clasts, very fine to
3284.45 22 53 62 36 0 64 2.68 fine.
3285.05 22.2 43 50 2.69
3285.3 22.8 40 47 2.67
3285.34 20.6 12 15 41 0 59 2.67
3285.83 17.3 3.6 4.8 2.69
3286.08 14.3 38 45 2.67
3286.3 20.4 45 53 2.68
3286.55 22.3 41 48 2.69
3286.6 22.2 69 79 39 0 61 2.68
3287.25 23.3 1.9 2.7 2.69
3287.3 15.8 67 77 2.67 Clay mudstone,
3287.9 3.7 0.12 0.194 45 0 55 2.66 burrowed horizontally.
Claystones and
3290.06 2.3 0.01 0.013 16 84 2.69 siltstone,
Vertical burrows,
3291.76 2.7 0.01 0.016 35 65 2.65 siderite concretion.
3292.79 2.6 0.01 0.023 35 65 2.66
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53 CORE-LOG DEPTH MATCH

The petrophysical properties measured on core are used to verify log interpretation
models. Using the core data to verify the log interpretation models also allow the log
and core data to be compared and the uncertainties in the log-derived properties to be
quantified (Adams, 2005).

The routine core analysis results have been depth match to the log data by overlaying
core measured data and wireline log data. Visual examinations of the routine core
were carried out and the routine core data was depth shifted or matched to the wireline
logs to enable direct comparison. This core to log data depth match is necessary
especially in offshore wells because the driller’s depth do not always match with the
logger’s depth.

Presented in Figure 5.1 below is an example of core-log overlay before depth shift

was applied of well OP2.
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Figure 5.1: Example of Log and Core data comparison before depth shifting.
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Before carrying out the depth shift of log and core data, both are overlaid and a visible

shale or clay point is used as a reference point for appropriate shifting. In this

particular well, core depth plus 3.43m equals the log depth.

The amount of variable shifts required in each routine core to match with the log data

is presented in Table 5.5 below.

Table 5.5: Cored Intervals and Core-log Shift Summary for wells.

Core-log match.
_ Log Equiv. Depth | Log Equiv. depth
Core- Recovered
Top Base Cut Recovered | Recovery | Log Cored interval interval
Shift Base Base
Well Core m m m m % (m) | Top (m) (m) Top (M) (m)
OP1 1 3370.05 3383 12.95 12.43 96 +2.8 | 3372.85 | 3385.8 [ 3367.25 [ 3383.9
OP2 1 3446 3471 25 24.5 98 +3.43 | 3449.43 | 3474.43 | 3449.43 | 3473.9
OP3 1 3236.1 | 3244.93 | 8.93 6.69 75 +0.21 | 3236.31 | 3245.14 | 3236.1 3234
OP3 2 3283.2 3296.3 13.1 10.1 78 -1 3282.2 3296.3 3282.2 3293
TOTAL 59.98 53.72

54 Lithofacies Description

The term facies according to Roger and Noel (1992) is a body of rock characterized
by a particular combination of lithology, physical and biological structures that shows
an aspect different from the bodies of rock above, below and laterally adjacent.

An existing core sedimentological description of the routine core analysis was used in
this study. The study and description of reservoir core is fundamental in the
development of petrophysical model. This description helps to find a relation between
log data and routine and special core analysis.

The approach adopted by Nieto and Rojas (1998) for grouping of lithofacies was used
in this work. The lithofacies of the rock units were grouped according to textural and
structural features and grain sizes.

The Table 5.6 below presents the lithofacies classifications of rock units grouped into

six different facies.
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Table 5.6: Lithofacies descriptions and classification of reservoir facies

Facies

Description

Reservoir Quality | Facies photos

Al

Sandstone, fine to medium

grains, well sorted.

Good

A2

Very fine to medium grained,
moderate to well sorting,
fining upward depositional

unit.

Very Good

A3

Fine grain sandstone,
yellowish gray to light
brownish gray, horizontally
bedded to low angle cross
bedded. Locally rippled.

Moderately sorted with calcite.

Moderate

Ad

Argillaceous sandstone is light
gray to dark gray, bioturbated

and burrowed.

Fair

A5

Siltstone is light to medium
gray, heterolithic shaly

laminae, ripples

Poor

A6

Claystone, laminated with
minor burrows shale,
occasional siltstone presence,

poorly sorted.

Non Reservoir




5.4.1 Well OP1 Lithofacies

Four lithofacies were identified in well OP1. They are facies A3, A4, A5 and A6 as
shown in track 3 (Figure 5.2) below. In terms of reservoir quality, lithotype A3
represents the best petrophysical reservoir quality with good permeability and
porosity values, facies A4 is intermediate quality and Facies A5 and A6 are

considered to have poor reservoir rock quality for this well.
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Figure 5.2: Well OP1 showing core facies in track 3.
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5.4.2 Well OP2 Lithofacies

In well OP2, six lithofacies were identified, they are Al, A2, A3, A4, A5, and A6 as
shown in track 6 (Figure 5.3) below. The best reservoir rock quality are facies Al and
A2, while A3 and A4 can be considered good quality, A5 is classified as poor

reservoir rock quality and A6 is not considered as a reservoir rock.
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Figure 5.3: Well OP2 graphics showing core facies in track 3.
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5.4.3 Well OP3 Lithofacies

In well OP3, four facies (A3, A4, A5 and A6) were identified in core 1 as shown in
track 3 (Figure 5.4a) below. The best facies for this well is facies A3 because it has

good porosity and permeability values.
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Figure 5.4a: Well OP3 core 1 facies shown in track 3.

Three facies were identified in core 2 of well OP3 as indicated in track 3 (Figure 5.4b)
below. Two reservoir facies A3 and A4 were identified and non reservoir facie A6 in

the cored interval.
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Figure 5.4b: Well OP3 core 2 facies shown in track 3.
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55  Analysis and Interpretation of Results
5.5.1 Grain Density

The grain density pertains to the density of the solid material of the sample, excluding
the pore spaces. The grain density values were calculated from the dry weight and
grain volume of the core plugs determined from porosimeter analysis. This was
calculated as the ratio of the dry weight to grain volume.

The grain or matrix density is the density of the solid components of a rock excluding
the density of the fluids contained in the pores. The value of the grain density depends
on the density and proportion of the individual mineral components.

The matrix densities of some common lithology are given in Table 5.7 below:

Table 5.7: Matrix density of common lithology

Lithology Matrix value
(g/cm3)
Clay Minerals Varies between 2.02 —2.81

Chlorite 2.81
llite 2.61
Kaolinite 2.55
Smectite 2.02
Coal 1.19
Halite 2.04
Sandstones(quartz) 2.65
Limestones 2.71
Dolomites 2.85
Orthoclase 2.57
Plagioclase 2.59
Anhydrite 2.98
Siderite 3.88
Pyrite 4.99

(Schlumberger, 2003)
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5.5.2 Well OP1 Grain Density

The grain density of well OP1 range from 2.64 to 2.71 g/cc with a mean value of 2.67

g/cc as shown in Figure 5.5 below.

Well OP1

Well OP1 Grain Density Cummulative Frequency Plot
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Figure 5.5: Histogram of well OP1 core grain densities.

In a clean quartz sand reservoir, a grain density of 2.65 g/cc is expected. Core results
do not indicate persistent carbonate cements because the presence of calcite and
dolomite is very insignificant in core analysis results of Table 5.1. The grain density
value of 2.71g/cc at measured depths of 3371.4, 3371.65, and 3375.98 m suggest the
presence of very thin interval of calcite which was also seen on the core.

A standard deviation value of 0.0242 g/cc was recorded in the histogram plot which
implies a mean distribution of 2.649 g/cc to 2.694 g/cc. However, for an accurate
determination of the mean value of grain density for sandstones, the grain density

values of calcite were excluded.
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55.3 Well OP2 Grain Density

The grain density of well OP2 determined from the routine core analysis
measurements ranges from 2.58 g/cc to 2.77 g/cc with a mean value of 2.69 g/cc
(Figure 5.6).
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Figure 5.6: Grain density histogram of well OP2

A grain density value of about 2.57 g/cc observed in the histogram could be due to the
presence of laminated shaly sandstone. The values of 2.71g/cc to 2.75 g/cc indicate
the presence of calcite in four of the samples analysed. The standard deviation which
is a number that shows approximately how far the values in the data set deviate from
the mean value also present a value of 0.033 g/cc, which implies that the values vary
from 2.661 g/cc to 2.7272 g/cc.

5.5.4 Well OP3 Grain Density

In well OP3, two non-continuous core samples were taken for analysis and the grain
densities of core 1 ranges from 2.64 to 2.71g/cc with a mean value of 2.69 g/cc while
core 2 grain densities ranges from 2.65 g/cc to 2.69 g/cc with mean value of 2.68 g/cc

Figure 5.7.
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Figure 5.7: Well OP3 core grain density cumulative frequency plot.

The grain density values recorded in core 1 display higher standard deviation value of
0.05 g/cc from the mean which gives a range of 2.64 g/cc to 2.74 g/cc. The high
standard deviation value recorded in core 1 may be due to the presence of calcite in
two of the samples analysed. The low standard deviation value of about 0.01198 g/cc

recorded in core 2 implies a mean range of 2.68 g/cc to 2.71g/cc.

