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ABSTRACT

With the latest advancements in the Pletmos Basin it is imperative to understand and study how
sandstone reservoirs are affected by clay minerals. Clay minerals are an influential component in
sandstone reservoirs worldwide and thus have an impact on the reservoir quality and
petrophysical properties. The present research was aimed at assessing the effects of clay minerals
on the petrophysical properties of sandstone reservoirs from the Offshore Pletmos Basin. This
was done by integrating geological (wireline logs and core analysis), geochemical (XRD and
pore water chemistry) and petrographical (QEMSCAN and thin section petrography) analysis to
highlight the effects of clay minerals on the intrinsic properties (porosity, permeability and fluid

saturation) on reservoirs encountered within the two wells (Ga- Q1 and Ga — S1).

The results highlight pervasive quartz cementation as well as the presence of clay minerals:
Glauconite (lllite group), Kaolinite (Kaolinite group), Clinochlore (Chlorite group) as the
dominant clay minerals and Calcite as the dominant cement in both well Ga — Q1 and well Ga —
S1. The most abundant clay mineral in both wells is Glauconite. This clay mineral had a more
profound effect on the petrophysical parameters compared to the other clay minerals. The clay
minerals occur as pore-filling Kaolinite and pore-bridging Glauconite and pore-lining
Clinochlore. As a result, the clay minerals affected the pore connectivity (permeability) more
than the pore spaces (porosity). This is confirmed by the petrophysical analysis where both wells
have extremely low permeability and good porosity values. The study concludes that the
presence of Glauconite, Kaolinite, Clinochlore and Calcite in both wells (Ga-Q1 and Ga-S1) had
an adverse effect on the permeability more compared to the porosity in sandstone reservoirs. Due
to the high volume of clay and high clay mineral content in well Ga-Q1, the petrophysical
parameters were more adversely affected compared to well Ga-S1. As a result, we see better
petrophysical properties (porosity and permeability) in the sandstone reservoir from well Ga-S1
due to intense bioturbation. The reservoir quality of well Ga-S1 is much better compared to well
Ga — Q1 because water saturation averages at 42% and gas saturation averages at 58%, has
decent porosity averages at 12% but low permeability ranges of 0, 1 — 4mD.

KEYWORDS: Clay minerals, Porosity, Permeability, Sandstone reservoirs, Pletmos Basin
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CHAPTER ONE

1.1 Introduction

The petrophysical properties viz. porosity, permeability and fluid saturation are fundamental
components of any reservoir. Understanding what and how these parameters are affected by
different clay minerals are crucial when evaluating any reservoir. This research is focused on
assessing how different clay minerals affect the petrophysical properties of sandstone reservoirs
in the Pletmos Basin, South Africa. Clay minerals are found in all sandstone reservoirs and as a
result it is imperative to understand how each clay mineral group directly affects the

petrophysical properties.

Clay minerals are referred to as hydrous aluminum phyllosilicates. Four different types of
authigenic clay minerals are recognized and each group has their own distinctive properties
(Bjorkum and Nadeau, 1997). The four groups of clay minerals are: Kaolinite group, Chlorite
group, Illite group and Smectite group. The distinctive property that characterize each group is as
follows: the Kaolinite group clay minerals are characterized by their ‘pore — filling’ nature; the
Chlorite group clay minerals are characterized by their ‘pore — lining’ nature; the Illite group
clay minerals are characterized by their ‘pore — bridging’ nature and lastly the Smectite group
clay minerals are characterized by their ‘swelling” nature (Ellis and Singer, 2007). The intrinsic
properties of clay minerals could have an effect on petrophysical parameters such as porosity and
permeability of sandstone reservoirs. The occurrence and distribution of specific clay minerals
could also affect the pore geometry; as a result, this will determine whether the open spaces in
the rocks are connected or not (Wilson and Pittman, 1997). Worthington (2008) used a
petrophysical model to demonstrate how clay mineralogy affects sandstone reservoirs. The
model used by Worthington (2008) explains that before porosity can be evaluated, the four

porosity logs (neutron, density and sonic logs) must be calibrated for clay mineral effects.

The significance of clay minerals in sandstone reservoirs cannot be denied or ignored. The role
and effects that clay minerals have on hydrocarbon production has to be thoroughly studied and

understood in order to accurately evaluate the reservoir potential.



Thesis Outline:

Chapter One: Introduction, Aims and Objectives
Chapter Two: Literature Review

Chapter Three: Regional Geology of the Pletmos Basin
Chapter Four: Methodology

Chapter Five: Petrophysical Analysis and Core Analysis
Chapter Six: Petrography and Geochemical analysis

Chapter Seven: Discussions and Conclusion

1.2. Aims and Objectives
The aim of the present research was to assess the effects of clay minerals on the petrophysical

properties of sandstone reservoirs in the offshore Pletmos Basin, South Africa.

The study was done by integrating, examining and interpreting the results derived from core
analysis wireline well logs study, thin section petrography and geochemical analysis. The
incorporation of all above mentioned analyses provided a clear indication and better
understanding on how the clay minerals affects the petrophysical properties of reservoir zones.
The petrophysical parameters (porosity, permeability and fluid saturation) were calculated from
the Interactive Petrophysics (IP) software program. Industry accepted mathematical formulae

were used to calculate the petrophysical property.



Objectives:

1.3.

Identify reservoir zones from each of the selected wells.

Identify and construct lithofacies succession from the studied core samples.

Determine the depositional environment(s) of the identified lithofacies from the Core
analysis and gamma ray log shapes.

Calculate the petrophysical parameters (volume of clay, porosity, permeability and fluid
saturation) of the reservoir zones.

To identify the clay minerals present within the reservoir zones.

To quantify the clay minerals, present in the reservoir zones.

Scope of work

The scope of the work is outlined below:

Delineation of reservoir zones using Interactive Petrophysics software.

Basic petrophysical properties are calculated using Interactive Petrophysics software
program.

Thin section petrographic analysis was done to understand the basic mineralogical
composition of samples.

The QEMSCAN petrographical study was used to quantify the clay minerals present in
each sample.

Quantification of clay minerals gives a better understanding on the effects of these on
reservoir quality.

Analysis of interstitial pore waters of the reservoir sands to know the influence of Ec and
pH.

X-ray diffraction (XRD) analysis was done to infer semi — qualitative mineralogical

composition of the reservoir zone.



1.4. Location of the study area
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Figure 1.4.1: Location of the Outeniqua Basin as well as displaying a section
location of the Pletmos Basin (Broad et al., 2006).

The study area is located in offshore Pletmos Basin (Figure 1.4.1) which is a sub-basin within a
larger offshore Outeniqua Basin (Table 1.0 and Table 1.1). This basin together with the
Bredasdrop, Gamtoos and Algoa basins forms the Outeniqua Basin. Together these sub—basins
form part of a group of divergent basins located along the southern region of the African Plate in
the Indian Ocean.

The Pletmos Basin is located approximately 90km SSE of George, a town located in South
Africa. It is situated between the Infanta Arch to the South West and the St Francis Arch to the
North East. The Pletmos Basin is orientated in south-easterly direction and about 200 km long

and 150 km wide and covers an area of about 20 000 km?



Table 1.0: Names and locations of wells studied

Wells Total Depth | Kelly bushing | Coordinates
(m) to sea level (m)
Ga-S1 3700 25 Latitude: 34° 50’ 01, 26” S
Longitude: 23° 45’ 20, 73” E
Ga— Q1 3249 26 Latitude: 34°37° 10, 00” S
Longitude: 23° 46’ 53,60” E

Table 1.1 List of samples taken from respective wells

Well Ga-S1 Well Ga-Q1
Sample depths (m) Sample Depths (m)
3028.88m 2330m

3030.45m 2334m

3033.65m 2337m

3036.90m 2339m

3039.82m 2344.30m
3044.50m 2347.27Tm

1.5. Exploration activity in the Pletmos Basin

In 1968, the first offshore well was drilled by the Superior Oil Company. An oil and condensate
discovery (Lower Cretaceous, syn — rift shallow marine sandstones) from well Ga — A1, Block
11a (Figure 1.5.1) was also made by the Superior Oil Company and is located in the Pletmos
Basin (PASA, 2013). The syn rift shallow marine sandstones from Well Ga-Al produced mostly
gas at commercial rates of 22MMscfd (Roux, 1997). A total of 38 wildcat wells have been
drilled throughout the Pletmos Basin and the Infanta embayment (Figure 1.5.1) the targets were
the synrift structures (Roux, 1997). Sandstones at depths of 1565m -2500m has good porosities
of up to 25% and averaged in the region of 11% to 18%, permeability values ranges between 10
and 100mD (Roux, 1997).

The two wells, Ga—Q1 and Ga-Qz2, that were drilled south of well Ga—Al (Southern Pletmos
Basin) (figure 1.4.1) encountered gas saturated sandstones within the synrift succession. In the

adjacent Bredasdrop sub-basin (Block 9) (figure 1.5.1) has been subjected to more drilling and



seismic activity during 1980’s. As a result, in the Bredasdrop Basin a number of commercial oil
and gas fields have been discovered (PASA, 2013).

BLOCK LOCATIONS

Plettenberg bay
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Figure 1.5.1.: Block location of the sub-basins in the Outeniqua Basin
(Top) and Location of discoveries in the Pletmos Basin (bottom),
modified after (Roux, 1997).



CHAPTER TWO: Literature Review
2.1. Clays and Clay Minerals

Clay minerals have the distinctive property of having particle sizes of less than 4 nm
(Wentworth, 1922). Clay minerals can be classified based on their chemical composition, that
being an assorted group of hydrous aluminosilicates. Four different groups of clay minerals exist
namely: The Kaolinite group, the Chlorite group, the Illite group and Smectite—Montmorillonite
group. In this chapter the distinctive properties of each clay mineral group will highlight their

effects on reservoir properties.
2.1.1. Kaolinite Group

Kaolin, is also referred to as China Clay, is soft white clay. It is naturally a white, soft powder
primarily consisting of the mineral Kaolinite. The mineral Kaolinite was discovered (1867) and
named after a hill in China called Kao-ling from which it was mined. Kaolinite consists of a
group of minerals with a general formula of Al2 Si2 Os (OH)s. The Kaolinite group consists of
polymorphs (Grim, 1950). The Kaolinite group has a simple crystal structure; we see a silicate
sheet (Si20s) bonded to an aluminum hydroxide layer (Al> (OH4)) also known as the gibbsite
layer. The members that make up the Kaolinite group are: Dickite, Nacrite and Kaolinite (Ruiz
and Cruz, 1994). The Kaolinite group generally occurs in the shape of a booklet and vermicules

consisting of pseudo—hexagonal crystals that grow at the expense of feldspars and micas.

Authigenic clay minerals have severe effects on the reservoir as they are formed due to rock-
fluid interactions. The most common clay minerals in sandstone reservoirs are Kaolinites and
Illites (Beaufort et al., 1998). The dominant clay mineral found in crustal rocks where fluid flow
has occurred is Dickite and Nacrite (Kaolinite group) (Parnell et al., 2000). The formation of
Kaolinite can occur in two ways: from acidic meteoric fluids in a weathering environment
(Estoule — Choux, 1983), aluminium rich basinal fluids or from the dissolution of feldspars
(MacLuagling et al., 1994). Hydrothermal fluids interaction with rocks has also been identified
as a significant process in the formation of Kaolinite (Schroeder and Hayes, 1968). Thus, the

general consensus is that Kaolinite is formed due to the hydrothermal alteration of micas and



feldspars. The hydrothermal alteration process occurs below 120° and as a result is not prone to

shrinking or swelling regardless of their water content.

The precipitation of Kaolinite affects the porosity and permeability values. This is occurs when
coalification acidizes the depositional environment. The reduction in porosity and permeability
values occur due to dissolution of feldspars and micas and meteoric flushing (Bjorlykke, 1983).
Ehrenberg, (1991) demonstrated the significant role of acidic environment in the formation of
Kaolinte. He observed Kaolinite formation at the top and bottom of the Garn Formation Shelf
(Norwegian Continental) sandstones. Grim (1951), noted that Kaolinte is not abundant in ancient
sediments compared to sediment of younger age. Therefore, this meant that the Kaolinte clay
mineral must have altered into another clay mineral. The usage of SEM and XRD can identify
and separate allogenic Kolinite from authigenic Kaolinite. Detrital Kaolinte is poorly crystallized
and is fine grained when observing under the thin section microscope and SEM (Hancock and
Taylor, 1978).

2.1.2. Chlorite Group

The hydrothermal alteration of metamorphic rocks rich in ferromagnesian minerals results in the
formation of the Chlorite clay mineral group (Bailey, 1988). Fe-Mg- rich minerals such as
biotite, garnet, pyroxene and amphibole are crucial in the formation of the chlorite group clay
minerals. The Chlorite group forms in an alkaline environment (pH values above 7) with high
iron content (Berger et al., 2009). They are characterized based on the dominant metal. The
Chlorite group members are: Pennantite (Mn — rich), Nimite (Ni — rich), Clinochlore (Mg — rich)
and Chamosite (Fe — rich) (Bayliss, 1975). The formula of chlorite group is given as
(Mg,Fe)3(Si,Al)a010(0OH)2-(Mg,Fe)3s(OH)e. The crystal structure is characterized by have a

hydroxide sheet surrounded by three divalent cations. Chlorite group minerals are trioctahedral.

