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Basin, South Africa

Blessing Ayotomiwa Afolayan ,1,3 Eric Mackay ,2 and Mimonitu Opuwari 1

Received 7 November 2022; accepted 4 March 2023

An essential greenhouse gas effect mitigation technology is carbon capture, utilization and
storage, with carbon dioxide (CO2) injection into underground geological formations as a
core of carbon sequestration. Developing a robust 3D static model of the formation of
interest for CO2 storage is paramount to deduce its facies changes and petrophysical
properties. This study investigates a depleted oilfield reservoir within the Bredasdorp Basin,
offshore South Africa. It is a sandstone reservoir with effective porosity mean of 13.92% and
dominant permeability values of 100–560 mD (1 mD = 9.869233 9 10–16 m2). The petro-
physical properties are facies controlled, as the southwestern area with siltstone and shale
facies has reduced porosity and permeability. The volume of shale model shows that the
reservoir is composed of clean sands, and water saturation is 10–90%, hence suitable for CO2

storage based on petrophysical characteristics. Static storage capacity of the reservoir as
virgin aquifer and virgin oilfield estimates sequestration of 0.71 Mt (million tons) and 1.62
Mt of CO2, respectively. Sensitivity studies showed reservoir depletion at bubble point
pressure increased storage capacity more than twice the depletion at initial reservoir pres-
sure. Reservoir pressure below bubble point with the presence of gas cap also increased
storage capacity markedly.

KEY WORDS: 3D static model, Facies, Petrophysical properties, Static storage capacity, Sensitivity
studies, Bredasdorp basin.

INTRODUCTION

Climate researchers and governments world-
wide are not in denial of the reality of climate
change, and the main culprit is man�s continual
dependence on fossil fuels, with the 2015 Paris
Agreement setting the world on course to drastically

cut down emissions of anthropogenic carbon dioxide
(CO2) and reducing global warmth increment under
1.5 �C (UNFCCC, 2015; IPCC, 2018). As the Inter-
national Energy Agency (IEA) estimated, the en-
ergy demand could escalate by well-nigh 4% by
2030, with the demand mainly satisfied by fossil fuels
(Yelebe & Samuel, 2015).

Around 90% of South Africa�s vital energy is
satisfied by petroleum derivatives, and coal delivers
92% of power generation countrywide (South Africa
Department of Energy, 2009). South Africa has vast
coal reservoirs used predominantly in power gener-
ation, production of liquid fuels and a direct supply
of heat and steam in various industrial processes.
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Presently, emissions of CO2 are thought to exceed
400 Mt (million tons) per year in South Africa
(Cloete, 2010). One of the specialized methodolo-
gies that can be utilized to moderate worldwide
environmental change in non-renewable energy-
centered nations such as South Africa is carbon
capture, utilization and storage (CCUS) (Anastassia
et al., 2010; Viljoen et al., 2010; Chabangu et al.,
2014a, 2014b; Tsuji et al., 2014; Kempka et al., 2017;
Bandilla et al., 2019; Yan & Zhang, 2019; Alcalde
et al., 2021).

Storage of CO2 in deep geological formations
involves capturing and separating from an industrial
source, onward conveyance and injection into
underground geologic reservoirs for permanent
storage. Finally, it is measured, monitored and ver-
ified that it stays in the storage formation (Würde-
mann et al., 2010). From Meer (1995), Kumar et al.
(2005), Teletzke & Lu (2013), Ojo & Tse (2016), Bui
et al. (2018) and Alcalde et al. (2021), the typical
geological indicators for the perfect spot for CO2

storage involve:

� A reservoir rock or unit (such as hydrocarbon-
depleted reservoirs, deep saline aquifers, coal
seams, and salt caverns), with sufficient porosity
and permeability, allowing injection and persis-
tent storage of CO2.

� The reservoir units occur at depths exceeding
800 m from mean sea level, ensuring reservoir
pressure and temperature conditions (typically
73.7 bar and 31 �C geometric and geothermal
gradient) allow CO2 existence in a dense super-
critical form.