5.5.5 Comparison of Grain Density Distributions for Wells

The grain density value for all the wells with core analysis results showed a range of
2.58 g/cc to 2.76 g/cc with mean value of 2.68 g/cc and standard deviation value of
0.028 g/cc (Figure 5.8) which means variation 2.65 g/cc to 2.71g/cc . The presence of
calcite was observed in all the cored wells with relatively small proportion .Well OP2
showed the highest mean grain density with mean value of 2.69 g/cc as against values
of about 2.67 g/cc recorded in well OP1 and OP3 respectively. The mean grain
density of 2.67 g/cc was obtained from the analysis, excluding that of calcite which

will be adopted as the matrix grain density for log analysis.
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Figure 5.8:Grain density histogram plot for well OP1, OP2 and OP3

5.6 Interpretation of Core Porosity

The porosity of a reservoir rock was defined in chapter three as the percentage of the
volume of the rock that is not occupied by the solid framework of the reservoir. This
determines the amount of water or other fluids that a rock can contain. Fraser and
Graton (1935) determined the porosity of various packing arrangements of uniform
spheres and concluded that the cubic packed system has a porosity of 47.6 % and the
rhombohedra or closed packed system has a porosity of 25.9 %.

After cleaning of the core plugs and removal of fluids, porosity is determined from the
grain volume and the bulk volume of the sample. Depending on the technique used,
different types of porosity are estimated. With a gas expansion method, the connected
porosity is measured, while the destruction of the sample to estimate grain volume, a
measure of total porosity is obtained.

Determination of the core plug porosities for the wells was done using helium gas
based on Boyle’s law for gas expansion (P; V1 =P, V,). Porosity measurement by gas

expansion indicates only pores that are interconnected (effective porosity) thereby
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providing a very good estimate of effective porosity for the purpose of reservoir

evaluation.

The porosities of petroleum reservoirs range from about 5 % to 45 % and factors
determining the magnitude of porosity in sediments are grain sorting, degree of
cementation or consolidation, amount of compaction and methods of grain packing
(Djebbar, 1999). If all the grains are of the same size, sorting is said to be good and
porosity may be high. If grains are of many sizes and are mixed together, sorting is
regarded as poor and porosity in that condition will be reduced. Poorly sorted
sediments usually have lower porosity because the fine grained fragments tend to fill
in the open space.

Cementation that takes place during diagenesis also tends to fill in the pore space, so
highly cemented sedimentary rocks have lower porosity than poorly cemented
sedimentary rocks. Although, round grains and a high content of grain cement gives a

high porosity, and angular grains and low cement content gives lower porosity.

5.6.1 Well OP1 Porosity

The core porosity values of well OP1 ranges from 1.2 % to 20.2 % at the cored
interval. The low porosity values were observed in intervals that are associated with
claystones and siltstone interbedded lamina. The relatively high porosity interval was
observed in massive sandstones intervals that are very fine to fine grains and are well
sorted as observed in depth of 3368.5 to 3369.2 m (Figure 5.9a). In this well, the
decrease in porosity is observed in the rocks associated with clay. The core porosity

histogram of well OP1 is given in Figure 5.9b below.
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Figure 5.9a: Well OP1 Core Porosity versus depth Plot.
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Figure 5.9b: Histogram of porosity distribution for well OP1

The porosity histogram plot of this well showed an average porosity value of 9.9 %
(Figure 5.9b) above. A standard deviation value of 5.3 % was recorded which ranged
from 4.7 % to 15.2 %.

The high cumulative frequency values observed within the shaly/sand interval showed

that the interval of core measured porosity is predominantly of shaly/sand formation.
5.6.2 Well OP2 Porosity

The porosity value of this well range from 3.27 % to 24.25 % with mean value of 15
% within the cored interval .Two different zones were observed, one with decreasing

porosity values at depth 3450 m to 3469 m and the other with slightly increasing
values at depth 3460 to 3472 m (Figure 5.10a) below.
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Figure 5.10a: Well OP2 porosity versus depth plot.

The high porosity intervals are medium fine and well sorted sandstones, while the low

porosity values are associated with laminated shaly intervals.

On the porosity histogram, a bimodal frequency were observed showing the shaly/silt

mode and the clean sandstone mode, with mean value of about 15 % recorded within

the cored interval with standard deviation value of about 8.4% which implies a

variation of 6.8 % to 23.7 % (Figure 5.10b).
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Figure 5.10b: Well OP2 core porosity histogram and plot against depth.

The differences in variations of porosity in the zones may be attributed to the type of
facies present in each zone. The interval of porosity values less than 6 % is comprised
mostly of facies A5 and A6 which is shaly/silt and shale intervals. The interval with
porosity values of more than 18 % is comprised of the clean sandstones of facies Al,

A2 and A3 respectively.

5.6.3 Well OP3 Porosity

The porosity value of well OP3 ranged from 0.6 % to 24.2 % in core 1 and 2.3 % to
23.3 % in core 2 within the cored intervals. The silty claystones interval in core 1
contribute to the low porosity values observed while the massive sandstone units that
are very fine to fine, well sorted with occasional calcite intervals are with high

porosity values (Figure 5.11a).
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Figure 5.11a: Well OP3 porosity versus depth plot
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The core porosity histogram for well OP3 is presented in Figure 5.11b below.
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Figure 5.11b: Histogram of well OP3 core porosity distribution.

The histogram showed three different porosity zones. One zone was showed porosity
values of less than 3 % which is comprised of facies A6. Another zone showed
porosity values between 6 to 10 % and is predominantly of facies A5. A zone of
porosity values of more than 12 % was also observed from the histogram plot which
is comprised of clean sandstones and facies A3 and A4.

The differences in porosity may be due to the nature of sediments that are associated
in area as shown in the core data. The low porosity intervals are observed in
claystones and silty vertical burrow intervals while the high porosity values are in the

very fine to fine grains sandstones.
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5.6.4 Porosity distribution for wells

The histogram of porosity distribution for all wells is presented in Figure 5.12a below.
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Figure 5.12a: Histogram of Porosity distribution for wells.

Two distinct areas were observed on the histogram, an area of low porosity values
and an area of high porosity values. The zone of porosity values of less than 10 % is
comprised of facies A6 and A5. The area of porosity values between 12 to 18 % is
comprised of facies A4 and A3, while facies A2 and Al dominates the intervals
with porosity values greater than 18 %.

An average porosity value of 13.5 % was recorded on the histogram plot with a
corresponding standard deviation value of 7%.

The low porosity values recorded are due to the presence of clay/silt in such
intervals while the high porosity values are associated with clean sandstone
intervals.

The histogram plot of the low porosity interval is presented in Figure 5.12b below.
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Figure 5.12b: Histogram of Core Porosity Shaly/Silt interval for all well.

The low porosity values were dominant in well OP1 within the shale and siltstone
intervals of the histogram and generally features in entire well. The plot clearly
showed the distinctions between the shaly and silty intervals with an intermediary
porosity value of approximately 6 % .

The high porosity value as plotted in the histogram (Figure 5.12c) below shows area
of massive sandstone intervals with well sorted grains that are well sorted with

medium to fine grains in the well.
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Figure 5.12c: Histogram of core porosity massive sands for Wells.

The histogram plot present well OP2 as the dominant well in the most porous
intervals of the plot and well OP3 with the least porosity values recorded in the

interval.

5.7 Interpretation of Permeability

The permeability of a rock which is the ability of the rock to allow fluids to flow
through its connected pores is controlled by rock grain size, grain shape, degree of
cementation or consolidation, grain packing, and clay. Permeability of reservoir rocks
may vary from less than 1 mD to over 1000 mD.

To determine the permeability of the core plugs, the plugs were placed in a compliant
sleeve within a cylinder. A pressure on the sleeve ensures that the injected gas or
liquid flows parallel to the core plug axis. Fluid, usually gas is injected with an inflow
pressure and flows almost linearly through the plug to atmospheric pressure. The
permeability is then determined from Darcy’s law. Due to difference in flow physics
between gas and liquid especially in low permeable media, a correction is done on the
gas or air permeability which is known as Klinkenberg Correction. The permeability

values are reported as permeabilities to air and liquid (corrected for the Klinkenberg
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effect). Gas permeability corrected for the Klinkenberg effect is considered equivalent
to the permeability if a liquid medium is present in the pores.

The quality of a reservoir as determined by permeability in mD may be scaled as
shown in the Table 5.8 below:

Table 5.8: Permeability classification scale

Permeability Values Classification
(mD)

Less than 1 Poor
Between 1 and 10 Fair
Between 10 and 50 Moderate

Between 50 and 250 Good

Above 250 Very Good

(Modified after Djebbar, 1999)

5.7.1 Well OP1 Permeability

The permeability of well OP1 was measured horizontally and vertically. The
horizontally measured permeability is accepted as the rock permeability because it is
measured parallel to the bedding which is the major contributor to fluid flow into a
typical reservoir.

The permeability values of this well were reported as permeability to air and liquid
(corrected for the Klinkenberg effect). Gas permeability corrected for the Klinkenberg
effect is considered equivalent to the permeability if a liquid medium is otherwise
present in the pores. The air permeability values ranges from 0.01 mD to 108 mD and
the liquid permeability values from 0.01 mD to 96 mD. Air permeabilities measure
higher than the liquid permeabilities.