The chlorite group are considered pore — lining minerals. This means that the clay mineral
precipitate and line the pores in reservoirs. The formation of early authigenic chlorites has
always preserved pore spaces from pervasive quartz cementation. The origin of the Chlorite
group minerals is complex. It is controlled by the source, pore water chemistry, early clay
minerals and opening and sealing of pore spaces (Huang et al., 2004). As a result, Chlorites does

not affect the porosity in a negative way but does negatively affect the permeability to a point.



The chlorite group minerals are also considered a non — expansive clay mineral. Chlorites are
responsible for anomalous porosity and permeability values (Sun et al., 2008), specifically in the

deep sandstone reservoirs (Bloch et al., 2002).
2.1.3. llite Group

The Illite group clay minerals are characterized by their non — expanding nature. The Illite group
has a dioctahedral crystal structure. The general formula of Illite group is (K H)AI2(Si,Al)s010
(OH)2-xH20, where x represents the amount of water that this group could contain This clay
mineral group is structurally very similar to muscovite. It consists of a central octahedral sheet
with two inward—pointing silica tetragonal sheets (Pevear, 1999). The main difference between
illite and muscovite is that on average illite has more silica, iron and magnesium and water with
less aluminum and potassium interlayer. The Illite group has an iron rich member called
Glauconite. In argillaceous rocks lIllites are the dominant clay mineral where they formed due to
the weathering of primarily feldspars and the alteration of other clay minerals. Neutral to alkaline
pore fluid conditions and high concentrations of potassium and aluminum in general support the
formation of illite. In marine environments Glauconite forms authigenically and occurs as
pallets. Illite clay minerals need to be studied because of their pore-bridging nature. The
occurrence of illite in reservoirs severely affects the permeability of potential reservoirs. It has
been observed in the Permian Rotiliegendes (North Sea) that illite replaces kaolinite (Lanson et
al., 2002). The presence of Illite in the Rotiliegendes sandstones does not affect the porosity but

negatively affects the permeability.

2.1.4. Smectite/Montmorillonite Group

The general formula of the Smectite group is (Ca,Na,H)(Al,Mg,Fe,Zn),(Si,Al),01,(OH).-xH,0O
where x represents the amount of water that members of this group could contain. The group
consists of minerals like vermiculite, talc, montmorillonite, nontronite and sauconite. The crystal
structure of the Smectite group is either trioctahedral or dioctahedral and consists of silicate
layers sandwiching a gibbsite or brucite layer (Guven, 1988). This results in a stacking sequence
(s-g-s layers) with variable amount of water molecule in between s-g-s layers. Smectite group

clay minerals are consider expanding clay minerals. The clay minerals of the smectite group



forms in alkaline conditions when volcanic ash is chemically altered (Bilbey et al., 1974; Owen
et al., 1989). When smectite comes into contact with fresh water, this has damaging effects on
reservoirs. (Guven, 1988) This is due to smectites larger surface area. A large surface area of a
clay mineral tends to always promote a reduction in permeability values in reservoirs. Poor
quality reservoirs always tend to have a reasonable amount of smectite present. Due to the
smectite group minerals accommodating variable amounts of water molecules, this results in

smectites ‘swelling” which in turn reduces porosity and permeability values of reservoirs.

Figure 2.1.1: SEM images showing the different authigenic clay minerals from different
basins (A) from Hirschau. South East, Germany idiomorphic platelets of Kaolinite (B)A
rose-like texture seen in the mineral Montmorillonite, from Miocene age Arkose, Madrid
Basin, Spain (C) the clinochlore (Mg — rich) mineral in Rotliegendes Sandstones,
Northern Germany and (D) Platey Illite from the Rotliegendes Sandstones, Northern
Germany, modified after (Samakinde, 2013).
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2.2. Core Description

Cores are long cylindrical-shaped samples of subsurface rocks. They are retrieved using a long
core barrel and cut using a special coring bit. The core barrels vary from 9m to 17m (Reifenstuhl,
2002). The study of conventional cores is a fundamental component for understanding
subsurface rocks as it provides a true reflection of the rocks. The basic information that can be
derived from the studies of conventional cores are: location of core (longitude and latitude),
depth and core length. A detailed core analysis provides information on: the rock type, colour,
texture, grain size, sorting, facies, sedimentary structures, fossils, chemical composition,
compaction and hydrocarbon occurrence. Therefore, valuable information can be derived from
the analysis of conventional cores and that’s why it is crucial to study. A general understanding
of the reservoir’s behavior can be obtained from integrated studies of petrographic thin sections
with megascopic studies of core and interpretations. Sampling of cores provides accurate
information but damage can be done if test procedures, sampling and handling are done
incorrectly (Sinclair and Duguid, 1990). Cores can be damaged by plugging or partial
disintegration of formation which results in increased petrophysical values (Hurst, 1987).
Procedures such as drying of samples can lead to water content being lost in clay samples. It is
common to integrated core analysis with other petrographic methods such as SEM or XRD for a
qualitative purpose. A common discrepancy is that different laboratories will use different
procedures and methods for core analysis. For example, a laboratory measuring porosity using

humidity — controlled dried core plugs are always lower than oven-dried core plugs.

|

.

K
T )
R

il
=
M"ﬂ

B
-
B
=
‘-'i
et

)

) TRED
;MWW"“'

ja=<

Figure 2.2.1: Showing the layout of Cores (MN drill core library,
http://www.hutchk12.org/geo/mngeo/pagel9.html , 02/04/2019)

11


http://www.hutchk12.org/geo/mngeo/page19.html

Figure 2.2.2: Percussion Sidewall — Coring Scheme, (SWC sidewall coring,
www.youtube.com, 02/04/2019)

2.3. Depositional Environment

Each depositional environment is unique and therefore possesses its own unique processes,
physical, chemical and biological processes that allow specific sediments to be deposited. Each
depositional environment can be closely linked with the abundance and occurrence of clay
minerals. Shammari et al., (2011) studied the depositional environments of sandstones found in
Unayzah, Saudi Arabia and concluded that clay coatings were present in all observed
depositional environments. By observing all depositional environments Kaolinite is the most
dominant clay cement apart from aeolian settings and is most abundant in mature quartzose and
subarkosic sandstones. In quartzose/subarkosic sandstones that were deposited in an aeolian and
fluvial setting abundant Illite will be found (Kupecz et al., 1997). In deep marine depositional
environments Smectite is common. However, volcanic ash deposited in a non-marine
environment (fresh water) will alter to Kaolinite, whereas when volcanic ash is deposited in a
marine environment it will alter to Smectite (Bohor and Triplehorn, 1993). Glauconite is found

in marine environments that are characterized by alkaline waters.
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2.4. Petrophysical Properties

Petrophysical properties are the fundamental components of reservoirs. The Interactive
Petrophysics software program was used to analyze wireline logs in detail to determine the

petrophysical properties of reservoir intervals.
2.4.1. Porosity

Porosity can be simply defined as the volume of the void spaces that contain fluids to the total
volume of the rock. The pore spaces reflect the ability of the rock to hold fluids in it. It is
generally represented as a percentage (%). Porosity can be calculated using two methods: 1)
direct measurement from core samples 2) using wireline logs to calculate porosity.
Interconnected pore spaces are regarded as the effective porosity as it allows the flow of fluids.
Total porosity includes all pore spaces (isolated and interconnected) (Levorsen, 1967). Defined
by many authors (Juhasz, 1990 and Clavier et al., 1984), Effective Porosity = Total porosity —

volume of isolated pore spaces.

Porosity can be considered primary or secondary. Primary porosity forms upon deposition.
Secondary porosity forms after initial deposition and is a result of dissolution of unstable grains
caused by compaction. The porosity of a particular rock is dependent on factors such as, rock
type, arrangement of grain and matrix. Information with regards to porosity can be derived from
neutron, density and sonic logs. A combination of the three logs gives a good indication of the

porosity values and type of rock

Fe= fT' VDd)T= (pma - p)/ (pma' (phc'(1'5x0)+pmf'Sxo))

The grain density is rma, the density log measurement is r, in-situ hydrocarbon density is rnc

(from pressure data or sampling), the mud filtrate density is rmf (from correlation charts

normally) and the invaded zone water saturation is Sxo.
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Figure 2.4.1: Porosity identification in various types of rocks

(http://www.amiadini.com/Newsletter Archive/110128-NL143/envEnl-143.html)

2.4.2. Permeability

Permeability is a measure of the rocks ability to allow fluids (water, oil and gas) to flow through
it. A high permeability means that the rock allows the fluid to flow easily. The permeability of
rock depends upon the pressure gradient as well as the porosity of the rock unit. Permeability is
is expressed in millidarcys (mD).

Permeability is an important component in reservoir studies because it expresses fluid flow rates.
There are two methods used to calculate the permeability from wireline logs: Interactive
Petrophysics software and Carman-Kozeny equation (1968). Hydraulic conductivity and intrinsic
permeability are the two measures of permeability. Hydraulic conductivity is dependent of the
properties of the fluid while intrinsic permeability is related to the fluid in the reservoir. In a
reservoir the size of the grains and the sorting of the grains have major implications on the

permeability (Beard and Weyl, 1973). Rocks that are well sorted with coarse grains tend to have
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larger pore spaces which results in good permeability values, while poorly sorted rocks
experience a significant reduction in permeability. Clay minerals also have an significant affect
on the permeability and it is dependent on their distinctive properties (Stalder, 1973). Pore —
filling clay minerals affect the permeability more than pore — lining clay minerals (Pallat et al.,
1984). However, if a reservoir has a significant amount of chlorite and illite, it will significantly

affect the permeability of that reservoir.

Darcy’s equation defines permeability:
K=Qu/A (AP/L),

K = Permeability (Darcy)

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

L = Length of rock (cm)

AP = Change in pressure (psi)
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[ | | | I | [ | 1 I 1 I I |
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INTRINSIC PERMEABILITY (millidarcys)

Figure 2.4.2: The permeability ranges of different rocks (Garven, 1986)

15



2.4.3. Fluid Saturation

When studying potential hydrocarbon reservoirs, petroleum geologist wants to know what fluids
occur in that reservoir as well as the volumes of that fluid. The calculation of fluid saturation is a
crucial tool in petroleum reservoirs. Fluid saturation can be simply seen as the ratio of
water/hydrocarbons volume to pore volume in a reservoir. For example, this means that out of

100% of the pore volume, water occupies 30% and hydrocarbons occupy 70%.

In a reservoir, the hydrocarbons will always occur above water due to their respective density
differences. Migration of hydrocarbons into pore spaces will displaces connate water downward.
In reservoirs it is very important to know the position of the hydrocarbon-water contact.
Knowledge of this contact will allow geoscientist to plan production techniques. This will ensure

efficient and effective recovery of hydrocarbons.

Archie (1942) formulated a resistivity index (RI) that linked fluid saturation to electrical
conductivity/resistivity of the formation. The resistivity index (RI) was the ratio of true
resistivity of formation rock (Rt) to the resistivity of the same rock filled with water (Ro). RI=
Rt/Ro
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CHAPTER THREE

3.1. Geological setting

The Pletmos Basin forms part of the larger basin called the Outeniqua Basin. Offshore rift and

post rift basins north of the Algulhas Falkland Fracture Zone forms part of the Outeniqua Basin.

(AFFZ) (Figure 3.2.1). The Outeniqua Basin is made up of four syn-rift basins the basins are: the

Bredasdrop Basin, the Pletmos Basin, the Gamtoos Basin and Algoa Basin. The Bredasdrop and

Pletmos basins are located in the western region of the Outeniqua Basin and the Gamtoos and

Algoa are situated to the east of the Outeniqua Basin. The Outeniqua Basin is constrained by

basement highs to the east, the St Francis Arch, and in the west by the Algulhas Columbine Arch

(Brown et al., 1995).

3.2. Paleogeography
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Figure 3.2.1: A diagram showing where the breakup of Gondwana initiated 190 -100 Ma ago
(Scotese, 2002) and (De wit et al., 2001).

17



Research conducted by Dingle, et al. (1983) where he looked at magnetic survey anomalies,
suggested that rifting between the Antarctic and Africa plates started to the west of Madagascar.
This was when Southern Gondwana (figure 3.2.1.) started to break up between 143 Ma and 133
Ma years ago. Around 127 Ma ago south western Gondwana began to break up into the South
American and African plates along the AFFZ (Larsen and Ladd, 1973) (figure 3.2.1).

During the Valanginian, the rifting phase came to an end (Figure 3.3.3.). The end of the rifting
phase was accompanied by extensive erosion of a drift onset unconformity and regional uplift
(126 Ma). During this period the initial formation of the post rift Pletmos Basin occurred as a
result of a combination of various Algulhas rift basins. During the early Aptian (around 112 Ma),
movement of the Falkland plateau westwards ended, this resulted in a third episode of post rift

basement erosion and uplift (Brown et al., 1995).

3.3. Depositional setting

The Pletmos Basin covers an area of about 18000 km? and consists of post rift, syn rift | and I
Cretaceous sediments (PASA, 2010). The basin is bordered to south west by the Infanta
Embayment and to the north east by the St Francis Arch (figures 3.3.1. and 3.3.2). The Pletmos
Basin is a NW-SE trending basin that can be divided into five segments: Northern, North
Eastern, Plettenberg, Southern and South Eastern segments (Brown et al., 1995). The Pletmos,

Superior and Plettenberg faults confine the five sub basins.