� An impermeable rock acts as a seal above the
reservoir, preventing upward migration of CO2.

The injection and geological storing of CO2

have been utilized for a considerable time to en-
hance optimization in oil and gas fields, while stor-
age of gas and other substances in geological
reservoirs has likewise been ongoing for decades
(Viljoen et al., 2010; Vincent et al., 2013). Equiva-
lent geological factors keeping commercial quanti-
ties of hydrocarbon in the subsurface for geologic
time are currently being applied for CO2 storage.
Depleted petroleum fields can geologically host CO2

because their hydrocarbon retention ability has been
demonstrated, as they have held barrels of hydro-
carbon for geologic time, with accompanying mas-
sive geological and engineering data gathered from

the fields for detailed reservoir characterization or
while in production to improve oil and gas recovery
(Alcalde et al., 2019, 2021; Ghanbari et al., 2020).

The drive to attain accurate resource estima-
tion, efficient production, and improve cost effec-
tiveness and economic viability of subsurface
resources has necessitated the modeling of rock
properties and fluid characteristics in a 3D space,
using seismic, core and well logs data (Khadragy
et al., 2017; Ali et al., 2021; Ayodele et al., 2021;
Othman et al., 2021; Opuwari et al., 2022). There-
fore, an integral aspect of site appraisal before CO2

injection is a methodic retention assessment, i.e.,
construction of a robust 3D static model of these
geologic formations found at great depths (Smith
et al., 2012; Ojo & Tse, 2016; Shariatipour et al.,
2016; Ampomah et al., 2017; Niri, 2018; Abdullah
et al., 2021), because it enables modeling of multi-
plex reservoirs having lateral and vertical lithologic
variations, with an improved knowledge of reservoir
properties distribution leading to enhanced volu-
metric estimation, risk and uncertainty analysis,
predictions of fluid flow and field development plans
(Abdel-Fattah et al., 2018; Adelu et al., 2019; Ra-
himi & Riahi, 2020; Radwan et al. 2022a, 2022b;
Sarhan et al., 2022).

With CO2 emissions of approximately 430 Mt
(million tons) annually (Boden et al., 2011), the
South African government has acceded to the global
demand for reduction in greenhouse gas emissions
via some international accords (Winkler et al., 2002;
Hietkamp et al., 2004). The country has further
investigated the potentials of CO2 storage in South
Africa, identified possible sites (saline aquifers,
hydrocarbon-depleted reservoirs, coal seams and
basement rocks) and estimated their storage capac-
ities, the study revealed geological formations in
South Africa can store an estimated 150 Gt (giga
tons) of CO2, but onshore sites in the Zululand and
Algoa basins can only hold below 2% of this
(Cloete, 2010; Chabangu et al., 2014a, 2014b; Tibane
et al., 2021). This has necessitated the drive to assess
the potentials of offshore lying basins (Outeniqua
and Orange basins) for CO2 storage, with the
hydrocarbon-depleted reservoirs of greater interest
due to availability of data such as wireline logs,
seismic, engineering and production data for ade-
quate reservoir assessment and de-risking.

The E-BD field is a depleted oilfield within the
offshore lying Bredasdorp Basin, a sub-basin of the
Outeniqua basin, southern South Africa. Wildcat,
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appraisal, development, and production wells have
been drilled for oil extraction in the field, leading to
its final abandonment. From available data, there
exists no public/published work on a 3D static model
of an oilfield in the Bredasdorp Basin. This study
presents a detailed production of a 3D geological
model, integrating 3D seismic data, well logs and
available geological information for a good grasp of
the geometric dispersal of continuous petrophysical
properties such as effective porosity, water satura-
tion, permeability, and discrete properties such as
facies distribution in the oilfield. This model also
serves as the primary input for dynamic simulation
of the oilfield as a potential CO2 sink.