For consistencies, the liquid permeability values are used in this study. Plot of

permeability in log scale against depth in linear scale is given in Figure 5.13a below.
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Figure 5.13a: Well OP1 permeability versus depth Plot.

The poor permeability values(<1 mD) shown in the depth interval of 3381 m to

3383.15 m in the plot is because of the claystones lamination interval which act as a

barrier to the permeability and comprised of facies type A6. Moderate to good

permeability values were indicated in depth interval of 3370.0 m to 3372 m. This may

be attributed to the very fine to fine grain sandstone interval that is well sorted, though

with the presence of calcite cement. This sandstone interval is made up of facies A3

and A4.

The histogram plot of the core permeability of the well is presented in Figure 5.13b

below.
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Figure 5.13b: Well OP1 Permeability Histogram Plot

The histogram plot showed three distinct zones. A shale zone or area was observed
with permeability values of less than 0.1mD and comprised of facies A6 which is
regarded as a non-reservoir facies. Another zone observed was of siltstone that is
composed of permeability values in the range of 0.08 mD to 0.5 mD which is
comprised of facies A5. Sandstones with permeability values exceeding 8mD were

also observed and correspond to facies A3 and A4.

5.7.2 Well OP2 Permeability

The permeability values of this well were reported as Klinkenberg corrected (Klin) in
mD and permeability to air (Kair) in mD. The values of the Klinkenberg corrected
permeability ranges from 0.003 mD to 1074 mD and permeability to air ranges from
0.006 mD to 1095 mD. It was observed that the permeability to air is higher than
Klinkenberg corrected permeability because it has been converted to equivalent liquid
values. The plot of Klinkenberg corrected permeability in log scale to depth in linear

scale is depicted in Figure 5.14a below.

99



Depth (m)

Well OP2

Core Permeability Vs Depth and Facies

3441r

3448

3455

3462

3469

3476

*A5 8 A6

0.001 0.01

0.1 1

Core Permeability (mD)

Scale : 1: 250 OoP2
DB: Petrophysical Ihbubesi (15) DEPTH (3441.77M - 3474.26M) 2010/04/30 10:59
Depth GammaRay Core Facies Porosity Resistivity & Permeability
DEPTH GRn (GAP) Lithofacies () PhiDen (dec) AT10 (OHVIM)
() 0. . 2000.
Core Poro (dec) AT90 (OHVIM)
0.5 L I I 0. ] 0.2 ====2000.
Cor Kii (mD)
0001 ® ® ® 10000.
<] —
X Z
2
B P,
Vs [
)] Fd
! i
3450 Y Facies Al Ly
{ i Facies A2 o
o } Magsive
/) [sands
L
\
\ Facies A3 LY
Y N
> Shale/silt Facies A5 >
L e v
) LY
Sandls o
4
| s
Facies A2 (]
[~ \ ]
[¢
Y 3 s
3470 5 i T
e Facies A6 P ]
N\ {
N Pl 11 i
< i [ A a1

Figure 5.14a: Well OP2 Depth versus permeability plot.

The massive clean sandstone interval present good to very good permeability values
and is associated with core facies types Al and A2. The sand with sparingly
distributed siltstone interval showed fair to good permeability values which are

attributed to the presence of silt in the interval and corresponds to facies A3 and A4.

The silt interval lies between the sand and shaly interval and corresponds to facies A5.

A poor permeability interval was also observed in the plot and corresponds to the non-

reservoir facies A6. The permeability histogram (Figure 5.14b) is presented below.
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Figure 5.14b: Well OP2 permeability histogram plot.

Four intervals were delineated in terms of permeability and facies on the histogram
plot as shown in Figure 5.14b above. The shale interval has permeability values of
less than 0.1mD which represents facies A6. Next to this interval is the siltstone
which has permeability values between 0.1mD to less than 10 mD. The sandstone
intervals represented by facies A3 and A4 showed permeability values of 10 mD to
less than 100 mD .The massive clean sandstone intervals showed permeability values
higher than 100 mD and is dominated by facies A1 and A2. This is the best reservoir
sandstones observed in terms of permeability interpretations and the worst

permeability values were observed in facies A6 which is non-reservoir sand.

5.7.3 Well OP3 Permeability

The liquid permeability values of core 1 ranges from 0.02 mD to 140 mD and
permeability values to air ranges from 0.04 mD to 156 mD. In core 2 of the same
well, the liquid permeability value ranges from 0.01 mD to 69 mD and permeability to
air from 0.013 mD to 79 mD. The reduced permeability values recorded in both cores
may be attributed to the type of facies that is present in such interval.

The plot of permeability in log scale -depth in linear scale is shown in Figure 5.15a

below.
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Figure 5.15a: Well OP3 depth-permeability plot.
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Core 1 permeability values which are indicated between 3230 m to 3244 m on the plot
shows a relatively fair to good permeability values within the massive sandstone
interval and poor values at shaly sand interval.

A similar pattern of fair to good permeability was also observed in the sand interval of
core 2 between 3283 m to 3300 m. A constant permeability value of 0.01 mD was
observed at interval of 3290 m to 3292.79 m which is associated with claystones and
siltstone that are vertically burrows. The moderate to good permeability values
noticed in both cores may be attributed to the massive sandstones that are well sorted.
Facies type A3 and A4 for this well are the dominant facies in the sand interval while
facie A5 dominate the shaly-sand interval of poor permeability values as shown in the
plots Figure 5.15a above.

The histogram plot is presented in Figure 5.15b below.
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Figure 5.15b: Well OP3 corel and 2 permeability histogram plot.
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The shale intervals have permeability values of less than 1 mD and represented by
facies A6. The shale/silt interval showed values of permeability in range of 0.1mD to
less than 10 mD. The massive sand intervals correspond to facies A3 and A4 with

permeability values in range of 10 mD to 100 mD.

5.7.4 Permeability Distribution for wells

A histogram plot for the entire wells is presented in Figure 5.16 below.
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Figure 5.16: Permeability histogram for Wells.

From the histogram plot, three different areas in terms of permeability distribution
were delineated. An area of poor permeability values less than 0.1mD was classified
as the non reservoir rock (shale) and corresponds to facies A6. Poor to fair reservoir
quality rocks was observed with permeability values in the range of 0.1mD to less

than 10 mD and correspond to facies A5. Another area of moderate to very good
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permeability values greater than mD was also delineated in the permeability plot and
represents the massive sandstone interval that corresponds to facies Al, A2, A3 and
A4 respectively.

This massive sandstone interval was regarded as the best reservoir rock in terms of
permeability distribution.

Well OP2 dominate the good permeability area while well OP1 dominates the poor
permeability area. The modal class was noticed at permeability value of 0.01 mD
centred on well OP1 and OP2.

The distribution of permeability for all the well investigated showed that good
reservoir rocks and best facies are located at the top of the reservoirs and the poor
permeability were observed to be predominant in the lower part of the reservoirs and
consists of facies A5 and AG6.

5.8 Interpretation of Fluid Saturation

The saturation of a formation is regarded as the fraction of its pore volume occupied
by the fluid. The symbol used for saturation is S and various subscripts are used to

represent saturation of different fluids. In this study the symbol used to represent

water saturation is Sy,. Oil saturation is S,, Gas saturation is Sg, and hydrocarbon

saturation is Sp,.

The summation of all saturations in a given rock must equal 100 %, and water
saturation of a formation can vary from 100% to much smaller percentage but will
never be zero because there is always a small amount of capillary water or irreducible
water that cannot be displaced. Also for an oil or gas bearing reservoir rock, all the
hydrocarbon saturation cannot be removed or displaced, some of the oil or gases
remain trapped in the pore volume and this hydrocarbon saturation is regarded as
residual oil saturation.

The fluid saturation was determined by using the plug-end trims of the core plug The
method used involves using both heat and organic solvent to extract the pore fluids

and is called Dean-Stark extraction.
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5.8.1 Well OP1 Fluid Saturation

Three types of fluid saturation values (saturation of gas, Sg, Saturation of oil S,, and
saturation of water S,,) were reported in well OP1. The average saturation of water

(Sw) measured was 57 %; gas saturation (Sg) of 38 % and oil saturation of

approximately 5 % was measured as presented in Figure 5.17 below.
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Figure 5.17: Well OP1 fluid saturation versus depth plot.
The plot of fluid saturation versus depth present an interval of increasing hydrocarbon

saturation at depth 3370 m to 3373 m which corresponds to facies A3 and A4. The

presence of decreasing water in this interval may represent irreducible water
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saturation. Below this interval at facies A4, the water and hydrocarbon saturation was
constant to a depth of about 3378m which suspected to be the transition zone. The
water saturation tends to increase with a decrease in gas saturation at depth 3376m
which correspond to facies A6.