S Dowe

! ST, FRANCIS

Figure 3.3.1: Map of the Pletmos Basin and its sub-basins with its major bounding
faults (Brown et al., 1995).
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Figure 3.3.2: Schematic geological cross section of the Pletmos sub-basin, illustrating the
structural styles present as well as the stratigraphic subdivision (Roux and Davids, 2010).

The synrift 1 phase during Cretaceous period seen throughout the Pletmos Basin was influenced
by siliciclastic depositional systems. According to Brown et al. (1995), second order tectonic
episodes (variations in sediment supply rates, accommodation and subsidence rates and
increasing open marine activities) resulted in a change of depositional system. Three distinctive
depositional systems can be observed in the Pletmos Basin. The depositional systems vary from:
fan deltaic systems (126-117.5 Ma), river to tide dominated embayment systems (1175-112 Ma)
and open marine wave and river dominated systems (112-68 Ma) (Brown et al., 1995). The
basin-wide uniformities D, 1Atl and 13Atl delineates the onset of rift transitional to early drift
and late drift phases of sedimentation seen in Pletmos Basin (figures 3.3.2 and 3.3.3.). North of
the Superior fault (figure 3.3.2.) and north of the Pletmos fault is where thick sediment
accumulations of interval D to 1Atl are found. Interval D to 1Atl consists of inner to outer shelf

sandstones with non- marine green and red beds (McMillan et al., 1997).
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Figure 3.3.3: Generalised stratigraphic chart of the Pletmos basin (PASA, 2010).

3.4. Structural controls and sediment input

According to McMillan, et al. (1997) an extensional stress orientated regime between horizon D
and 1Atl (Kimmeridgian to Late Valanginian) (figure 3.3.3.) led to the development of horst and
graben system as well as accumulation of thick packages of sediment. The three faults in the
Pletmos Basin enforce significant structural controls on the basin. Upper Jurassic and Lower
Cretaceous synrift 1 reservoirs have structural closures while post rift sediments required the
development of stratigraphic trap plays (Brown et al., 1995)

3.5. Basement controls
The pre — Mesozoic basement has only been penetrated by a few wells in the Pletmos Basin but
only on basement highs. The pre — Mesozoic consists of Ordovician — Silurian quartzites
(McMillan, et al., 1997).
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3.6. Stratigraphic controls

Stratigraphic controls are influenced by the deposition of the lowstand reservoirs. Marine
transgressive shales are considered as seals (Brown et al., 1995). Unfavorable diagenetic damage
within the lowstand tracts to porosity, permeability, textural and grain constraints lead to poor

migration of hydrocarbons (Brown et al., 1995).

3.6.1. Facies

According to McMillan, (2003), the Bredasdrop Basin and Pletmos Basin have a distinct
similarity in depositional sequence. Horizon D to 1Atl (Kimmeridgian to Late Valanginian)
graben fill succession, consists primarily of marine shelf (figure 3.3.3) grey claystones and

glauconitic sandstones with red fluvial claystones.
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CHAPTER FOUR

4.1. Materials and Methods

The present chapter discusses the various materials, methods and techniques used in the study.
The flow chart below illustrates the procedure utilized to achieve the desired aims, objectives
and results from the analyses used in this study. The software program IP (interactive
Petrophysics) was used in this study. The core samples were collected from the Petroleum
Agency of South Africa (PASA), Cape Town and used for geochemical and petrographical
analyses. Digital wireline logs and geological well completion reports of the two wells (Ga—Q1
and Ga-S1) were also collected from PASA. Materials received from PASA are listed below:

1. Core samples from selected depth intervals (Table 1.1).
2. Wireline log data (Gamma ray, neutron, density, resistivity and sonic)
3. Geological well completion reports of the well Ga—Q1 and Ga-S1)

METHODOLOGY

¢ { ' v

CORE ANALYSIS PETROPHYSICAL GEOCHEMICAL STUDIES PETROGRAPHICAL STUDIES

l STUDIES l
CORE POROSITY XRD THIN
DESCRIPTIONS ESTIMATION SECTION

v ANALYSIS
PWC

\ 4
PEREMEABILITY
ESTIMATION v

QEMSCAN

GAMMA RAY
LOG SHAPE v

INTERPRETATION

v

FLUID SATURATION
ESTIMATION

Figure 4.1.1: Methodology framework
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A Petrophysical evaluation was conducted on well Ga — Q1 and well Ga — S1 using the
Interactive Petrophysics software program. Core samples were taken from the two wells. The
samples were used to do core (lithofacies description), geochemical (XRD and PWC) and
petrographical (thin section and QEMSCAN) analysis. The sampling depths were determined
based on: length and availability of core and the number of facies identified from core analysis.

Gamma ray log shapes were interpreted and used to confirm depositional environments.

The XRD analysis was a semi — qualitative/quantitative study of the minerals. Detailed
petrographic analysis was carried out on all thin sections. Properties like texture, grain size and
shape; mineral identification as well porosity estimation was conducted. The QEMSCAN
technique, which is a quantitative and qualitative method, was used to quantify clay minerals,
identify minerals as well as illustration the spatial distribution of identified minerals. Pore water

chemistry was conducted on samples to determine the pH and Ec of pore waters.

4.2. Wireline logs

In 1927 Marcel and Conrad Schlumberger became the first to apply geophysical logging to a
borehole in France. The aim of the method was to measure the electrical properties of the
subsurface rocks within the borehole (Schlumberger, 1972). Since then, geophysical logging has
become a fundamental tool in the petroleum industry. It is an important tool used by geologists
to gather information on subsurface rock succession. The information that can be gathered
around the borehole from geophysical logging is: the composition and physical properties.
Wireline logging is done by embedding a sonde in a drill string (LWD)-Logging while drilling a
well. Wireline logs can measure radioactive and electrical properties of the encountered borehole
rocks with depth and is done before landing of casing. Wireline logs can measure parameters
such as: resistivity, radioactivity (natural gamma radiation), travel time and density and the
parameters correspond with a depth. Wireline logs can be classified as follows:
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4.3. Methods of wireline logs usage

For the present research four wireline logs were used to calculate the petrophysical parameters of
the reservoirs. The four wireline logs are: Gamma ray log, resistivity, neutron log and density
log.

4.3.1. Gamma Ray log

The gamma ray log is used to measure the natural radioactivity of the rocks. The gamma ray log
measures the K, Th and U component found in sedimentary rocks. This helps to distinguish rock
types as it is accepted that the radioactive elements are found in clays and shales. The gamma ray
log is useful to correlate sand bodies and detect reservoir zones. The standard unit of
measurement for the gamma ray log is American Petroleum Institute (API). Generally, gamma
ray values of less than 45 API highlights clean sand. A gamma ray value of above 75 API
indicates a shale body while an API value of between 45 and 75 API indicates a shaly sand body.
The different API values indicate the radiation intensity of the formation. The API scale is
normally 0 -150 API. When the gamma ray curve deflects to the left it represents sandstone.
Sandstone intervals are usually coloured with yellow. When the gamma ray deflects to the right

it represents a shale unit. The shale units are represented by the colour green (Figure 4.3.2).
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Figure 4.3.1: Gamma ray tool (after Serra, 1984).
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Figure 4.3.2: Typical Gamma ray log response to lithology. Schlumberger,
(1972).

4.3.2. Resistivity log

The resistivity log measures and characterizes the electrical conductivity of the rock formation.
Resistivity is a fundamental component as it represents how strongly the rock opposes the flow
of current. Resistivity logs use electrical conductors to eliminate the resistance of the contact
leads. The resistivity log is run to the boreholes that have conductive mud filtrate. Electrical
properties of the formation depend on pore structure, geometry and water saturation. The
resistivity log plays a crucial role in formation evaluation. The various resistivity logs are

mentioned below:

4.3.2.1 Induction logs
This resistivity log makes use of a high frequency electromagnetic transmitter to induce current

into an undisturbed formation (formation distant from borehole) and measure the conductivity.

4.3.2.2. Laterolog

This a resistivity log applied in undisturbed formations. The log can identify over — pressure and
determine fluid saturations. The log essentially monitors drops in potential differences between
the electrode and tool. A drop in potential difference signifies changes of resistivity in the

formation.

4.3.2.3. Micro — Resistivity log
This tool measures the resistivity of the flushed zone and the invaded zone. This tool does not
reflect the true resistivity of the formation.
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4.3.3. Neutron log

When geological formations are bombarded with a radioactive source (electronic neutron
generator), which is always neutrons, the neutron log will measure the concentration of hydrogen
ions in the formation. Fast emitted neutrons emitted from radioactive sources will interact with
atoms of similar atomic mass, which are usually hydrogen atoms. Hydrogen atoms are always
prominent as they occur in water and hydrocarbons. Due the collisions, the fast-moving neutrons
will slow down and start to disperse energy. As the neutrons continuously slow down they are
absorbed into the nuclei of heavier atoms. Due to this absorption they become unstable; gamma
rays are emitted after they lose energy. The emitted gamma rays are recorded by a detector. The
detector which positioned at a predetermined position from the source can measure:
concentration of epithermal neutrons, concentration of thermal neutrons or gamma rays emitted

as a result of the absorption.

The type of neutron logs that are run in boreholes:

4.3.3.1. Sidewall Neutron Porosity log

This tool is crucial in measuring the porosity of a reservoir section. This tool can be run in an
open hole or cased hole. However, casing and cement has to be taken into consideration and

corrections have to be made (Krygowski, 2003).
4.3.3.2. Compensated Neutron log
This tool is used in both open and cased holes and detects thermal neutrons. It has two detector

spacing’s and is sensitive to slow neutrons (Figure 4.3.3).

Apart from porosity identification, this neutron log can also determine lithological properties
when it is combined with the gamma ray log and when combined with density logs it can detect

gas bearing zones.
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Figure 4.3.3: lllustration of compensated neutron log (after Rider, 1996)

4.3.4. Density log

Density logging is another application of gamma ray in gathering data about subsurface
formations. Density logging tools rely on gamma-gamma scattering or on photoelectric (PE)
absorption. As a result, the density logging tool measures the amount of gamma rays scattered
back. A typical radioactive source is Cesium — 137 that emits gamma rays of 0.66 MeV into the
surrounding formations. At these high energy levels, Compton scattering is observed. Compton
scattering is the interaction/collision of fast-moving particles with electrons in the formation.
After every collision the gamma ray suffers an energy loss to the electron and then it continues
with diminished energy. As a result, the scattered gamma rays will reach a detector and will be
counted. These values reflect the formation density while the amount of Compton scattering is
proportional to the electron density of the formation.

4.3.4.1. Formation Bulk Density

Formation bulk density is the overall density of the rock and that encompasses pores spaces,
fluids trapped in pores spaces as well as the matrix. As a result, the density log measures the
density of the formation. Each rock type has specific density range, (Rider, 1996). See table 4.0

below.
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Table 4.0: the average density values of various rock types

Lithology Density Values (g/cm?)
Limestone 2.71

Sandstone 2.65

Dolomite 2.87 (reading in zero porosity)
Anhydrite 2.98

Salt 2.03

Shale 22-2.7

Coal 1.5+

4.4. Petrophysical properties
The interpretation of various wireline log suites will be used to calculate the petrophysical
parameters (volume of clay, porosity, permeability and fluid saturation). Interactive Petrophysics

(IP) software program will be used to accurately calculate the petrophysical parameters

4.4.1. Porosity
The density log is used to determine the porosity because it is highly accurate and has minimal
borehole effect

Porosity="Pma-Pb /Pma-Pf

An indication of gas bearing zones can be achieved by using a neutron-density log combination.
Log. Porosity from neutron log is thus calculated with the density log, where:
[0.5%(Dd2+Dcnl2)]0°

®d = Porosity reading from density log.

®cnl= Porosity reading from neutron log

For gas bearing reservoirs while for non-gas bearing reservoirs;

Total porosity= Density porosity + Neutron porosity /2.

Effective porosity is given as [Total porosity *(1-Vsh)] provided Vsh is calculated by the Steiber

method.
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4.4.2. Permeability

Permeability values would be derived by using Coates formula and is measured in milliDarcies.
K =Goeff 4 [DT - (Deff * Swir)/Deff * Swir

The Coates formulae for calculating permeability works well in shaly -sandy formation

Oeff = Effective porosity

O®T= Total porosity

Swir =lrreducible water saturation

4.4.3. Volume of shale

This is the measure of clay content present in the reservoir interval. The Steiber method was used
to calculate volume of shale

Using the Steiber equation (1970), Vsh (volume of shale) is calculated as:

Vsh = IGR/3-(2IGR)

4.4.4. Fluid saturation
Resistivity logs can be used to calculate the fluid saturation of hydrocarbon bearing reservoir
intervals. To ensure accurate calculation of fluid saturation values, the combination of deep and

shallow resistivity logs are used

Sw= [F*(Rw /Rt)]%®

Where F=a/Porosity™, Rw = Resistivity of water, Rt = True resistivity of the formation

The hydrocarbon saturation would be calculated as She=1 - Sw

Bulk volume of water (Vb) = Sw*Porosity

Sir= Vb/ effective porosity/ (1-Vsh?).Sir implies the minimum attainable amount of water that

can be displaced from the reservoir due to hydrocarbon migration.

When Sw=Sirr............. Hydrocarbon bearing intervals
SW St Hydrocarbon production likely
SWSSirr e Erroneous estimation
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4.5. Wireline log loading

Well logs were obtained from PASA and were formatted in LAS (Log ASCII Standard) files.
The LAS files were uploaded onto the Interactive Petrophysics program. The wireline logs that
were used: Gamma ray log, Resistivity, Density and Neutron. These logs were calibrated and

used to calculate petrophysical parameters for wells Q1 and S1.

4.6. Core description

Materials needed for core descriptions are:
e Hand lens
e Log sheet
e Sample bags
e Digital camera
o Water

e Measuring tape

The core of well Ga-Q1 and well Ga- S1 were laid out at PASA core laboratory. The cores from
both wells were 18m in length. The core logging process was done by analyzing the cores from
bottom and finishing up at the top of the core. Detailed core descriptions were done with
reference to the depth. The information obtained was: rock type, texture, grain size, colour,
sedimentary structures. All information obtained from core analysis was to identify lithofacies in
each core and photos of the core and important sedimentary structures were taken.

4.7. Thin section analysis

Thin section petrography involves the study of rock slide section under microscope. The
information that is derived from thin section petrography is: mineralogy, texture (grain size,
sorting, packing and porosity estimation). Rock samples were cut to about 5mm and thinned to
about 40 microns and mounted upon a thin section slide. Thereafter, the thin sections were
impregnated with an epoxy to prevent material loss and then polished. Thin section analysis is an
important technique as cements could be identified. Clay mineral is difficult to study under the

microscope (only Glauconite could be easily identified). Thin section results were compared
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with information of QEMSCAN and XRD to confirm mineral identification. The spatial

distribution of minerals plays an influential role in affecting the petrophysical properties.

4.8. X — Ray diffraction

XRD analysis of milled samples was conducted at Ithemba Labs x — ray facility, Cape Town and
used a Bruker D8 Advanced diffractometer. The main objective for using the XRD method was
to identify the clay minerals present within each sample. The XRD procedure was as follows.
First samples had to be milled to a fine powder and then put into separate containers. Thereafter,
the samples were analyzed at Ithemba Labs. The XRD method works as follows:
Electromagnetic radiation (X-rays) generated from photon energies (around 100ev to 1000 Kev)
penetrates deep into the sample to reveal the bulk X-ray structure. The experiment set up
includes a divergence slit of 3 degrees on the primary and secondary side. Samples prepared for
XRD analysis were measured from a 2-theta starting point of 10 degrees to 2— theta stop of 85

degrees with step a stop time 0.3s and a step size of 0.02 degrees

4.9. Quantitative Evaluation of Minerals by Scanning Electron Microscope (QEMSCAN)

QEMSCAN is the top of the range automated mineral analyzer. It is an analytical tool which
provides rapid, reproducible and statistically reliable quantitative information on minerals. The
purpose of the (QEMSCAN) was to quantify the identified minerals but more specifically the
clay minerals present. The QEMSCAN 650F uses a field emission gun —scanning electron
microscope (FEG — SEM) from FEI together with a high-resolution BSE (Back scattered
electron), a Bruker energy Dispersive Spectrometers (EDS) and a Spectral Analysis Engine
(SAE) to analyze mineral phases. The aim for using the QEMSCAN was to identify the clay
minerals present, quantify the identified clay minerals present and generate a particle map
illustrating the distribution of the minerals in a sample. Samples (thin sections) were prepared by
carbon coating each sample before being analyzed by the QEMSCAN. Each sample was
analyzed for about 6 to 8 hours. The result thereof was the identification and quantification of the

clay minerals as well as a low-resolution digital map generated by the field scan measurement
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technique together with the Bulk Mineralogical Analysis (BMA) which give the statistically

information of the minerals identified.

4.10. Pore water chemistry

Pore water chemistry is the measurement of the concentration of hydrogen ions -
acidity/alkalinity (pH) and electroconductivity (Ec) of the pore fluids. The Eckert method (1998)
was used. The procedure to determine the pH and Ec, was to first crush core rock samples and
then weigh 5 grams thereof. The crushed samples were dissolved with 50 ml of ultra water in a
beaker. The solution in the beaker was spun in a centrifuge machine for 20min and allowed to
settle for 20min. The solution was then poured through 50-micron filter paper and a clear
solution was captured. The solution was then analyzed using a pH meter probe to determine the
pH and Ec of the solution.
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CHAPTER FIVE
5. Introduction: Core and Petrophysical Analysis

In this Chapter two key aspects are analyzed and interpreted: Petrophysics and Core analysis.
The description of cores together with interpreting the gamma ray log curve response derived
from the IP program resulted in the identification and interpretation of the depositional
environments. The petrophysical parameters of the reservoir zones are calculated using the

Interactive software program (IP).
5.1. Petrophysical Analysis of wireline logs

The wireline logs used for this work are: 1) the gamma ray log 2) the sonic log 3) resistivity
(shallow and deep) logs 4) neutron logs and 5) density logs. Interpretation of these wireline logs
is crucial to accurately calculate the petrophysical properties. The combination of shallow and
deep resistivity logs was used to calculate fluid saturation values. A combination of density and
neutron logs were used to calculate porosity values. A linear regression formula obtained from
on Interactive Petrophysics was used to calculate permeability values. The conventional core
data (from PASA reports) of some petrophysical properties and the calculated petrophysical
parameters derived from the Interactive Petrophysics software program from the two wells were

compared and correlates in a near perfect manner.

Petrophysical analysis was conducted on two wells: Ga- Q1 and Ga- S1. The cored data
(porosity, permeability and water saturation) that was obtained from the conventional core
analysis (PASA reports) was used to calibrate the calculated porosity and permeability logs. The
volume of clay for each cored interval was established and used to classify the type of reservoir.
The following volume of clay parameters was used: less than 10% = sandy reservoir, 10% - 35%
= shaly/sand reservoir and lastly, more than 35% = shaly reservoir.
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5.1.1. Petrophysical Analysis of Well Ga — Q1
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Figure 5.1.1.1: Logs suites interpreted for well Ga -Q1

In well Ga-Q1, cored interval of 18m is analyzed and it ranges from 2329m to 2347m. In track 3
(GR log), the gamma ray log differentiates between sand and shale intervals. In order to
differentiate between the sand and shale, a gamma ray log baseline had to be established. This
was established by generating a GR histogram (Figure 5.1.1.2) and checking the average API
value for the well. The baseline of 90 API was set for well Ga- Q1.

Looking more into detail the following petrophysical parameters were calculated using
Interactive Petrophysics: track 5 permeability values (K), track 7 fluid saturation value (Sw),

track 8 porosity values and track 9 volume of clay.

The volume of clay content for the cored interval was used to establish the type of reservoir. The
average volume of clay calculated for the cored interval is 40% making the cored interval of well
Ga- Q1 a Shaly reservoir. Furthermore, the average GR reading for the cored interval is 78 API
(Minimum GR reading of 57 API and a maximum GR reading of 96 API) and the GR (mode) is
74 API. The API readings together with the gamma ray log (track 3) confirm the shaly nature of
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the reservoir. In track 5, the average calculated permeability (K) was 0.2 mD. The permeability

from the top of the core to the base ranges from 0.1 mD to 2,5 mD. The average calculated

porosity (Track 8) was 9% and by analyzing the core from top to base the porosity ranges from

5% - 17%. The calculated fluid saturation (Track 7) was 80% water saturated.

Table 5.1.1: Petrophysical parameters of the cored interval (2329m — 2347m) derived from IP

Well | Avg. | Reservoir | Avg. Avg. Avg. GR(Avg. | GR(min. | GR(max.
VCI | type Porosity | Permeability | Fluid of core) | of core) | of core)
(%) (%) (mD) Saturation | — API — API - API
(%)
Ga - | 40 Shaly 9 0.2 80 (Sw) 78 57 96
Q1
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5.1.2. Petrophysical Analysis of Well Ga-S1
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Figure 5.1.2.1: Log suite interpreted for well Ga — S1

In well Ga—S1 one cored interval of 18m was analyzed and ranging of 3028m to 3046m. In track
3 (GR log), a gamma ray baseline had to be established to differentiate sand and shale bodies for
the well. A GR histogram (See figure 5.1.2.3) was generated to calculate the APl average for the
well. A baseline of 85 API was set for well Ga — S1.

Looking more into detail the following petrophysical parameters were calculated using
Interactive Petrophysics: track 6 permeability values (K), track 7 water saturation value (Sw),

track 8 porosity values and track 9 volume of clay.

The volume of clay content for the cored interval was used to establish the type of reservoir. The
average volume of clay calculated for the cored interval is 21% making the cored interval of well
Ga — S1 a shaly/sand reservoir. Furthermore, the average GR reading for the cored interval is 59
APl (Minimum GR reading of 48 APl and a maximum GR reading of 117 API) and the GR
(mode) is 56 API. The API readings together with the gamma ray log (track 3) confirm the sandy
nature of the reservoir. In track 6, the average calculated permeability (K) was 0.3 mD and
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ranges from 0.1 mD to 4 mD. The average calculated porosity (Track 8) was 12% and ranges

from 8% to 18%. The calculated fluid saturation (Track 7) was 42% water saturated.

Table 5.1.2: Petrophysical parameters of core interval (3028m — 3046m) derived from IP

Well | Avg. | Reservoir | Avg. Avg. Avg. GR(Avg. | GR(min. | GR(max.
VCI | type Porosity | Permeability | Fluid of core) | of core) | of core)
(%) (%) (mD) Saturation | — API — API — API
(%)
Ga- |21 Shaly/sand | 12 0.3 42 (Sw) 59 48 117
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Figure 5.1.2.2: Volume of clay histogram of the cored interval from well Ga - S1, used to

classify the cored reservoir interval.
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5.2. Core Analysis
The most important information derived from core analysis is the Lithological and lithofacies

identification.

Two cores were obtained from the two wells Ga-Q1 and Ga-S1. The total lengths of the cores
are: well Ga-Q1 = 18m and well Ga-S1 = 18m. An approach used by Nieto (1998) was used to
identify different facies. Nieto’s approach identified facies based on the rock type, colour, grain
size, mineralogy and sedimentary features. Variation in grain size was used to differentiate
between the different groups of facies. Based on the approached used by Nieto (1998), two
different facies were identified from the cored intervals. Facies A is identified in well Ga- Q1

and Facies B is identified in well Ga-S1.
5.2.1. Conventional core analysis

The measurement of porosity, permeability and fluid saturations (water, oil and gas) are included
in the conventional core analysis. These three parameters are fundamental components to
understand the dynamics of the reservoir. The measured parameters provide information about
whether the reservoir rocks pore spaces contain fluids (porosity), whether the fluids in the pore
spaces are filled with hydrocarbons and could these hydrocarbons be produced (permeability)?
This analysis focuses on analyzing and interpreting a predetermined area of interest (e.g. a cored
interval). The analysis is performed on lithologies such as sandstones, shaly sands and
carbonates. As mentioned above the analysis was conducted on well Ga-Q1 and well Ga- S1. All
the conventional core analysis results presented in this study were obtained from the

conventional core analysis and core description reports provided by PASA
5.2.1.1. Well Ga-Q1 Cored interval

Core 1 was cut at a depth between 2329m and 2347m and 100% of the core was retrieved. Core
1 was cut to evaluate a drilling break and gas show. Core 1 consisted of predominantly
coarsening upward shallow marine sandstones (argillaceous) with minor amounts of siltstone and
claystone. Core permeability values ranged between 0.21 mD and 2.51 mD, Core porosity values
ranged from 5% to 15% and water saturation values ranged between 63% and 77% (PASA
report). The conventional core analysis included grain density, gas expansion (helium) porosity,

air (Ka) and liquid (KL) permeability) and fluid saturation (water, oil and gas).
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The table (Appendix A) represents the results obtained from the conventional core analysis of

well Ga — Q1 and was used to calibrate wireline log data.
5.2.1.2. Well Ga-S1 Cored interval;

In well Ga- S1, three cores were cut below horizon 13Atl in order to evaluate good drilling
breaks and gas shows. For this study Core 1 was used to conduct the study. It was cut at a depth
between 3028m and 3046m (100% of core 1 was retrieved). Core 1 consisted of extensively
bioturbated inner shelf sandstones. Core porosity values ranges between 8% - 18%, core
permeability values ranged between 0.1 mD and 4 mD and water saturation values ranged
between 41% and 68% (PASA report).

The table (Appendix B) represents the results obtained from the conventional core analysis of

well Ga- S1 and was used to calibrate wireline data.
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5.3. Lithofacies Descriptions
5.3.1. Lithofacies description of Well Ga- Q1

Within well Ga - Q1, one facie (Facie A) was identified within the 18m cored interval. Facie A is
characterized by a coarsening upward sequence. The base of the core is characterized by siltstone
and gradually coarsens to the top of the core to a fine — grained to medium- grained sandstone.
Facies A consists of laminated mud, silt and fine-grained sand which are rippled and burrowed.
Petrography ranges from glauconitic protoquartzite to feldspathic sand. The cored interval is
greyish in colour and can be classified as glauconitic sandstones. The sedimentary features
present are asymmetrical current ripples (ripple lamination) preserved only in the sandy sections
as well as low angle planar cross bedding. Burrowing is intense, which results in the disruption
of bedding in silty sections. The type of burrowing that occurs within the cored interval is
vertical burrowing. Heterolithic lamination is also observed in the cored interval. The heterolithic
lamination is sand-dominant. Sand — dominated heterolithic lamination is also known as flaser
bedding and is a distinctive feature of the inter-tidal deposits. Rippled sand that migrate over a
muddy substrate result in the formation of flaser bedding. Facies A can be interpreted as being

coarsening upward tidal bar unit deposited in the inter — tidal zone of the Tidal flat environment.