5.8.2 Well OP3 Fluid Saturation

In core 1 of well OP3, the fluid saturations reported were water saturation (S,,) with
an average value of 62 % and gas saturation of an average value of 38 %. No oil
saturation was observed in this interval. At depth of 3236.5m to 3238m (Figure 5.18a)
below, a decrease in water saturation was noticed from 60 % to about 40 %, while the
gas saturation at this interval increases from 40 % to 60 % and correspond to facies
A3 and A4. Sample for fluid saturation determination was not performed on facies
A5. At measured depth of 3242 m (facies A6), gas and water saturation were observed
at 18 % and 84 % respectively.
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Figure 5.18a: Well OP3 core 1 fluid saturation versus depth plot.
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In core 2 of well OP3 (Figure 5.18 b) below, the average water saturation determined
was 65 % and gas saturation of 35 %, no oil saturation was measured. An increase of
gas saturation from about 30% to 48% was noticed at depth 3283.2m to 3287.9m
(facies A3 and A4) and a corresponding decrease in water saturation from 70 % to
about 54% was also observed. At facies A6 relatively constant saturation of water and

gas saturations were observed which is suspected to be the transition interval.
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Figure 5.18b: Well OP3 core 2 fluid saturation versus depth plot

108



5.9  Comparison of Porosity- Permeability and Facies Distribution

The porosity-permeability cross plots are used to distinguish between rock types and
also show the trend between porosity and permeability. Porosity-permeability and
facies relationships vary from exploration well to well. The Klinkenberg Permeability
measured in mD is plotted on a logarithmic scale (y-axis) versus the porosity
measured as fraction is plotted on a linear scale (x-axis), and facies were assigned
linear values based on description were plotted on the (z-axis).The purpose of the z-
plot is to show the distribution of four variables (porosity, permeability, facies and
GR) instead of two (porosity and permeability).

Composition and abundance of principal framework grains have a great impact on
diagenetic processes controlling porosity reduction, preservation and enhancement
with burial. Heterogeneity and facies variations such as the vertical and lateral
changes from cross-bedded to ripple-laminated sandstone, affect reservoir

performance.
5.9.1 Porosity-Permeability and facies Distribution for well OP1
The core permeability was plotted in log scale on the y-axis against the core porosity

in linear scale on the x-axis, and facies and gamma ray on the z-axis as shown in
Figure 5.19 below.
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Figure 5.19: Porosity-Permeability and gamma ray log and facies plot for well OP1
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The gamma ray log plot on the z-axis with values of 0 to 37 API represents clean
sandstone, 37.5 to 75 API as shaly sandstones, and 76 to 150 API as shale.
Three facies were observed, facies A4, A5 and A6 on the cross-plot of this well.
Facies A6 falls within gamma ray values of 75 to 150 API, with permeability values
of less than 1 mD and porosity values of less than 10%. This facies is recognized as
predominantly clay/siltstone and was classified as non reservoir rock. Facies A5 with
gamma ray value between 40 and 75 API was regarded as shaly sand formation which
posses a permeability value of slightly less than 10 mD and porosity value of about 13
%. Facies A4 is also regarded as a shaly sand formation based on the gamma ray
values that it represents. The permeability values are poor to good and porosity values
are above 10%.
Porosity permeability relationship of the interval is good with correlation coefficient
of R%= 0.8931 .The following relationship was established from the regression analysis
plot:

Log (K) =-3.1626 +24.8170 * Core Porosity ............ (5.1)

R%= 0.8931

Where:
K= Permeability (mD)

R = Correlation coefficient

5.9.2 Porosity-Permeability and Facies Distribution for well OP2

The cross plot of porosity-permeability and facies GR of well OP2 is presented in
Figure 5.20 below.
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Figure 5.20: Porosity-Permeability and facies and GR plot for well OP2

The plot shows three different data clustering points of different rock types and facies.
Facies A6 is of low porosity and permeability and is made up of GR values greater
than 76 API and could be interpreted as silt/shale to shaly formation .The other data
clustering point is composed of facies A5 and A4 having predominantly GR values
between 37.5 to 75 API values which represents shaly-silt formation with high
porosity and moderate permeability values.

Facies Al, A2 and A3 are made up of data clustering of high porosity and very good
permeability values and a GR values below 75 API which is predominantly of clean
sand formation and slight intercalation of shaly sand formation.

An empirical relationship between measured porosity and permeability was derived

using the following linear regression analysis:

K = 10210648 “Porosity 2687 (5.2)

R% =0.9379

Where:
K = Permeability (mD)

R = Correlation Coefficient
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5.9.3 Porosity-Permeability and facies Distribution for well OP3

The permeability, porosity and facies of core 1 and 2 of well OP3 are plotted in Figure
5.21 below.
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Figure 5.21: Porosity-Permeability and facies GR plot for Well OP3

In the cross plot of well OP3, three facies were represented. Low porosity and
permeability values were associated with facies A6 which is represented by GR
values showing shaly/silt to shale formation. Facies A5 has low to moderate porosity
and permeability values and predominantly of GR between clean and shaly/silt which
could be associated with clean sandstone or limestone formation. Facies A4 has
moderate porosity and good permeability values and represented by a clean sandstone
formation. Facies A3 showed high porosity and good permeability values and
represented by typically of clean sandstone formation and the presence of high GR
value observed in this facies could be sandstone that is rich in potassium. This may be
identified as sand on spectral gamma-ray and on Density/Neutron cross plot. The
best reservoir type in this well is facies A3.

An empirical relationship between the porosity and permeability was achieved using

the following linear regression analysis equation below:

Kzlo(16.9376 Porosity -1.8403  )...ooviiiiiiiiiie e, (5.3)

Where K= Permeability (mD)
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5.9.4 Comparison of Porosity, Permeability and Facies for all wells

In order to determine a relationship between porosity-permeability and identify facies
that will contribute to flow of hydrocarbon of the study area, the porosity-permeability
and facies were plotted (Figure 5.22) below. The relationship established from the
cross plot will also serves as the field permeability predictor in un-cored intervals and

for Wells without core.
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Figure 5.22: Porosity-permeability and facies distribution for wells

The facies A6 in the cross plot are predominant in the low porosity (porosity less than
10 %) and poor permeability (less than 1 mD) plot area coloured black which
represent shale formation. Facies A5 in the cross plot showed area of poor to fair
permeability and low to high porosity values. This facies fall between the low
porosity-permeability and high porosity-permeability interval and represent
sandstones and shaly- sands as compared with the GR plot. Sediments in this interval
may be intercalation of clean sandstone, siltstone and claystones.

Facies A4 and A3 are closely related having permeability values of moderate to good
and porosity values above 12 %. The high values recorded in this area may be due to

sandstone represented by GR clean sands which are moderately sorted grains and the
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low values may be due to the shaly sands as predominantly represented by GR shaly
formation.

Facies A2 and Al were observed to have the best reservoir rock quality with porosity
of higher than 18 % and good to very good permeability values and predominantly
represented by GR of clean sandstone and few shaly-sands. The sediments in this
facies are well sorted grains.

It is evident that a linear porosity-permeability relationship exists and a permeability
predictor could easily be constructed by means of a simple linear regression. An

empirical relationship was derived from the cross plot as given below:

K =10 (20.8917 * Porosity -2.4284)

R? = 0.9201

Where K = Permeability (mD)
Porosity = Porosity (v/v)

R= Correlation Coefficient

The equation 5.4 above shows a correlation coefficient of 0.92 which is very good
from statistical point of view and thus can be used provisionally to estimate
permeability provided the porosity is known either from log for other wells that do not
have core data . An accurate method will be used later in the study to determine the
values of permeabilities. From this analysis, it was observed that for one particular
value of porosity and permeability, it can be represented by different facies.

The low values of porosity and permeability values recorded may be due to the poorly
sorted sediments, the finer grained material tends to block the pore throats giving
decrease in permeability. Porosity is independent of grain size but decreases with

decreasing sorting while permeability depends on both grain size and sorting.

5.10 SPECIAL CORE ANALYSIS (SCAL)

The special core analysis are measurements made on core plugs that complements
conventional analysis measurements which are concern with measurements of

reservoir properties that allows calculation of static fluid distribution and dynamic

flow performance of a reservoir.
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In this section, discussions will be focused on results of special core analysis
measurement ( SCAL) analyses on core plug samples from well OP1, OP2 and OP3
that were undertaken by Core Laboratories on behalf of South African Oil Exploration
(Pty) limited (PASA report, 1993) to determine the following:
< Additional Routine analysis of Permeability to air, Klinkenberg corrected
permeability to air, and helium injection porosity and grain density at room
conditions.
% Formation Resistivity Factor (FRF) at room conditions and as a function of
overburden pressure.
¢+ Formation Resistivity Index (RI) at room conditions
% Capillary pressure measurements — Air-Brine porous plate cell and mercury
injection methods.

The special core analysis overburden measurements are laboratory measurements of
petrophysical properties aimed at determining the exact values under stress, pressure
and temperature conditions. The laboratory overburden pressure tests stimulate the net
overburden pressure which is the difference between the overburden pressure caused
by the weight of sediments and the reservoir pressure.

SCAL measurements are performed on a relatively small number of representative

samples and analysis can be performed at reservoir conditions using fluid samples.

5.10.1 Porosity, Permeability and Grain density Measurements

The permeability to air and porosity data obtained for each core sample after the
cleaning and drying processes help in sample selections for other SCAL tests because
it defines a minimum values for samples to meet before been utilized for other

analyses. Results of two wells OP1 and OP3 are presented below.