A) lllustrates a 10cm thick medium
grained sandstone with low
angle (15 deg.) planar cross
bedding at 2330, 74m B) At
2330m (top of section), we find
flaser bedding — incomplete mud
laminae trapped in ripple troughs
during periods of low water and
the bottom, we see asymmetrical
ripplies (amplitude 5mm and
wave length 5cm) C) illustrates
the vertical burrowing (12cm
long) seen in the silty sections at
2346m

Figure 5.3.1.1: Images of the core interval from PASA, indicating Facie A and specific sedimentary
features identified from well Ga — Q1.
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5.3.2. Lithofacies description of Well Ga- S1

Within well Ga- S1, one distinctive facie (Facie B) was identified within the 18m cored interval.
The cored interval could be described as having a siltstone base and coarsening upward where
we found a fine grained sandstone top of core. The majority of the core is viewed to be fine
grained sandstone with a section near the top of the cored considered as medium grained

sandstone.

Facies B consists of very fine to fine grained sandstones and occasionally medium grained
sandstones. The sandstone is glauconitic and slightly carbonaceous to carbonaceous. Facies B is
intensely bioturbated. As a result, the bioturbation has obscured any original sedimentary
features. The abundance of trace fossils, Helminthoida and Ophiomorpha nodosa are found
(PASA report). These trace fossils only occur in the lower shoreface to transitional zone
(Balseley, 1988). Therefore, Facies B can be interpreted to be deposited in the Lower shoreface

zone of the Beach environment.

A) At 2328, 3m, illustrates a fine grained

sandstone that has been intensely
bioturbated and this common throughout
core interval B) At 3030, 3m, we seen the

extend of the bioturbation that has

destroyed primary sedimentary feature

through the majority of the cored interval

C) At 3039m, illustrates an extremely

glauconitic fine grained sandstone that is

intensely  bioturbated. = The  brown
horizontal section at the top is remnants of

burrowing.

Figure 5.3.2.1: Images of the core interval taken from PASA, indicating Facie B and the specific
sedimentary features identified from well Ga —-S1.
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Beach environment.
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5.4 Gamma Ray Log Response
The gamma ray log shapes are frequently used for interpreting sedimentary cycles and
depositional environments. The five log shapes are described as (Figure 5.4.1.1):
1. Bell Shape — upwards increasing trend in gamma counts (sharp base and fines upwards)
2. Funnel Shape — upward decreasing trend in gamma counts (coarsen upwards and sharp
contact on top)
3. Box Shape — car/Cylindrical — relatively consistent gamma readings (sharp contact top
and base)
4. Bow/Hour glass — systematic increase and decrease of gamma counts

Irregular- no systematic change in gamma readings

Bell Funnel Boxcar Bow Irregular

Figure 5.4.1.1: Idealized gamma ray shapes used to characterize depositional facies. Each log
shape is associated with a specific depositional environment, (modified after Rider, 1993).

The gamma ray log response for both well Ga — Q1 and well Ga — S1 were analyzed in order to
accurately classify the depositional environments of the two studied wells. The gamma ray logs
that were used see figure 5.4.1.2 (well Ga—Q1) and 5.4.2.1 (well Ga —-S1).

54.1. Well Ga-Q1

Three gamma ray log shapes are identified from the cored interval: A) Cylindrical/Box B)
irregular and C) Bow/Hour glass (figure 5.4.1.2 and Table 5.4.1.1).
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Table 5.4.1.1: The identified GR log shapes from core interval Ga - Q1 — 2329m to 2347m -
(from top to base).

Depth (m) GR log pattern/shape Symbol
2329 - 2333 Bow/Hour glass C
2333 - 2340 Box/Cylindrical A
2340 - 2346 Irregular B
2346 - 2347 Box/Cylindrical A

Analyzing from the base to top of the cored interval we find from at a depth of 2347m to 2346m
a Cylindrical/Box — shaped GR response (shape A). At a depth between 2346m to 2340m we
find an Irregular — shaped GR response (shape B). At a depth between 2341m to 2334m we find
Box — shaped GR response again (shape A). At the top of the cored interval (2334m to 2329m)
we find a Bow — shaped GR response (GR shape C).

A correlation (top to base) between the identified lithofacies and GR shapes can be made. The
flaser bedding (the sand-dominant heterolithic lamination) observed at the top of the cored
interval can be correlated with the bow — shape (GR shape C) seen from the GR log. The flaser
bedding observed in the intertidal zone is the product of high and low tides and hence the bow

shaped (systematic increase and decrease in sea level) GR log response.

The box/cylindrical shaped GR response (GR shape A) can be related to the relatively uniform
and fine grained sand sediment observed from the cores. The sedimentary features such as
current ripples (ripple lamination) and cross bedding are characteristic of the intertidal zone

(deeper sections thereof).

The irregular shaped GR response (GR shape B) can be related to the influx of silty/muddy
sediment observed from the cores. The irregular shape also be interpreted as having no
systematic change in gamma ray counts and this can be seen from the cores. The irregular shaped
gamma response can also be attributed to a drop in sea level (progradation) and shift from a

intertidal zone to a supratidal zone.

The GR shapes identified from the gamma ray log match the facie description and therefore
confirm the shallow marine depositional environment or tidal flat environment (intertidal zone)

inferred from the core analysis. The GR shapes also confirm the cored interval is coarsening
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upward which means that this tidal flat environment experienced a transgression (relative sea

level rise).

=
o
©
o
No
—_
(=)
o
-
(o
Q
=¥
g
o |
=
(o)
=
-5

Figure 5.4.1.2: Gamma ray log response use to
classify the shape of log and determine the
environment of the cored interval from well Ga -

Q1

Table 5.4.1.2: Gamma Ray log response the cored interval from well Ga - Q1

Zone Core Facies Log Pattern (s) | Depositional Gamma
Interval (m) environment Ray (API
units)
Well 2329t0 2347 | A Cylindrical/Box | Inter-tidal zone | 57 — 96
Ga- Q1 and Bow/Hour
glass
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54.2. Well Ga-S1

Two gamma ray log shapes can be identified from analyzing the GR log of the cored interval.
The two identified shapes are A) Box/Cylindrical and B) Bell (figure 5.4.2.1 and table 5.4.2.1).

Table 5.4.2.1: The identified GR log shapes from cored interval Ga - S1 - 3028 to 3046 - (from

top to base)

Depth (m) GR log pattern/shapes Symbol
3028 — 3034 Box/Cylindrical A
3034 — 3042 Bell B
3042 — 3046 Box/Cylindrical A

Analyzing from base to the top of the cored interval we find from a depth of 3046m to 3042m a
Box — shape GR response (GR shape A), from a depth of 3042m to 3034m we find a Bell —
shaped GR (GR shape B) response and from a depth of 3034m to 3028m we find again at the top
of the cored interval a Box — shaped GR response (GR shape A).

A correlation between the GR shapes and facie descriptions can be made. The overall nature of
the cored interval resembles a cored interval of little variation. The GR log reflects this uniform
grain size nature of the cored interval. The box/cylindrical GR response (GR shape A) seen at
the base and top reflects the little grain variation seen from the core. The bell-shaped GR (GR
shape B) seen in the middle of the gamma ray log correlates perfectly with observations made
from the core analysis — a slight fining upward sequence. As a whole (from base to top) the
environment experiences a sea level increase that correlates with the bell shaped GR response
and there culminates in a sea level drop and hence the GR count drop and effectively

establishing a box/cylindrical GR shape at the top.
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The GR shapes identified from the gamma ray log confirms the environment identified from the

core analysis.
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Figure 5.4.2.1: Gamma ray log response
used to classify the shape of the gamma
ray log and use to determine the
environment of the cored interval from

well Ga - S1

Table 5.4.2.2: Gamma ray log response of the cored interval from well Ga - S1

Zone Core depth | Facies | Log Pattern (s) | Depositional Gamma ray
(m) Environment (AP units)
Well Ga—-S1 | 3028 to 3046 | B Cylindrical/Box | Lower  Shoreface 48 - 117

and Bell

z0ne
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5.5. Summary of Core and Petrophysical Analysis
Summary of core analysis

Two cored intervals were studied one from well Ga-Q1 and the other one from well Ga-S1.
One facies per well was identified and described. Well Ga-Q1 had Facies A and well Ga-S1
had Facies B. Facies A was interpreted to be deposited in the inter— tidal zone of the Tidal
environment. Facie B was deposited in the lower shoreface zone of the Beach environment.
The cored interval of well Ga-Q1 (Facie A) reflects a coarsening upward succession and the
cored interval of well Ga-S1 (Facie B) reflects slight grain variations. The gamma ray

response of the two wells confirms the grain trends observed from core analysis.

Summary of petrophysical analysis

Comparing well Ga-Q1 to well Ga-S1, it is evident that well Ga-Q1 has higher clay content
compared to well Ga-S1. The wells were classified based on their volume of clay values. Well
Ga—Q1 had a volume of clay volume of 40% making it a shaly reservoir and well Ga-S1 had
a volume of clay value of 21% making it a shaly/sand reservoir. The higher clay content of
well Ga-QL1 is a key component of tidal flat environments compared to well Ga—S1 which has
a lot less clay content due to little sediment variation this is a key component of beach
environments. As a result, the clay content and type of sediment is reflected by the average
gamma ray readings calculated for the cored interval of well Ga-Q1 is 78 APl compared to 59
API of well Ga-S1. Well Ga—Q1, has a average porosity of 9% and a range of 5% to 17%, an
average permeability of 0.2 mD and a range of 0.1 to 2.5 mD. The average water saturation is
61%. Well Ga-S1, has an average porosity of 12%, a range of 8% to 18%, an average
permeability of 0.3 mD, and a range of 0.1 mD to 4 mD. And a calculated average water
saturation of 42%. It is evident that the reservoir quality of well Ga — S1 is good as compared
to well Ga — Q1. However, it must be highlighted that both reservoirs has extremely poor

permeability values.
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CHAPTER SIX
6. Petrography and Geochemistry

Chapter six addresses the petrography and geochemical analysis from wells Ga — Q1 and Ga —
S1. The objective for doing petrographical studies was to identify the most abundant minerals in
the core samples, understand the crystal habits and shapes as well as analyze distribution patterns
of identified clay minerals. Thin section analysis provides information about the textural
maturity of the sediments, while X — Ray Diffraction analysis justifies observations made on thin
sections by identifying the type of clay minerals present in rock samples. Quantitative Evaluation
of Minerals by Scanning Electron Microscope (QEMSCAN) gives quantitative information with
regards to the minerals present. It also illustrates how the different identified minerals are
distributed within the sample. Geochemical analyses are focused on confirming the observations
from the petrographic studies. The analysis of the pore water provides information on the pH and

electrical conductivity of pore waters.
6.1. Petrography analysis

Thin section petrographic studies were carried out on selected slides from the two wells Ga-Q1
and Ga-S1 respectively. The important observations made out from the petrographic studies were
integrated with QEMSCAN, XRD and core analysis results. Microscopic observation of rock
samples was carried out under plain polarized light and crossed [polarized light, this helps in the
identification minerals, types of sorting, presence of authigenic cements and nature of pore

spaces.
6.1.1. Petrographic study of well Ga - Q1

Six thin section slides were examined and the following results were obtained. The slides were
taken from depth interval: 2330m, 2334m, 2337m, 2339m, 2343.3m and 2347.3m depths. The
mineralogical compositions of the thin sections are found to be almost the same without any
significant variations. Most of the mineral grains are sub-angular to sub-rounded in shape. The
mineral grains are surrounded by a matrix of Calcite cement. The degree of sorting for the six

samples can be classified as moderately sorted, yet compacted. The degree of compaction

52



suggests that the permeability factors are negatively affected and not the porosity. This is further

confirmed by the low calculated permeability values carried out using the IP software program.

The most abundant mineral across all the samples is quartz. Another notable mineral found in
most of the thin sections is Glauconite. Glauconite is typically green in colour under plain
polarized light (PPL) as seen in samplel (Figure 6.1.1 (A)) at a depth of 2230m. The presence of
Glauconite is often attributed to mica alteration in shallow marine settings under reducing
depositional conditions (Odm and Matter, 1981). The presence of Glauconite is further
confirmed by the QEMSCAN analysis of the samples. Information derived for XRD analysis
indicates that Calcite is prominent in the well; this is also confirmed by the QEMSCAN data.
The presence of Calcite in the well confirms that sands were deposited under shallow marine
conditions. Calcite is abundant in shallow marine settings because its precipitation takes place a
few centimeters below the sediment-water interface (Bjorlykke, 1984). The above statement is
also supported by the presence of Pyrite in the samples and further confirmed by SEM studies.
The formation of Pyrite takes places in marine set up under reducing / anoxic depositional

environment (Sauer et al., 1992).