5.10.1.1 Well OP1 Porosity, Permeability and Grain density Measurements

In well OP1, six (6) samples were selected for SCAL analyses but following air
permeability and helium porosity measurements, two samples at depth 3372.93 and
3373.8 were found to be below test limits therefore was not suitable for further

testing.
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Table 5.9 present

measurements.

results from porosity,

permeability,

and grain density

Table 5.9: Porosity, Permeability and Grain Density test results of well OP1 at room

condition.
Depth Porosity Klin Kair Grain Density Remarks
(m) (%) (mD) (mD) (g/co)

33704 17.7 34 38 2.67 SuiTable for analysis

3371 18.6 35 38 2.67 SuiTable for analysis
3371.6 16.7 15 17 2.69 SuiTable for analysis
3372.3 11.7 0.76 1.1 2.67 SuiTable for analysis
3372.93 8.1 0.07 0.16 2.66 Not SuiTable

3373.8 5.2 0.006 0.015 2.68 Not SuiTable

The values of the routine core analysis measurements compared with the previous

routine core analysis results showed a very good relationship as values are all most

the same.

The overburden porosity and permeability measurements are measurements made in

the laboratory at equivalent or net confining reservoir temperature and pressure.

5.10.1.2 Well OP3 Porosity, Permeability and Grain density Measurements

In well OP3, thirteen samples at measured depth ranges of 3283.2m to 3288.25m were

selected for SCAL analysis. Based on air permeability and helium porosity

measurements, three samples were found to be un-suitable for all requested analyses

as the permeability to air data obtained was below 1 mD. Results are presented in
Table 5.10 below.
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Table 5.10: Porosity, permeability and grain density test results of well OP3 at room

condition.
Depth Porosity Klin Kair Grain Density Remarks
(m) (%) (mD) (mD) (g/cc)
3283.2 20.2 4.5 6 2.71 Suitable for analysis
32834 18.7 33 4.4 271 Suitable for analysis
3283.5 17.7 2.5 3.5 2.7 Suitable for analysis
3284.74 235 70 80 2.7 Suitable for analysis
3284.77 23.4 49 57 2.7 Suitable for analysis
3284.85 23.6 60 69 2.7 Suitable for analysis
3286.95 24.2 51 59 2.72 Suitable for analysis
3286.99 24.3 93 105 2.7 Suitable for analysis
3287 24.3 69 79 2.69 Suitable for analysis
3287.1 24.4 79 90 2.69 Suitable for analysis
3288.09 9.5 0.06 0.14 2.68 Not Suitable
3288.15 6.8 0.03 0.06 2.67 Not Suitable
3288.25 6.1 0.02 0.04 2.68 Not Suitable

5.10.2 Formation Resistivity Factor (FRF) Measurements

The formation resistivity factor (FRF) is defined as the ratio of resistivity of the 100
percent water saturated rock sample to the water resistivity. It is a function of porosity
and pore geometry of rock.

The core plugs used in this measurement were first cleaned dry plugs and later
evacuated and pressure saturated with simulated formation brine. Electrical resistance
of the brine saturated core plugs were measured at room conditions on consecutive
days until results stabilized indicating ionic equilibrium within the core plugs.

The formation brine used in this study consists of sodium chloride (NaCl) and calcium
chloride (CaCl,). The calcium chloride was used to minimise any possible reactive

clay problems. The formation resistivity values were determined at ambient condition
for 100 percent brine saturated samples and also simulated to net overburden pressure
which will be presented later.

The cementation exponent (m) which is a very useful parameter for the determination
of water saturation is calculated from the slope of plotting measured values of FRF

€99,

against porosity setting the intercept ‘’a” to unity.
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5.10.2.1 Formation Resistivity Factor (FRF) measurement Results for well OP1

The FRF measurement for well OP1 was performed at temperature of 77 °F which is
equivalent to 25°C and the brine resistivity of 0.32 Ohm-m was used at room
condition. The brine used consisted of approximately 18,500 ppm of dissolved solids
consisting of 80 % sodium chloride (NaCl) and 20 % calcium chloride (CaCl,).

The result of formation resistivity factor (FRF) performed on four samples of well
OP1 is presented in Table 5.11 below.

Table 5.11: Result of well OP1 FRF measurement at room condition

Depth Porosity (%) FRF

(m) Room Condition Room Condition
3370.40 17.7 25.47
3371.00 18.6 24.63
3371.60 16.7 30.38
3372.30 11.7 54.49

The room condition as used means measurements made at surface atmospheric
condition at 25 °C or 77 °F

5.10.2.2 Formation Resistivity Factor (FRF) measurement Results for well OP3

The formation resistivity measurement for well OP3 was performed at room condition
at a temperature of 77 °F and overburden condition. The resistivity of brine used was

0.13 Ohm-m. The water composition was confirmed with the Schlumberger log
interpretation chart Gen-9.

The total dissolved solids were 51.282 mg/l and constituents were sodium chloride
(NaCl) having 41.026 mg/l and calcium chloride 10.256 mg/l. Shown in Table 5.12 is

results obtained from FRF measurements.
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Table 5.12: Result of well OP3 FRF measurement at room and overburden conditions

Room Condition Overburden Pressure 4,830psig
Depth Porosity FRF Porosity FRF
(m) (%) (%)
3283.20 20.2 24.7 19.2 33.0
3283.40 18.7 29.1 17.7 42.2
3283.50 17.7 33.7 16.7 49.4
3284.74 23.5 16.2 22.4 20.8
3284.77 23.4 16.7 22.0 21.1
3284.85 23.6 16.1 22.4 21.1
3286.95 24.2 15.3 23.2 18.5
3286.99 24.3 141 23.0 17.3
3287.00 24.3 14.7 23.0 20.2
3287.10 24.4 14.6 23.3 17.6

The overburden pressure of about 4,830 psi and temperature of 217.4 OF which is

equivalent to 103°C in Table 5.12 above is the pressure or stress imposed on the core
samples by the weight of overlying materials which was taken as pressure at reservoir
condition and measurements were taken at that pressure. A reduction of porosity
values and an increase of formation resistivity factor were observed at measurements

at overburden pressure.
5.10.2.3 Formation Resistivity Index (RI) Measurements

The Resistivity Index (RI) is defined as the ratio of the resistivity of a formation
bearing hydrocarbons to the resistivity it would have if 100 % saturated with
formation water (SPWLA, 1984). It is a function of water saturation and pore
geometry.

This test is normally performed in conjunction with air-brine capillary pressure after
formation resistivity factor measurements were made on rock samples. A minimum of
three saturation measurements were obtained on each core and individual sample

resistivity index values are plotted against water saturation to determine a saturation
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exponent (n) which is a slope of a line relating saturation and resistivity index (Core
laboratory, 1982).

These measurements were performed in the Albian age reservoir sections of two wells
(OP1 and OP3) in the study area. The results from resistivity index measurements are

presented.

5.10.3.1 Formation Resistivity Index Results for well OP1

In well OP1, formation resistivity index measurements were conducted on four
samples at room condition as presented in Table 5.13. About six different resistivity

index measurements were performed on each sample at different brine saturations.

Table 5.13: Resistivity Index results for well OP1

Depth Brine Saturation Resistivity Index

(m) (%) (R1)

3370.4 91 | 71 |57 52 | 50 | 46 | 43 | 11|16 |22 | 24|29 ]31]| 34
3371 64 | 51 | 48| 45 | 42 | 40 19 (28| 3 [35(37]| 4
33716 75 | 56 | 51| 48 | 45 | 42 15|24 (28]33|35]|37
3372.3 71 | 64 | 57| 52 1619|2123

5.10.3.2 Formation Resistivity Index Results for Well OP3

In well OP3, formation resistivity index measurements were performed on ten
samples at different brine saturation percent pore spaces as shown in Table 5.14.
Table 5.14: Resistivity Index results for well OP3

Depth Brine Saturation Resistivity Index
(m) (%) (RD)

3283.2 | 100|714 ]632|533]| 50 198 | 241| 291| 327

32834 | 100 | 71.2 | 62.7 | 55.7 | 52.1 21| 234| 257 33

32835 | 100 | 72.8 | 635 | 55.9 | 516 223| 253| 306| 344

3284.74 | 100 | 54.9 | 48.1 | 40.3 | 37.9 211| 271 43 6

3284.77 | 100 | 57.6 | 505 | 41.2 | 38 185| 292| 379 5.5

3284.85 | 100 | 55.2 | 49.7 | 40.9 | 37.4 207| 318| 527| 613

3286.95 | 100 | 56| 49418363 212 | 301| 407 6.3

3286.99 | 100 | 52.4 | 455 | 37.3| 33 257| 38| 491| 843

3287 100 | 50.7 | 44.4 | 35.9 | 325 264 | 378 497 8.3

L G R R

3287.1 | 100|504 | 442 | 357|324 159| 321| 505| 818
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5.10.4 Interpretation of Results
5.10.4.1 Porosity Overburden Correction

When the core is brought to the surface, all confining forces are removed and the rock
tends to expand in all directions. This expansion causes a modification of the pore
geometry which may impact on the rock permeability and porosity depending on
pressure differential, the consolidation state of the rock and clay content. Discrepancy
between laboratory and in situ measurements is due the increase in volume that occurs
when the core is brought to a lower pressure and temperature at the surface because of
the removal of overlying sediment column (Moran, 1995).

Overburden correction is regarded as the correction from laboratory condition
measurements to net effective overburden stress at in situ reservoir conditions. This
correction is carried out because routine core analysis measurements may incorporate
systematic errors because these values are measured at low pressure which may lead
to an over estimation.

An overburden correction should always be applied to the routine core data. When
overburden measurements are available, a correction function for the routine data can
be constructed otherwise empirical relationships can be applied (Luca & Jean-Claude,
2001).

In this study, the overburden corrections were applied to routine core porosity values
due to the availability of porosity measurement data at overburden pressure. An
empirical relationship between porosity at overburden and ambient conditions is
established for porosity overburden corrections. No special core analysis
measurements of permeability values at overburden equivalent or net confining
pressures were recorded; therefore no permeability overburden corrections will be
applied to the routine core analysis permeabilities.

The special core analysis data of well OP3 at room and overburden pressure
conditions provide data for this correction. The overburden corrected porosity values
will be used to calibrate wireline log porosity measurements. Table 5.15 present data

for overburden correction.
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Table 5.15: Well OP3 core 2 data used for porosity overburden correction.

Depth Porosity Porosity
(m) (%) (%)
Room condition overburden pressure

3283.20 20.2 19.2
3283.40 18.7 17.7
3283.50 17.7 16.7
3284.74 23.5 22.4
3284.77 23.4 22.0
3284.85 23.6 22.4
3286.95 24.2 23.2
3286.99 24.3 23.0
3287.00 24.3 23.0
3287.10 24.4 23.3

The porosity at overburden pressure (4,830 psi) was plotted against porosity values at

room condition on a linear scale as shown in Figure 5.23a below.

o o
) w
N

o
[
©

Porosity at 4,830 psi Overburden Condition (v/v)

0.

Well OP3

Overburden Porosity Vs Room Conditilg&i@grosity

6.
Y=0.9651 * Poro -0.3577

R2=1.0000

0

0.01 0.068 0.126 0.184 0.242 037

Porosity at Room Condition (v/v)

Figure 5.23a: Well OP3 porosity at overburden pressure versus porosity at room

condition
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To obtain an empirical linear relationship for the application of porosity overburden
corrections, the regression equation from the plot of porosity at overburden pressure

against porosity at room condition is used as given in the equation below:

® correct =0.9651 (O routine) - 0.3577  .oovivieiiee e (5.5)
Where:
® correct = Overburden corrected porosity

® routine = Routine core porosity

Another useful parameter is the Pore Volume Reduction Factor (PRF) which is
defined as the ratio of the overburden corrected porosity to routine core porosity. An
average porosity reduction factor of 0.95 was obtained. Adopting a mean PRF would
result in an over correction in higher porosity sections and under correction in the
lowest porosity sections, hence equation 4.6 above is used to correct the routine core
porosity measured at room conditions to in situ reservoir conditions.

The routine core porosity corrected values to the equivalent in situ reservoir

conditions are given in Table 5.16 below.
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Table 5.16: Wells OP1, OP2 and OP3 calculated overburden corrected porosities

Well OP1 Well OP2 Well OP3
Depth | Routine | Corrected Depth [ Routine | Corrected Depth | Routine | Corrected
(m) Porosity | Porosity (m) Porosity | Porosity (m) Porosity | Porosity
(%) (%) (%) (%) (%) (%)
337005 | 18.9 17.9 344620 | 23.06 219 33223366.315 ggg ;ig
3370.6 20.2 19.1 . . .
3100 169 59 3447.08 | 24.24 23.3 323651 | 213 202
33714 16.4 155 344711 | 2417 23.0 3236.81 | 214 20.3
33719 | 165 15.6 344783 | 18.65 176 323705 | 18.1 17.1
337203 127 119 wasee | 2p01 o 3237.26 18.1 17.1
3378.98 6.9 6.3 344952 20.27 19.2 232;;2 192-19 182-41
3373.75 5.0 4.5 3450.58 22.32 21.2 sté 3 8'9 8.2
3375.6 3.0 25 ' : :
345170 | 2354 22.4 32385 6.3 5.7
3375.98 2.0 16 538 55
345214 | 23.83 22.6 3238.5 8.8 8.1
3376.62 7.7 7.1 393905 13 38
3376.86 8.6 8.0 345259 | 24.01 22.8 3243'_6 0:6 0:2
gg;;ég 19061 gg 345368 | 23.03 21.9 32832 | 192 18.2
: - : 3283.6 17.8 16.8
345472 | 24.25 23.0
3377.54 7.0 6.4 3283.85 | 178 16.8
3377.78 7.9 7.3 3455.08 22.96 21.8 3284.1 20.4 19.3
337823 | 9.2 8.5 345555 | 18.83 17.8 328435 | 213 20.2
3378.48 8.6 7.9 3284.45 22 20.9
337858 | 76 7.0 345580 | 1042 3.7 3285.05 | 222 211
3379.24 6.8 6.2 3456.15 |  4.59 4.1 32853 228 216
3379.64 1.2 0.8 345665 | 337 59 328534 | 206 195
3379.82 4.9 4.4 3285.83 17.3 16.3
338015 | 33 28 345718 | 3.27 2.8 328608 | 143 13.4
3457.74 | 21.39 20.3 3286.3 20.4 19.3
328655 | 223 21.2
345869 | 21.36 20.3
3286.6 222 211
3459.59 20.11 19.0 3287.25 233 221
3460.00 | 21.93 20.8 3287.3 15.8 14.9
3287.9 3.7 3.2
3460.10 | 22.05 20.9 3200.06 >3 o
346148 | 23.07 21.9 3291.76 2.7 2.2
3462.54 | 18.91 17.9 3292.79 2.6 2.2
3463.48 | 19.55 18.5
346459 | 8.19 75
346481 | 4.92 4.4
346540 | 2.95 25
3466.47 | 6.23 5.7
3466.75 |  4.43 3.9
346750 |  4.12 3.6
346760 | 3.89 3.4
3468.17 | 5.96 5.4
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5.10.5 Derivation of Cementation exponent From Formation Resistivity Factor

The cementation of a rock is defined as the process of deposition of dissolved mineral
components in the interstices of sediments. The process involves coming together of
sediment to form a new rock during diagenesis or lithification (Boggs, 2006).

The cementation exponent which is represented by “m™is a function of the shape and
distribution of pores and it is determined from the slope of the plot of the formation
resistivity factor versus the porosity. The degree of cementation of sand particles
depends on the nature and distribution of the cementing materials; less cemented
sandstones normally have higher porosity values and lower formation resistivity
factor values.

The value of the cementation exponent reflects the tortuosity of the interconnected
pore space and ranges between 1 and 2.3 (Luca, 2001). The more complex the current
path is, the higher the cementation exponent which implies higher value of “m”. The
cementation exponent plays a critical role in the determination of water saturation
calculations.

The typical values used in classification of cementation for rocks are given in the

Table below:

Table 5.17a: Classification of cementation exponent

Classification Cementation (-m) values
Highly Cemented 20-2.2
Moderately Cemented 1.8-1.9
Slightly cemented 1.6-1.7
Very Slightly Cemented 1.4-15
Not Cemented 1.30

(Pirson, 1958)
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5.10.5.1 Well OP1 Cementation Exponent (m) at Room Condition

The cementation exponent m was derived from the slope of the cross plot of
formation resistivity factor versus porosity by setting the tortuosity “a” the intercept to

unity as shown in Figure 5.23b below for well OP1.

Well OP1

FRF Vs Porosity and Facies at Room Condition .
Facies

-\ &

100.

Al

50.

Slope=m=1.89

A2

FRF=1/1.89

20.

A3

10.

A4

Formation Resistivity Factor (FRF)

0.01 0.02 0.05 0.1 0.2 0.5 1.
Porosity (viv)

Figure 5.23b: Formation resistivity factor (FRF) vs porosity plot for Well OP1
The slope gives the cementation exponent (m) from the equation, FRF =1/ o™,

The values of cementation exponent (m) are given in Table 5.17b below. The values

range from 1.80 to 1.9 with a mean value of 1.89.

Table 5.17b: Cementation exponent (m) from Formation resistivity factor

measurement
Depth Porosity FRF Cementation
(m) (%) exponent (-m)
3370.40 17.7 25.47 1.88
3371.00 18.6 24.63 1.90
3371.60 16.7 30.38 1.90
3372.30 11.7 54.49 1.87
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Well OP1 was classified as moderately cemented based on the average cementation

exponent value of 1.89 obtained.

5.10.5.2 Well OP3 cementation Exponent (m)

The cementation exponent (m) values of well OP3 at room condition varies from 1.89
to 2.04 (Table 5.18) below.
Table 5.18: Cementation exponent for Well at room condition

Room Condition

Depth Porosity FRF Cementation
(m) (%) exponent (-m)
3283.20 20.2 24.7 2.01
3283.40 18.7 29.1 2.0
3283.50 17.7 33.7 2.04
3284.74 23.5 16.2 1.92
3284.77 23.4 16.7 1.94
3284.85 23.6 16.1 1.92
3286.95 24.2 15.3 1.90
3286.99 24.3 141 1.89
3287.00 24.3 14.7 1.92
3287.10 24.4 14.6 1.90

The formation resistivity factor (FRF) was plotted against the fractional porosity to

obtain an average value of 1.95 (slope) as the cementation exponent of the Well

(Figure 5.24).
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Well OP3

FRF Vs Porosity and Facies at Room Condition .
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100. 6.
\ Al
50.