Well Ga -Q1

Figure 6.1.1.(A): Thin Section image of sample 1 in cross polar (left) and plain polar (right)
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Figure 6.1.1.(C): Thin section image of sample 3 in cross polar (left) and Plain polar (right)
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Figure 6.1.1.(D): Thin section image of sample 4 in cross polar (left) and plain polar (right)
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Figure 6.1.1.(F): Thin section images of sample 6 in cross polar (left) and plain polar (right)

6.1.2. Petrographic study of well Ga- S1

In well Ga-S1, six thin section slides from depth interval: 3028.88m, 3030.45m, 3033.65m,
3036.9m, 3039.82m and 3044.5m were studied. The mineralogical compositions of the thin
sections show strong similarity. The grain shapes are sub-angular to sub-rounded. The degree of
sorting of the samples are observed to be moderately sorted and are fairly compacted. The
samples from the well Ga-S1 are comprises mostly of mineral grains and the intergranular spaces
are filled by matrix of calcite cement.

Quartz is the most abundant mineral in all the samples of this well and are mostly present as sub-
angular to sub-rounded grains. Plagioclase feldspar are also common (figure 6.1.2; A) and are
identified by the distinctive lamellar twinning under crossed polarized light. Other significant
minerals observed are Glauconite and Calcite. Calcite occurs as the dominant cement. The
presence of Glauconite is confirmed by QEMSCAN data and can be seen in Figures 6.1.2 (A —
F). Glauconite appears as typical green in colour under PPL. The mineral Glauconite usually

forms as a product of mica alteration under reducing depositional conditions in shallow marine
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settings (Odm and Matter, 1981). Presence of Calcite is confirmed by XRD and QEMSCAN
data. The presence of the Calcite cement confirms that the sand body was deposited in shallow
marine conditions. The mineral Pyrite is also observed in the samples. The presence of Pyrite is

due to the fact that it also forms in marine environments under reducing conditions.

Well Ga-S1

Figure 6.1.2.(B): Thin section images of sample 2 in cross polar (left) and plain polar (right)
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Figure 6.1.2.(E): Thin section images of sample 5 in cross polar (left) and plain polar (right)
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Figure 6.1.2.(F): Thin section images of Sample 6 in cross polar (left) and plain polar (right)

6.1.3. Summary of petrographic analysis

Observations from the petrographic thin sections from the two wells Ga -Q1 and Ga- S1 reflect a
very high degree of similarity. The mineralogical composition, the grain shape, the compaction,
the degree of sorting, matrix and type of cement remains consistent throughout all the thin
sections in both the well samples were observed. The high degree of similarity could be due to

the fact the observed thin sections were deposited in similar environments and conditions.

The dominant mineral observed in the thin sections is quartz. Some of the quartz grains appear
strained. The straining of quartz grains is indicative of high temperature and pressure situations.
The presence of Glauconite is seen throughout in all the thin sections. The significance of
Glauconite confirms the suggestion that the two wells in question were deposited in a shallow
marine environment. The presence of Pyrite and Calcite is confirmed by XRD and QEMSCAN.
The fact that pyrite and calcite is found within the wells gives more proof that it was deposited in

a shallow marine setting.
6.2. Quantitative Evaluation of Minerals by Scanning Electron Microscope (QEMSCAN)

A total of six samples were subjected to the QEMSCAN analysis, three samples (sample 1, 2 and
6) from well Ga -Q1 and three samples (sample 1, 4 and 5) from well Ga- S1. The purpose of the
QEMSCAN analysis was to quantify the clay minerals identified in the samples. The clay

59



minerals observed include Kaolinite, Glauconite and minor amounts of Clinochlore. The six
samples from the two different wells were analyzed and a field map of the thin sections was
produced to illustrate the distribution of the minerals present per sample. Quantifying the clay
minerals per sample was crucial as one could see how the amounts of the different clay minerals
changed. The change of clay mineral concentration per sample can be referred back to the
petrophysical parameters calculated and see how the change in clay content affected the

properties.

6.2.1. QEMSCAN interpretations of well Ga — Q1

List BX M t Valid XAssayR
‘ — Survey Name
Mineral Name Area (Mineral) L Id GaQ1-1 GaQ1-2 GaQ1-6
o[ ] Background %112 1\ P:'ass Flow 100.00 100.00 100.00
1.7 Calete t Volume Flow 3858 3948 4190
&[] Glauconte | Mass Size Distribution (%) 100.00 100.00 100.00
{8 Goethte 12074 ‘ Volume Size Distribution (%) 100.00 100.0¢ 100.00
1 | Kaolinte 25174 ‘ Calculated ESD Particle Size 140194 1598.86 132060
5 Muscovite 143% Total Mass 100.00 100.00 100.00
+- | Other 127003 Total Volume 38.58 3948 41.90
©-{_] Quarz 2184551 Sample Name Combined Combined Combined
Id Q11 Q12 Q16
Calculated ESD Particle Size 1401.94 1598.86 1320.60
Total Mass 100.00] 100.00 10000 100.00 100.00] 100.00
Total Volume 38 58 39 ﬁl 3948] 4190 41
||| Mineral Mass(%) Quartz 93.19 93.19 9293 9293 91.84 91.84
[ Kaolinite 0.88) 0.88 121 121 0.97, 097
Muscovite 058 0.58 0.66| 066 0.71 07
i Goethite 0.89 0.89 052 0.52 054 054
Other 034 034 0.30 0.30 044 044
Calcite 054 054 063 063 312 312
Glauconite 359 359 374 374 2.38) 2.38

Figure 6.2.1.1: QEMSCAN results displaying the identified quantities of the clay minerals for
well Ga- Q1

Three samples of well Ga- Q1 were analyzed and a field image was generated (figure 6.2.1.2).
The depths of the samples are as follows: sample 1 (2330m), sample 2 (2334m) and sample 6
(2347.3m). The identification and the quantification of the clay minerals found in the samples are
summarized under a table (figure 6.2.1.1). All three samples of well Ga- Q1 are represented by
the same clay minerals namely, Kaolinite, Glauconite and minor amounts of Clinochlore. Figure
6.2.1.1 doesn’t display the Clinochlore mineral because the concentrations are too small to be

noticed. The most abundant clay mineral is Glauconite followed by Kaolinite. The Glauconite
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mineral is consistently abundant in all of the samples analyzed. Kaolinite is also found
consistently in all the samples analyzed however, the concentrations are much less than
Glauconite. Calcite was identified as cement by analyzing the thin sections under the
microscope. QEMSCAN identified Calcite in all samples analyzed.

In Sample 1 (figure 6.2.1.1) Quartz is the dominant mineral (93. 19%), Glauconite makes up 3.
59%, Kaolinite (0. 88%) and Calcite (0. 54%). Sample 2, the make-up of the sample is similar.
Quartz is the dominant mineral (92. 93%), Glauconite (3. 74%), Kaolinite (1. 21%) and Calcite
(0. 63%). Sample 6 is made up like this, Quartz dominant again (91. 84%), Glauconite (2. 38%),
Kaolinite (0. 97%) and Calcite (3. 12%).

Figure 6.2.1.2: QEMSCAN image of sample 1, sample 2 and sample 6 (Left to Right) from well Ga — Q1
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6.2.2. QEMSCAN interpretations of well Ga-S1

List o x
v
Mineral Name Area (Mineral) E

% | Background 99434
14060
44738
12134
14065

8003
521402
1422048

id Assay Rec
Survey Name
Id GaS1-1 GaS1-4 GaS1-5
Mass Flow 100.00 100.00 100.00
Volume Flow 5435 “4n 4264
Mass Size Distribution (%) 100.00 100.00 100.00
Volume Size Distribution (%) 100.00 100.00 100.00
Calculated ESD Particle Size 38422 114741 995.92
Total Mass 100.00 100.00 100.00
Total Volume 54.35 47 4264
Sample Name Combined Combined Combined
Id Si-1 S1-4 S1-5
Calculated ESD Particle Size 138422 1147.41 995.92
Total Mass 100.00] 100.00 100.00] 100.00 100.00] 100.00
Total Volume 54 se35] asqi] anl ol
Mineral Mass(%) Quartz 90.18 90.18 93.95 9395 7963] 7963
Kaolinite 0.82 0.82 1.16 1.16 070] 070
Muscovite 046 046 0.75 0.75 046 046
Goethite 068 068 0.74 074 124] 124
Other 462 462 065 0.65 13.85] 1385
Calcite 0.14 0.14 055 0.55 081 081
Glauconite 3.09 3.09 221 221 330 330

Figure 6.2.2.1: QEMSCAN results displaying the identified quantities of the clay minerals for

well Ga -S1

Figure 6.2.2.2: QEMSCAN images of sample 1, sample 4 and sample 5 (left to right) from well Ga = S1

Three samples of well Ga- S1 were analyzed and a field image was generated (figure 6.2.2.2).

The depth of the samples is as follows: sample 1 (3028.88m), sample 4 (3036.9m) and sample 5

(3039.82m). The identification and the quantification of the clay minerals found in the samples
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were placed under table (figure 6.2.2.1). The most abundant clay mineral identify by the
QEMSCAN is Glauconite followed by Kaolinite. Glauconite and Kaolinite appear in all the
samples analyzed. Calcite which is identified as cement under the microscope occurs in all

samples analyzed.

In sample 1 (figure 6.2.2.1), Quartz is the dominant mineral (90. 18%), Glauconite (3. 09%),
Kaolinite (0. 82%) and Calcite (0. 14%). In sample 4, Quartz dominates again (93. 95%),
Glauconite (2. 21%), Kaolinite (1. 16%) and Calcite (0. 55%). Sample 5 is made as follows,
Quiartz (79. 63%), Glauconite (3. 30%), Kaolinite (0. 70%) and Calcite (0. 81%).

6.2.3. Summary of QEMSCAN interpretations

All the QEMSCAN samples that were analyzed reflected a homogeneous nature. This means that
the samples reflected a high degree of mineral similarity. This is also confirmed by thin section
analysis as well as XRD analysis. Both thin section and XRD data confirm the homogeneous
nature observed in the QEMSCAN data. The clay minerals, Glauconite and Kaolinite, confirm
findings observed in thin sections. A general trend appears for all samples subjected to
QEMSCAN analysis and that is that the Glauconite clay mineral concentrations are more in
every sample than Kaolinite. This could mean that the Glauconite mineral may have a greater

influence on the petrophysics than Kaolinite.
6.3. X — Ray Diffraction interpretation (XRD)

XRD technique was used to identify minerals present in rock samples. The XRD technique is
widely used in the phase identification of minerals, their compositional analysis and their nano-
scale structures. The core samples taken from wells Ga-Q1 and Ga-S1 were analyzed at
ITHEMBA labs, Cape Town for qualitative identification of authigenic cements present within
the sandstone units of the Pletmos Basin.

6.3.1. XRD interpretation of well Ga-Q1

The XRD results obtained from the six core samples of well Ga- Q1 show a distinctive similarity
in mineral composition. The dominant mineral in the studied samples is Quartz. The clay
minerals are Kaolinite and Clinochlore. The iron rich Illite also known as Glauconite is not

detected by XRD but is observed under the microscope. Other minerals identified by the XRD
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are Albite, Muscovite and Cristobalite. The mineral Calcite is also present probably as cement as

identified through thin section petrography.
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Figure 6.3.1.(E): XRD analysis of sample 5
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6.3.2. XRD interpretation of well Ga - S1

The XRD analyses of the six samples show a very consistent mineralogical composition. All six
samples from well Ga-S1 are similar in mineralogical composition, the only difference are the
concentrations of the minerals per sample (refer to QEMSCAN analysis). Quartz is the dominant
mineral. The clay minerals identified are Kaolinite and Clinochlore. The iron rich Illite,
Glauconite is not detected by XRD but is detected by QEMSCAN and was observed under the
microscope. Other minerals identified are Muscovite, Albite and Cristobalite. The presence of

the mineral Calcite as cement is also noticeable.
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68



Lin (Counts)

Quartz

al PPN e |

§

!