Slope=m=1.94
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20.
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Formation Resistivity factor (FRF)
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Porosity (v/v)

Figure 5.24: Plot of Well OP3 formation resistivity factor versus fractional porosity

In this particular well, the cementation exponent was determined from two types of
facies (A4 and A5) within the interval measured at room conditions. Facies A4
showed higher formation resistivity factor values than facies A3. In terms of porosity,
facies A3 appeared to be more porous than facies A4 which indicate that facies A4 is
more cemented than facies A3. The cementation exponent determined in well OP3

was classified as moderately cemented having an average cementation value of 1.95.
5.10.5.3 Effect of Overburden Pressure on Cementation

The formation resistivity factor and porosity of well OP3 were measured at
overburden pressure of 4,830 psi, and cementation exponent values derived from the

cross plot of FRF vs. porosity varies from 1.94 to 2.17 with mean of 2.05 as shown in
Figure 5.25 below.
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Well OP3
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Figure 5.25: Formation resistivity factor versus porosity at overburden pressure

The cementation exponent values determined at overburden condition for well OP3

varies from 1.94 to 2.17 as shown in Table 5.19 below.

Table 5.19: Well OP3 cementation exponent at overburden pressure (4,830 psi)

Depth Porosity FRF Cementation
(m) (%) Exponent (-m)
3283.20 19.2 33.0 2.11
3283.40 17.7 42.2 2.17
3283.50 16.7 49.4 2.17
3284.74 22.4 20.8 2.03
3284.77 22.0 21.1 2.03
3284.85 22.4 21.1 2.03
3286.95 23.2 18.5 2.02
3286.99 23.0 17.3 1.94
3287.00 23.0 20.2 2.05
3287.10 23.3 17.6 1.98
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The cementation exponents (m) determined at room condition and at overburden
condition are presented in Table 5.20 below. Overburden pressure has an effect on
cementation (m) as m increases at overburden condition as compared to room
condition.

Table 5.20: Well OP3 comparison of cementation exponents

Depth Cementation (-m) | Cémentation (-m)
(m) Room Condition | Overburden 4,830psi)
3283.20 2.01 211
3283.40 2.0 2.17
3283.50 2.04 217
3284.74 1.92 2.03
3284.77 1.94 2.03
3284.85 1.92 2.03
3286.95 1.90 2.02
3286.99 1.89 1.94
3287.00 1.92 2.05
3287.10 1.90 1.98

5.10.5.4 Comparison of Cementation Exponent with Porosity

The cementation exponent values for well OP1 and OP3 at room conditions were
plotted on linear scale of y-axis against the porosity on the linear scale in order to
determine an empirical linear relationship between the two variables as shown in

Figure 5.26 below.
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Figure 5.26: Well OP1 and OP3 cementation versus porosity plot at room conditions.

From the plot , it was observed that the data was made up of facies A4 and as the

cementation exponent increases, the porosity of the formation also increases and

linear regression equation was derived from the cross plot as given below:

m= 0.0036 * Porosity + 1.8286 .........cccccevviriiiiiininenieee, (5.6)

R?=0.5594

Where m= Cementation exponent

The trend of the plot for well OP3 is different from what was obtained in well OP1.

Well OP3 data were composed of core facies A3, A4 and A5. As cementation values

decreases, the porosity values also decreases and a linear empirical regression

equation was obtained from the cross plot as expressed in equation 4.8 below:

M=2.394 - 0.020 * POrOSItY........ccoverreirieiiiiiieesiesiie e (5.7)

R?=0.9366

The differences in the trend line of cementation versus porosity plots for well OP1

and OP3 at room condition may be due to diagenetic effect and the shape of the grains

of the core samples. A linear scale plot was also made for cementation exponent
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versus porosity for well OP3 at overburden condition as presented in Figure 5.27

below. Both wells are moderately cemented.

Well OP3

Cementation Exponent Vs porosity at Overburden Condition
Facies

3]
m =2.7029 +3.1401 * Porosity
Al

R2= 0.9198

Cementation Exponent (m)

15 0.
0. 006 012 018 024 0.3

Porosity (v/v)

Figure 5.27: Cementation versus porosity at Overburden condition of Well OP3

The plot shows constant cementation values between the depth intervals of 3283.4m
to 3283.5m and 3284.74m to 3284.85m with slight changes in porosity values at these
depths. The constant values may be due to the closeness of the core samples and
shape and nature of sediments which are almost the same.

An empirical linear regression analysis relationship between the cementation

exponent and porosity at overburden condition for the well is given below:

M= 2.6555 — 0.0283 * POTOSIEY .vvvvvverrereeeeeeeresseseeeseesseeseeeeeenn (5.8)
R? = 0.8542

Where m=cementation exponent and porosity is in percent.
Comparison of the plots showed that well OP3 at room condition and overburden

conditions portrayed the same trend line as opposed to that of well OP1. The best
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Cementation Exponent (m)

correlation coefficient was obtained from well OP3 cementation versus porosity plot
at room condition with value of about 0.94. Based on the number of data used for the
correlation and the higher correlation coefficient obtained from well OP3 at room
condition, therefore equation 5.8 above will be used for the evaluation.

5.10.5.5 Comparison of Cementation Exponent with Permeability

The cementation exponent plot on a linear scale against the permeability values on a

log scales for well OP1 and OP3 at room condition is presented in Figure 5.28 below.
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Figure 5.28: Well OP1 and OP3 cementation exponent Vs permeability at room

temperature

The plot of Well OP1 was on core facies A4 and it showed that as cementation
increases, the permeability values tend to decrease and linear relationship between the
cementation exponents was obtained from the regression analysis as shown in the

equation below:

m=0.0058*(log K) + 1.8782
R=0.4827

Where m= cementation exponent and K is the permeability in mD.
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A poor regression analysis value of 48% was obtained which implies that a poor
relationship exists between the plotted data and equation 5.9 could be used with
caution.

In well OP3, the permeability values decreases as the cementation increases as shown
in Figure 5.28 above and cementation also decreases as the depth increases. A good
relationship exists between the cementation exponent values and permeability as
shown in the regression coefficient value of about 94 % confidence.

The empirical relationship is given by the regression analysis below:

M=2.0597 — 0.035%(10g K) ...coveiiiiiiiiiiiiee s (5.10)
Where m is cementation exponent and K is permeability in mD.

Equation 5.10 above demonstrates a better relationship between cementation exponent
and permeability and hence could be used to estimate values of cementation exponent
provided permeability values are known.

It could be concluded that in well OP1, the slight increment in cementation observed
may be due to the closeness of the data and the core Facies A4, while in well OP3
cementation reduce porosity and permeability and the core facies were facies A3, A4
and A5.

5.10.6 Determination of Saturation Exponent (n)

The saturation exponent “n” is determined from the slope of a plot of resistivity index
on a lo-log scale versus the water saturation. The saturation exponent depends on rock
type and the way in which the pores are connected. The value of n is affected by
wettability, overburden pressure, type and amount of clay, and nature and distribution
of reservoir fluids (Djebbar, 1999).
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5.10.6.1 Well OP1 Formation Resistivity Index (RI) versus Saturation at Room

Condition

The saturation exponent (n) of well OP1 was determined from the slope of resistivity

index versus water saturation as shown in Figure 5.29 below showing facies A4 as the

dominant facies in the interval plotted.
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Figure 5.29: Well OP1 resistivity index versus water saturation plot.

The values of n vary from 1.43 to 1.53 with mean value of 1.45 as presented in Table

5.21.

Table 5.21: Well OP1 result of resistivity index measurements and n values

Depth Brine Saturation Resistivity index (-n)
(m) (%) (RI)

33704 |91 | 71|57 | 52|50 (46 |43|11]|16(22|24)129|31|34]1.43
3371 | 64|51 (4845|142 |40| - [19]28|3.0(35|37|40( - |151

33716 | 7556|5148 |45 (42| - |15(24(28]33]|35(3.7| - [153

33723 (71|64 |57 |52 16(19]21]23 1.34
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A plot of resistivity index versus saturation for well OP1 is given in Figure 5.29 above

and individual depth plots are in appendix C.
5.10.6.2 Well OP3 Saturation Exponent (n) Determination at Room Condition
The saturation exponent (n) was determined from the slope of plotting resistivity

index versus water saturation gives an average value of 1.94 as shown in Figure 5.30.
Facies A3 and A4 were observed at the interval plotted.

Well OP3
Resistivity Index Vs Saturation at Room Condition
Facies
10. - 6.
° Al
RI = 1/Sw 194
A2
5. °
&
s \ A3
o
=4 \\
- Slope=n=1.94 o
= \
= A4
D
o
@
2 —
A5
[ ]
A6
1. 0.
6.01 0.02 0.05 0.1 0.2 0.5 1.

Saturation (v/v)

Two reservoir rock types (facies A3 and A4)

Figure 5.30: Well OP3 resistivity index versus saturation plot

The depth plots of “n” for this well are presented in appendix C. The n values vary

from 1.89 to 2.02 with an average value of 1.94 as indicated in Table 5.22 below.
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Table 5.22: Well OP3 result of saturation exponent (n) derived from resistivity index

versus saturation.