A

2-Theta - Scale
EllFre: ngna_01_s.ram - Type: 2T Th ockes - Dtart 5000 * - Eng- 79984 *- Step 0034 * - Oteptme: 8 [)01071-1151 (C) - Abite high - NSIADIOR) - Y- 1.41 % - X0y 1.~ WL: 1 5405 -0 - W FOF ma - Ve
Corraces: moon
(010830539 (C) - Quanz - 302 - Y- 14268 M- xby: 1.~ WL: 15406~ 0 - Iic FOF ns - bic Userna
21010841393 (C) - Muscovtie - Som Keysine, Jouth Dakota, USA - KASIAOTOOHIZ - ¥: 1
0290466 (*) - ADRe. ordesed - NSASION - ¥ 10.41 % - 0 x 8 1.0821 -
1-079-1270 (C) - Cimachiore - (M2 36Fe1 S5Fe. 136A/1.276X3Q 62241 376010X O
T101-0830571 (C) - Kacinite - Som Keshut, 10w, USA - AZ(DEOSXCMM - Y: 066 % -G uBy: 1.-WL: 1

Figure 6.3.2. (D): XRD analysis of sample 4
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Figure 6.3.2. (F): XRD analysis of sample 6

6.3.3. Summary of XRD interpretations

The XRD analysis results suggest that well Ga-Q1 and Ga-S1 have comparable mineralogical
compositions. By analyzing each sample from the two wells we also observe a similar trend. The
minerals found in both wells and in all the samples are: Quartz, Albite, Muscovite, Kaolinite,
Clinochlore, Cristobalite and Calcite. The study shows that the quartz mineral is dominant. This
is also confirmed by QEMSCAN where Quartz generally makes up 90% of the sample. The clay
minerals identified by XRD analysis also shows consistent results; Kaolinite and Clinochlore
have been identified as the dominant clay minerals. However, Glauconite which is quantified by
QEMSCAN and observed under the microscope is not detected by XRD. As a result, the clay
minerals present within wells Ga-Q1 and Ga-S1 are Kaolinite, Glauconite and Clinochlore. The
reason for Glauconite not being detected by XRD could be due to the presence of Muscovite.
Muscovite and Glauconite are both phyllosilicates and both have the same monoclinic crystalline
structure. The XRD could easily group Glauconite as Muscovite. When Muscovite mica
undergoes chemical alteration it will form Glauconite. Calcite cement precipitation is prominent
in both wells (Ga — Q1 and Ga — S1). The presence of calcite is significant because it confirms

that the two wells were deposited under shallow marine conditions.
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6.4. Pore water chemistry interpretation

Pore water chemistry can be described as the chemistry of the pore fluids occupying the in
between grains. Around 30- 80% of the volume of the sediments can be occupied by pore water.
Fine grained silty sediment occupies a greater volume of water than sand sediment (Simpson, et
al., 2005). Pore water samples selectively taken from wells Ga-S1 and Ga-Q1. The samples were
subjected to a centrifugation process. The most accurate method of extraction for chemical

elements is centrifugation (Simpson et al., 1995).

The measurement of the pore water chemistry allows for the pH and Ec of the fluids to be
determined. These two factors play a crucial role. An increase in pH from acidic to neutral
values, from 3-7, the precipitation of aluminosilicates and carbonates are favored (Curtis, 1983).
In alkaline systems, where the pH is above 7, carbonate precipitation relative to aluminosilicates
and quartz cements are favored (Buyukutku, 2003). Electrical conductivity (Ec) analysis were
conducted on samples taken at selected intervals. The underestimation of hydrocarbon saturation
is often as a result of ignoring the effects of clay conductivity (de Waal, 1989). Ec is the
measurement of the dissolved solids in pore water and its ability to conduct an electrical current.
The more dissolved ions present the higher the Ec value. It is measured in milli Siemens per

centimeter (mS/cm).
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6.4.1. Pore water chemistry interpretation of well Ga- Q1

Six pore water samples were extracted from core samples from well Ga-Q1 and were subjected
to Ph and Ec analysis after which the values were plotted as illustrated below (Figure 6.4.1. A
and Figure 6.4.1. B). The pH value ranges from 6.63 to 7.50. The pH range reflects a slightly
acidic medium to slightly alkaline medium. The electrical conductivity ranges from 200ms/cm to
380ms/cm. In well Ga -Q1 there is a distinctive trend; the electro conductivity (Ec) of the pore

fluid increases with depth and pH of the pore fluid decreases with depth.

Table 6.4.1: Pore Water Chemistry Analysis of Well Ga — Q1

Sample Number pH Ec
(Depth) (micro Siemens/cm)
Sample 1 7.02 200
(2330m)
Sample 2 {23 270
(2334m)
Sample 3 7.24 310
(2337m)
Sample 4 6.90 240
(2339m)
Sample 5 7.50 380
(2343,30m)
Sample 6 6.63 320
(2347,27m)
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Figure 6.4.1. (A): a graph illustrating the electro conductivity (Ec) against sample number (depth)
of well Ga — Q1.
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6.4.2. Pore water chemistry interpretation of well Ga- S1

Six pore water samples were extracted from core samples taken from well Ga-S1 and were

subjected to pH and Ec analysis after which the values were plotted as illustrated below (Figure

6.4.2. A and Figure 6.4.2. B). The pH values range from 6.76 to 7.63. The pH range reflects a
slight acidic medium to alkaline medium. The electrical conductivity (Ec) ranges from 260 ms/
cm to 370 ms/ cm. In well Ga —S1 the distinctive trends observed were: the electro conductivity

(Ec) of the pore fluid decreases with depth while the pH of the pore fluid increases with depth.

Table 6.4.2: Pore Water Chemistry Analysis of Well Ga — S1

Sample Number pH Ec
(Depth) (micro Siemens/cm)
Sample 1 6.76 310

(3028,88 m)
Sample 2 7.04 290
(3030,45 m)
Sample 3 7.63 310
(3033,65 m)
Sample 4 6.96 260
(3036,90 m)
Sample 5 7.05 370
(3039,82 m)
Sample 6 1.28 290
(3044,50m)
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Figure 6.4.2. (A): a graph illustrating the electro conductivity (Ec) against
sample number (depth) of well Ga — S1.
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6.4.3 Summary of Pore Water Chemistry Interpretations

Results derived from the pore water chemistry analysis provide information about the pore fluids
present. Well Ga — Q1 pore fluids show a pH range of 6.63 — 7.50 and an E. range of 200ms/cm
— 380 ms/cm. Well Ga-S1 pore fluids show a pH range of 6.76 — 7.63 and an E. range of 260
ms/cm — 370 ms/cm. The pH range favours formation of a quartz, alumino silicates, clay

minerals (Kaolinite, Glauconite and Clinochlore) as well as Calcite cement

Both wells show a distinctive trend, the graphs presented reflect an inverse relationship. In well
Ga-Q1, the Ec¢ increases with depth and the pH decreases with depth. In well Ga -S1, the E.
decreases with depth and the pH increases with depth. The pH of the pore fluids for both wells
are comparable hence the pH ranges are similar. This could be due to both wells being deposited

in a shallow marine environment and was influenced by saltwater.

The electro conductivity (Ec) of a pore fluid is the ability of a solution to conduct an electrical
current. Therefore, a solution with dissolved cations and ions is a better conductor of an
electrical current. The electro conductivity for both wells shows a distinct difference. Well Ga —

Q1 has a greater E range while the E. range of well Ga — S1 is much less. It can be assumed that
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the higher the concentration of ions in the pore fluid, the higher the conductivity (Ec) will be. A
high Ec is directly related to the total dissolved solids (TDS).

It can be assumed based on information derived from this study, the pore fluids dissolved a
variety of cations and ions (Na, K, Ca, Al, Fe, Mg, O, H) together with a slightly acidic to
slightly alkaline pH range, conditions were favourable for the formation of minerals detected and
observed. Hence, the formation of Quartz, Albite, Kaolinite, Glauconite, Calcite, Muscovite and

other minerals are detected.
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CHAPTER SEVEN
7.1. Discussion

A range of methods were discussed to assess and understand how different clay minerals affect
the petrophysical properties of sandstone reservoirs from the Offshore Pletmos Basin. To carry
out this study geochemical methods (XRD and pH and E¢) and petrography (QEMSCAN and
thin sections analysis) were studied in combination with core analysis and wireline logs. All
these methods were necessary in order to achieve the aim of the study. This study’s results were
obtained from two wells (well Ga -Q1 and well Ga-S1) from the Offshore Pletmos Basin. The

results of the various methods will be discussed below.

7.1.1. Well Ga-Q1
(A) Core analysis and Gamma ray log response

Core descriptions reveal a coarsening upward sequence of very fine to medium grained
sandstones. The gamma ray log response confirms the coarsening upward sequence described
from the cored interval. The gamma ray log curve defined the GR shapes from the log are:
Cylindrical GR shape (shape A), an irregular GR shape (shape B) and a bow/hour glass GR
shape (shape C). The sandstones are considered glauconitic to feldspathic. They are moderately
compacted in less bioturbated sections and highly compacted in silt/shale sections. Sand —
dominated heterolithic bedding known commonly referred to as Flaser bedding, was preserved in
the sand sections. Mud and silt laminae which are rippled are observed. The ripples are
asymmetrical and preserved in sand sections. Vertical burrowing was also observed. Based on
the above mention information, well Ga-Q1 was interpreted to be deposited in a shallow marine
environment, but more specifically due to the sedimentary features and mineralogical
composition, the cored interval of well Ga — Q1 is assumed to be deposited in the inter — tidal

zone of the tidal flat environment.
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(B) Petrophysical parameters

Detailed interpretation of wireline logs reveals a 18m thick reservoir interval with a clay volume
of 40%. The reservoir interval is classified as a shaly reservoir due to high volume of clay
(greater than 35%). A gamma ray average of 78 API is observed which reflects the mixed
sediment nature. Sand sections observed in the cored interval have significantly better
petrophysical parameters than silt/shale sections. The petrophysical parameters were further
enhanced by the vertical burrowing observed. As a result, there is a greater variation in porosity
and permeability values vertically (Shallow to deep depths) than horizontally. This could be

attributed to the bioturbation observed.

The three identified gamma ray log (GR) shapes can be linked to the clay mineral content and
petrophysical values. The following three GR shapes are identified from wireline logs: GR shape

A — Cylindrical, GR shape B — Irregular and GR shape C — Bow/hour glass.

From the top well Ga — Q1 we find GR shape C, ‘Hour glass shape’ (2329m to 2333m), we
observe a porosity range of 5% to 17% and a permeability range of 0.1 mD to 0.6Md. We
observe a high Glauconite content and low Kaolinite and Calcite content. The ‘hour glass’ shape
reflects the influx of mix sediment hence; we find mud/silt and sand. This section is
characterized by Flaser bedding. The extremely low permeability values can be attributed to the

high Glauconite content which restricted pore connectivity.

GR shape A is a cylindrical shape (2334m to 2340m and 2346m to 2347m) we observe a
porosity range of 11% to 15% from 2334m to 2340m and 12% to 14% from 2346m to 2347m.
We observe a permeability range of 0.2 mD to 2.5 mD (from 2334m to 2340m) and 0.2 mD to
0.6 mD. The cylindrical GR shape reflects the relativity uniform sediment hence, the little
change in the porosity and low permeability range. The reason for the permeability range
peaking at 2.5 mD between 2334m and 2340m is due to vertical burrowing which could promote
better permeability values. The Glauconite mineral remains the most dominant and influential
affecting the permeability hence, the extremely low permeability values. Kaolinte and Calcite is

significantly less (Figure 7.1.3).

GR shape B is an irregular shape occurring between 2340m and 2346m. The irregular shape is

characterized by very fine silty to muddy material. We observe a porosity range of 5% and 11%
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and a permeability range of 0.1 mD and 0.3 mD. We observe a high Calcite and Glauconite
content and low Kaolinite content. The clay mineral influence is reflected in the low porosity
range and extremely low permeability range. This section of the reservoir interval has to be

consider extremely poor.

The average water saturation as calculated by the Indonesian water saturation model averages at
80% with gas saturation at 20%. The average permeability is 0.2 mD and the average porosity
value as calculated by the sonic — derived log is 9%. Sand sections have porosity values ranging
from 11% to a high of 17% and permeability values ranging from 0.2mD to 2.5mD. The sand
section (GR shape A) has significantly better petrophysical values than the average parameters of
the well as well as the highly compacted silt/shale sections. Furthermore, the high concentration
of clay minerals observed in shale sections results in the low porosity (avg. 9%) and permeability

(avg. 0.2 mD) values.
(C) Clay mineral assemblages

The clay minerals identified by XRD, QEMSCAN and thin sections are: Kaolinite (Kaolinite
group), Glauconite (lllite group) and Clinochlore (Chlorite group). The dominant clay mineral as
confirmed by the QEMSCAN technique is the clay mineral Glauconite. Glauconite can be seen
under the microscope as dark green in colour (plain polarized light and cross polarized light).
Glauconite is a significant mineral as it only forms under certain conditions and in shallow
marine environments. The presence of Glauconite indicates a marine influence. The presence of
the clay minerals, Glauconite and Kaolinite, together with Calcite have a ‘pore - bridging and
pore - filling — effect’ and will have an adverse affect on the permeability. The chemical
alteration of the mineral Muscovite to Glauconite could explain its presence. The chemical
alteration of feldspars (Albite) could explain the presence of Kaolinite. Although Clinochlore is
detected by XRD, the quantification of Clinochlore by the QEMSCAN method reveals its values
is less than 0.1% and therefore can be considered not to influence the petrophysical parameters

of the sandstone reservoir in any way.
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(D) Geochemistry and petrography

Thin section petrography shows a compacted thin section dominated by quartz with calcite
cement surrounding the grains. The Glauconite mineral is easily distinguished under the
microscope under plain polarized light. The Glauconite mineral appears dark green in both plain
polarized light and cross polarized light. The presence of Calcite in samples confirms the
sediment encountered from the cored interval was shallow marine setting. Calcite is also
observed to be the dominant cement in the samples. QEMSCAN and XRD analysis confirms the
presence of the clay minerals: Kaolinite, Glauconite and Clinochlore. Glauconite is the dominant
clay mineral followed by Kaolinite. On average Glauconite makes up 3, 24 % of the sample
compared to Kaolinite that makes up 1, 02% of the sample. Calcite makes up 1, 42% of the
sample. The pore waters of well Ga-Q1 displays a pH range of 6, 63 to 7, 50 implying that the
pore waters range from slightly acidic to slightly alkaline. The pH range favors the formation and
precipitation of the clay minerals and minerals found in this well.
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Figure 7.1.1: Well Ga — Q1 showing the porosity variation with depth.
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Figure 7.1.2: Well Ga — Q1 showing the variation in permeability with depth.
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7.1.2. Well Ga-S1
(A) Core analysis and Gamma ray log response

Core descriptions reveal a light grey, very fine to fine-grained sandstone with medium grained
sandstones appearing near the top of the cored section. The sandstones are considered to be
Glauconitic to slightly carbonaceous and are moderately compacted. The sandstones are
subjected to intense vertical bioturbation and burrowing. The intense bioturbation has obscured
sedimentary features but has enhanced the porosity and permeability. The cored interval can be
described as an 18m fine-grained sandstone section with insignificant variation in grain size.
From the base of the core to the cored interval it medium fine to medium grained sandstone then
fines upwards to a point (around 3035m) and then coarsens upwards again. The gamma ray log
response displays a bell (shape B) and cylindrical (shape A) shape which confirms the
description made from the cored interval. The trace fossils Helminthoida and Ophiomorpha
nodosa are found and are characteristic of the lower shoreface zone. Based on the acquired
information the environment which this well was deposited in was a shallow marine

environment, more specifically, the lower shoreface zone of the beach environment.
(B) Petrophysical parameters

Detailed interpretation of wireline logs reveals a reservoir interval of 18 thick with an average
gamma ray value of 59 API. The volume of clay for the reservoir interval is 21% therefore this
cored interval can be classified as a shaly/sand reservoir. The average water saturation as
calculated by the Indonesian water saturation model is about 42% and 58% gas saturation. The
average permeability (K) for the cored section is 0.3 mD and the average porosity as calculated

by the sonic — derived log is 12%.