Depth | Brine saturation Resistivity Index
(m) % (RI) (-n)

3283.2 | 100 | 71| 63 | 53 50 2| 241 201| 327| 189
32834 | 100 | 71|63 |56 |52 1] 21| 234] 257] 330] 202
3283.5 | 100 |73 |64 [56|52 1|22 253| 3.06| 344| 196
3284.74 | 100 | 55 |48 [40 |38 | 1|21 271 | 43| 600| 101
3284.77 | 100 | 58 | 51 | 41 | 38 1.9 292 379 550 | 1.90
3284.85 | 100 | 55 | 50 | 41 | 37 21| 318 527| 613 | 189
3286.95 | 100 | 56 | 49 | 42 | 36 21| 301| 407| 630 191
3286.99 | 100 [ 52| 46 |37 |33 1] 26| 385] 491| 843| 202
3287 | 100 |51]|44|36|33]| 1] 26| 378] 497] 830] 195
3287.1 | 100 |50 |44 36|32 |1| 16| 321| 505 818| 1.04

S R R

5.10.6.3 Comparison of Saturation Exponent (n)

The resistivity Index which is a function of water saturation and pore geometry was
plotted for wells OP1 and OP3 to compare and confirm which of the wells will have a
higher saturation exponent value (Figure 5.31).
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Figure 5.31: Resistivity index versus saturation plots for well OP1 and OP3
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Well OP3 present a cleaner sandstone trend with higher saturation exponent value of
1.94 than OP1 which display a lower saturation exponent mean value of 1.45 as
shown in Figure 5.31. The differences in the saturation exponent trend may be due to
the distribution of fluids within the pore systems and types of facies present. A
common value of saturation index of 1.8 was obtained for both well.

In rocks containing clay minerals such as chlorite, the saturation exponent becomes
increasingly lower as the water saturation is reduced. In most shaly-sand saturation
equations such as the Waxman-Smith and Dual-water models, the value of the
saturation exponent is determined in high water salinity or with the clay effects
removed and the variations of resistivity index with the saturation is then predicted

from equations.

5.10.7 Petrography Studies

The petrography study is defined as the scientific description and study of rocks.
Varieties of techniques and instrumentation have been devised to assist the geologist.
This study includes thin sections, X-Ray Diffraction (XRD), and Scanning Electron
Microscopy (SEM) (Core laboratories, 1982). OMNI laboratories performed the
petrography studies in well OP2 and OP3 within the Albian age formation of the
study area.

The petrography studies is included in this research because it will aid in the mineral
identification and also help in understanding the textural nature of mineral and better

understanding of the pore space as it will be used to validate other results.

5.10.7.1 Thin Section Analysis

Selected reservoir sandstone samples from well OP2 and OP3 were investigated in
thin sections in order to obtain information on the occurrence and distribution of
different mineral components. The information obtained from the thin section
investigations will be used to supplement the quantitative mineralogy data determined
by X-Ray Diffraction and Scanning electron microscopy. The petrophysical properties
of the reservoir sequence studied are influenced not by the proportion of the mineral

constituents alone but also by the way the minerals occur in the rocks.
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The sandstone samples in thin sections typically consist of quartz as the dominant
framework grains, with minor feldspar and opaque grains. Lithic fragments include
shale, siltstone and quarts. Traces of glauconite, siderite may also be noted in some of

the samples.

5.10.7.1.1  Well OP3

Thin sections of well OP3 are shown in Figure 5.32 below.

Depth 3236=Facies A3 . Depth 3236m=Facies A3
Organic

2% um. Matter 20* pm.

Pore filling
Well OP3 Thin Section Photos Chlorite

Pore
Filling

chlorite

Well OP3 Thin Section Photos at depth 3283m.

Figure 5.32: Well OP3 thin section at depth 3236m and 3283m showing fine grain,
sub angular to angular, and sparely distributed organic matter and pore filling
Chlorite.
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They are mostly fine grain, sub-angular to angular and organic matters are sparingly
distributed. The porosities are generally good and grain is dissolved and secondary
porosity observed within the samples (depth 3236m). Fe coatings and little quartz
overgrowth were also observed. The thin sections at depth 3283m look much finer
grains and the organic materials are more as compared to depth 3236m. Pore filling
chlorite clay minerals was also observed. The thin section analysis was performed on
facies A3 in both core of well OP3.

5.10.7.2 X-Ray Diffraction (XRD)

The X-Ray diffraction tests are made on crushed core samples and complement thin
section analysis by providing quantitative mineral identification as Well amount of
clay minerals present in each sample.

Clay minerals comprise of small percentages of the reservoir rock total composition
and it is necessary to separate clay size particles from larger sand grain particles and
make a separate analysis of clay sizes alone. The X-Ray diffraction analysis is more
suitable because it gives more detailed information on different types of clay based on
their unique x-ray diffraction pattern that is comparable to finger print. Samples of
five to ten gram sizes are usually preferred for this analysis. The X- ray diffraction
does not allow identification of non-crystalline (amorphous) materials such as organic
material and volcanic glass.

This analysis was carried out within the Albian age formation of the study area of well
OP2 and OP3 by OMNI laboratories.

5.10.7.2.1 Well OP2 XRD
The whole rock mineralogy results of well OP2 from forest report 2001 is presented
in Table 5.23 below. A total of thirty five samples were taken for analysis and result

shows dominance of quartz having percentage by weight of 67 %, clay minerals with

14 %, and minor occurrences of carbonates and heavy minerals as shown.
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Table 5.23: Whole rock mineralogy of Well OP2

Whole Rock Mineralogy Relative Clay Abundance

(Weight %) (Normalized to 100%)

Depth(m) | Quartz Ksp Plag Cal Dol/Fe-Dol| Sid Pyr Anh Clay 1/S* LI} Chl
3446.00A 75 4 14 0 1 Tr 0 0 6 0 28 72
3446.00B 54 3 12 0 0 1 11 0 19 0 30 70
3447.08 73 2 15 Tr Tr 0 0 0 10 0 24 76
3447.83 62 3 16 0 1 0 1 0 17 0 21 79
3448.69 70 2 17 0 0 Tr 0 0 11 0 25 75
3449.52 70 2 16 0 0 1 Tr 0 11 0 26 74
3450.58 73 2 14 0 Tr 0 0 0 11 0 24 76
3451.70 75 2 13 0 0 Tr 0 0 10 0 21 79
3452.14 77 2 11 0 1 Tr Tr 0 9 0 24 76
3452.59 74 2 12 0 1 0 0 0 11 0 18 82
3453.68 76 2 11 0 0 Tr Tr 0 11 0 26 74
3454.72 78 2 10 0 1 1 Tr 0 8 0 23 77
3455.08 78 2 9 0 2 0 0 0 9 0 24 76
3455.55 69 3 14 0 0 0 Tr 0 14 0 17 83
3455.86 84 2 8 Tr 0 0 Tr 0 6 0 26 74
3456.15 55 3 10 0 0 Tr 0 0 32 0 32 68
3456.65 52 1 9 30 0 Tr 0 0 8 0 31 69
3457.18 37 1 5 31 0 18 0 0 8 0 26 74
3457.74 74 3 12 0 0 0 0 0 11 0 23 7
3458.69 73 2 12 0 1 0 0 0 12 0 20 80
3459.59 75 3 11 0 Tr 1 0 0 10 0 24 76
3460.10 74 3 10 0 2 1 0 1 9 0 24 76
3461.48 75 1 11 0 2 0 0 0 11 0 23 77

3462.54 71 1 14 0 0 1 Tr 0 13 0 22 78

3463.48 73 2 11 0 0 0 0 0 14 0 19 81

3464.59 72 2 11 0 0 0 0 0 15 0 14 86

3464.81 76 1 6 10 0 0 0 0 7 0 23 77

3466.20 72 4 11 1 3 Tr 0 0 9 0 32 68

3466.47 70 2 12 1 0 0 0 0 15 0 18 82
3466.75 49 3 22 0 0 0 1 0 25 0 21 79
3467.50 49 4 10 0 0 0 3 0 34 22 23 55
3468.17 57 2 14 15 0 0 0 0 12 17 25 58
3468.89 65 2 17 3 0 0 1 0 12 13 20 67
3469.39 46 3 19 0 0 0 0 0 32 11 20 69
3470.35 37 3 7 0 0 2 3 0 48 22 34 44
Average:| 67 | 2 | 12 | 13 | 2 | 3 | 3 | 1 | 14 ] 2 | 24 | 74

The X-ray diffraction analysis of the samples indicates the presence of clay mineral as
the dominant clay type in the well. The presence of chlorite and Illite in the samples
will contribute to grain coating. Kaolinite is absent (Figure 5.33) below.
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Figure 5.33: Whole rock mineralogy of Well OP2

5.10.7.2.2 Well OP3 XRD

The mineralogy results of fourteen samples within the Albian age from corel and two

of well OP3 are presented in Table 5.24 below. The results shows the dominance of

quartz percentage by weight of 57 to 58 % in both cores, clay minerals with about 25

and 20 % in both cores, carbonates in small proportions in both cores.
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Table 5.24: Whole rock mineralogy of Well OP3 (PASA Report, 2000)

Whole Rock Mineralogy Relative Clay Abundance
(Weight %) (Normalized to 100%)
Depth Quartz K-Feldspar Plagioclasq Calcite |Dolomite| Siderite | Pyrite Total  Jte& Smectilllite & Mica| Chlorite
Clay |[Smectite*] Mica

3236.0 75 0 13 0 0 3 0 9 0 13 87
3236.34 79 0 13 0 0 2 0 6 0 14 86
3237.06 71 0 16 1 0 4 0 8 7 14 79
3237.12 61 0 1 1 1 2 6 18