The reservoir interval is predominantly medium to fine grained sand material that has been
intensely bioturbated and fine - grained sands that have not been bioturbated. The intensely
bioturbated sections have petrophysical parameters (porosity and permeability values) that have
been significantly enhanced. The enhancement of the porosity and permeability values is
prominent in a vertical direction (shallow to deep) and not in horizontal direction. This can be

attributed to the intense bioturbation observed from depths of 3040m and deeper.
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Two gamma ray shapes were identified from the wireline logs (GR shape A — Cylindrical and
GR shape B — Bell) and each GR shape can be linked to clay mineral content and petrophysical

values.

From the top of well Ga — S1 (3028m to 3034), we find GR shape A which is a cylindrical GR
shape occurs at the top of the reservoir interval (3028m to 3034m) and the base of the reservoir
interval (3042m to 3046m). The cylindrical shape reflects the uniform sediment nature. For these
sections we observe a porosity range of 10% to 16% (top) and 13% to 18% (base). The
permeability ranges from 0.3 mD to 1.6 mD (top) and 0.4 mD to 4 mD (base).

Between 3034m and 3042m we find GR shape B which is considered a Bell shape. The Bell
shape can be characterized as a fining upward sequence. From the base of the Bell shape at
3042m to the top at 3034m, there is a decrease in reservoir quality (decrease porosity and
permeability values). We observe a porosity high of 18% and that decreases to 10% at 3034m.
The same is observed for the permeability where we see a high of 4 mD at 3042m and decreases
to 0.1 mD at 3034m.

For GR shape A and B, the clay mineral content is fairly consistent. Glauconite is the most
abundant and dominant clay mineral and has the most influential role in affecting the
petrophysical parameters. Kaolinte and Calcite content is considerably less than Glauconite.
Calcite mineral content increases with depth and Kaolinte fluctuates with depth (Figure 7.2.3).
Due to Glauconite being the most abundant it affected the permeability more than porosity. That
is why we observe good porosity values and extremely low permeability values. However,
between a depth of 3041m and 3045m we observe high porosity values of 13% to 18% and high
permeability values of 2 mD to 4 mD. These anomalous values can be attributed to the

extensively bioturbated sand section which enhanced the permeability values significantly.

Sand - dominated sections that have been intensely bioturbated have porosity values ranging
from 10% to 18% and permeability values ranging from 0.2 mD to 4 mD. By doing a simple
comparison well Ga — S1 has better porosity and permeability values compared to well Ga — Q1.
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(C) Clay mineral assemblages

The clay minerals identified by XRD, QEMSCAN and thin sections are: Kaolinite (Kaolinite
group), Glauconite (lllite group) and Clinochlore (Chlorite group). The clay mineral Glauconite
is by far the dominant clay mineral this confirmed by QEMSCAN analysis. Glauconite can be
seen under the microscope as dark green in colour (plain polarized light and cross polarized
light). Glauconite is a significant mineral as it only forms under certain conditions and in shallow
marine environments. The presence of the clay minerals (Glauconite, Kaolinite) and Calcite will
have a ‘pore — bridging and pore - filling effect’ and will as result in affecting the permeability
values. The chemical alteration of the mineral Muscovite to Glauconite could explain its
presence. Glauconite also reflects a marine influence. The chemical alteration of feldspars
(Albite) could explain the presence of Kaolinite. Although Clinochlore is detected by XRD, the
quantification of Clinochlore by the QEMSCAN method reveals its values is less than 0.1% and
therefore can be considered not to influence the petrophysical parameters of the sandstone

reservoir in any way.
(D) Geochemistry and petrography

Thin section petrography reveals tightly compacted samples that are dominated by quartz. The
quartz mineral makes up about 87-92 % on average. Compared to well Ga- Q1, the mineralogical
composition is very similar. Calcite acts as the dominant cement in the samples confirms that the
well was deposited in a shallow marine setting. QEMSCAN and XRD analysis confirms the
presence of the clay minerals: Kaolinite, Glauconite and Clinochlore. Glauconite is the dominant
clay mineral followed by Kaolinite. On average Glauconite makes up 2, 87 % of the sample
compared to Kaolinite that makes up 0, 89% of the sample. Calcite makes up 0, 5% of the
samples. The pore waters of well Ga—S1 displays a pH range of 6.76 to 7. 63 implying that the
pore waters range from slightly acidic to slightly alkaline. The pH range favors the formation

and precipitation of the clay minerals and minerals found in this well.
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Figure 7.2.1: Well Ga — S1 showing the variation in porosity with depth
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Figure 7.2.2: Well Ga — S1 showing the variation in permeability with depth
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Figure 7.2.3: Well Ga — Q1 showing the variation of identified clay mineral concentration with

depth

Table 7.0: The table displays the different calculated petrophysical properties by the Interactive

Petrophysics software program.

Well name | Average Average Average Water Avg. Volume
Porosity (%) | Permeability (mD) | Saturation (%o) of clay (%)
Ga-Q1 9 0.2 80 40
Ga-S1 12 0.3 42 21

86




CONCLUSION

This study emphasizes the effects of clay minerals on the petrophysical properties of sandstone
reservoirs. The reservoirs encountered in the two wells are comparable in reservoir quality.
Information derived from core and geochemical analysis indicates that sediments of the studied
intervals were deposited in a shallow marine setting, have similar mineralogy and clay mineral

composition.

This study suggests that the source of sediment for these two wells could have been from the
same environment. The evidence for this can be taken from the core and mineralogical analysis.
We find similar minerals in both wells as well as clay minerals (Glauconite) that are indicative of
a shallow marine environment. The consistent presence of Glauconite (as observed in thin
sections) indicates a marine influence in both the studied sections. The presence of Calcite in
both wells indicates that the wells were deposited under shallow marine condition. As a result,
due to the similarity in minerals indicative of a shallow marine setting, both wells are suggested
to be deposited in a shallow marine setting. To accurately identify the depositional environments
of the two wells, information was derived from core analysis by analyzing sedimentary features
and trace fossils. As a result, it was confirmed that well Ga — Q1 was deposited in a tidal flat
environment (inter tidal zone) and well Ga — S1 was deposited in a beach environment (lower
shoreface zone). The intensely bioturbated nature seen in well Ga — S1 help promote better
permeability values. This can be clearly seen from the petrophysical parameters (Table 7.0).

The results derived from the petrophysical study clearly suggest that well Ga-S1 has better
reservoirl properties. The occurrence of the pore — bridging Glauconite and pore — filling
Kaolinite definitely affected the permeability of the reservoirs. This is evident from the
petrophysical parameters that were calculated. The reservoir interval of well Ga-S1 has a clay
content of about 21% compared to that of 40% from the reservoir interval from well Ga-Q1. The
porosity, permeability and water saturation values are better in well Ga-S1 compared to well Ga-
Q1 (Table 7.0). Aside from the dominant quartz cement observed in both wells: Calcite,
Glauconite (lllite group), Kaolinite (Kaolinite group) and Clinochlore (Chlorite group) are clays
and cements that significantly compromised the petrophysical parameters of the sandstone
reservoir. The clay mineral composition is higher in well Ga-Q1 than well Ga- S1 and has a

detrimental effect on the petrophysical properties.
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To conclude, the presence of Glauconite, Kaolinite and Calcite have negatively affected the pore
connectivity (permeability) more than the porosity in both wells .The characteristics of the clays
have ‘lined’ the pores and consequently had a detrimental effect on the pore connectivity. By
comparing the two wells the higher clay volume and clay mineral content in well Ga—Q1 has had
a detrimental effect on the petrophysical parameters. We therefore see poor reservoir quality in

well Ga — Q1 compared to well Ga-S1. .
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APPENDIX A - CONVENTIONAL CORE ANALYSIS WELL GA-Q1

Depth Porosity (%) Permeability (mD)
(m)
2330 12.5 0.4
2330.25 17.1 2.5
2330.82 9.1 0.2
2331.02 15.1 0.6
2331.26 13.3 0.3
233151 13.4 0.3
2331.75 13.1 0.3
23325 5.1 0.1
23327 48 0.1
233295 13.7 0.3
2333.7 144 0.4
2333.93 13.7 0.4
233419 13.7 0.4
2334.62 13.0 0.3
2334.86 13.0 0.2
23353 139 0.3
2335.55 14.0 0.4
2336.05 14.4 0.4
2336.33 13.3 0.3
2336.58 14.7 0.4
2336.82 14.0 0.4
2337.07 13.2 1.3
233732 134 0.2
2337.61 13.9 2.5
2337.8 142 0.2
2338.06 14.8 0.3
233833 15.1 0.4
2338.58 14.5 0.4
2338.83 13.9 0.3
2339.13 14.2 0.3
2339.53 143 0.4
2339.78 15.3 0.4
2340.05 14.4 0.4
2340.32 11.8 0.2

97



2340.79 5.6

2341.27 12.9

2341.82 10.7

234229 11.5

2342.79 114

2343.53 11.7

2344.01 10.7

234478 11.3

-———
e e’

234529 9.3

PEZEEZ Y ET TS I e §
oI I™1I™I

2345.77 54

2346.28 12.5

olil L I I I LI

234653 138 02
2346.78 13.4 PINIVERSITY of th
234714 145

98



APPENDIX B — CONVENTIONAL CORE ANALYSIS WELL GA -S1

Water
Ga-S1 Gas Sat. Sat.
Permeability | Porosity

Depth (m) | (mD) (%) Sg Sw
3028.05 |16 15.8 49 0.51
3028.3 0.33 14.9

3028.55 | 0.36 14.5

3028.8 0.27 14.1

3029.05 |o0.21 13.6 58 0.42
3029.35 |o0.07 11.6

3029.6 0.11 12.0

3029.85 |o0.14 12.3

3030.14 | o0.01 09.6 36 0.64
3030.81 | o0.08 12.7

3031.03 |o0.04 11.0 32 0.68
3031.33 | 0.05 11.7

3031.58 | 0.08 12.2

3031.83 | 0.04 11.3

3032.05 |o0.05 10.8 52 0.48
3032.42 | 0.05 11.6

3032.72 | 0.05 12.0

3033.01 |o0.07 11.5 53 0.47
3033.33 | 0.06 10.7

3033.56 | 0.06 11.4

3033.78 | 0.07 12.1

3034.05 |o0.1 11.7 50 0.5
3034.32 | 0.08 11.4

3035.05 | 0.09 12.1 56 0.44
3036.01 | 0.08 10.7 35 0.65
3037.02 | 0.09 10.6 53 0.47
3038.01 |o0.08 11.4 49 0.51
3038.33 | 0.07 10.9

3038.58 | o0.22 12.5

3038.83 | 0.11 10.9

3039.05 |o0.04 08.2 40 0.6
3039.42 | 0.61 13.7

3039.68 | 0.07 10.2

3040.05 | o0.07 10.2 54 0.46
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3040.35 |o0.17 12.8

3040.58 | 1.51 17.0

3040.81 |o0.51 15.2

3041.05 |o0.83 15.2 53 0.47
3041.32 | 235 17.5

3041.57 | 2.75 17.3

304183 | 356 17.5

3042.08 | 2.98 17.5 55 0.45
3042.33 | 2.48 18.0

3042.57 | 3.77 17.0

3042.82 | 1.84 17.1

3043.02 | 1.37 18.2 58 0.42
3043.3 0.18 15.2

3043.55 | 0.13 14.1

3043.8 0.4 14.8

3044.05 | 2.98 16.5 59 0.41
3044.38 | 0.13 14.3

3044.58 | 0.15 14.3

3044.87 | 0.11 13.1 50 0.5
3045.3 0.12 14.2

3045.55 | 0.15 14.6

3045.82 | 0.08 13.2 58 0.42
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