Geological Setting

The Bredasdorp basin is a prolific hydrocarbon
province off the South African coast, and lying be-
neath the Indian Ocean (Parker, 2014; Acho, 2015;
Magoba & Opuwari, 2017; Opuwari et al., 2022). It
is 200 km long and 80 km wide, covering approxi-
mately 18,000 km2, hosting most of South Africa�s
prospects and discoveries. The study area (Fig. 1),
located within the Bredasdorp Basin, a sub-basin

and part of a series of en echelon sub-basins within
the Outeniqua Basin, is a synrift half-graben passive
margin basin bounded by the Infanta arch and
Agulhas arch in the north and south, respectively,
the arches being basement highs composed of the
Cape Supergroup sediments, metamorphic rocks,
and granites dated to the Precambrian (Davies,
1997; Nfor, 2011; Opuwari et al., 2022), overlain with
varying thicknesses of drift sediments.

The sedimentary successions and tectonic his-
tory of the Bredasdorp basin have been well docu-
mented, with the distribution of sediments largely
eustasy-dependent (Viljoen et al., 2010; Opuwari
et al., 2022) (Fig. 2). The Bredasdorp basin was in-
filled by sediments derived from the denudation of
the shallow, deep and transitional marine environ-
ments of the Cape and Karoo Supergroups
(Mcmillan et al., 1997). The Cape fold belt,
extending both offshore and onshore on South
Africa’s coast, resulted from the Cape Supergroup
folding during the Cape orogeny (Haelbich et al.,
1983). Towering on the top of a retro arc foreland
basin is the succession of the Karoo Supergroup of
alluvial, marine, deltaic and glacial origins deposited
from late Carboniferous to early Jurassic at the on-
set of erosion and subduction (Dingle, 1983; Smith,

Figure 1. The study area map, with wells and seismic cube offshore South Africa, produced from Petrel 2018.2 software (h

ttps://usoftly.com/product/schlumberger-petrel-2018-2-7/) modified (Petroleum Agency of South Africa, 2017).
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1990; Brown et al., 1995; Jungslager, 1999; Broad
et al., 2012). At the cessation of the Karoo Super-
group erosion, the Eastern Gondwana showed re-
cords of rifting, and the synrift half grabens of the
Bredasdorp basin appeared (Mcmillan et al., 1997;
Hendricks, 2019). Although the main source rock of
the oil in the basin is the deep marine mature shales
deposited in the mid-Aptian (Fig. 2), the synrift

shelf and drift section deep marine turbidite sand-
stones form the two major basinal reservoirs, while
the drift shales of marine origin act as the primary
seals. Stratigraphic traps in the drift section and
structural traps as tilted fault blocks, in the synrift,
are well represented in the Bredasdorp basin
(Jungslager, 1999; Petroleum Agency of South
Africa, 2017).

Figure 2. Generalized chronostratigraphic map of the Bredasdorp Basin (modified after Brown et al., 1995; Petroleum

Agency of South Africa, 2017).
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METHODOLOGY

Materials

Data used for the study were made available by
the Petroleum Agency South Africa (PTY) Limited
(PASA). The work integrated 3D seismic volume
(SEG-Y format), formation tops, check shot data,
wireline logs, geological reports from the oilfield and
core data. Six wells were made available, namely E-
BD1, E-BD2, E-BD3, E-BD4, E-BD5 and E-CE1.
Wells E-BD5 and E-CE1 were outside the seismic
cube (Fig. 1).

Identification of Charis Reservoir and Hydrocarbon
Bearing Zone

Gamma-ray (GR) and deep resistivity logs were
used to identify potential hydrocarbon-bearing
sands/reservoirs. Using gamma-ray, the identifica-
tion of facies and lithology correlation from well log
between the studied wells. For example, £ 40 API
represented sandstone, 40–95 API was siltstone,
with shale indicated by an API ‡ 95. Hence, the

three facies identified were shale, siltstone and
sandstone (Fig. 3). This process gave the facies dis-
tribution in the model generated for the reservoir
and enabled facies correlation between wells.
Resistivity log aided the identification of possible
oil–water contact (OWC), i.e., a differentiation be-
tween oil and water-bearing zones (Saadu &
Nwankwo, 2018; Adelu et al., 2019; Ayodele et al.,
2021).

The reservoir (named Charis) (Fig. 3) was
intersected in well E-BD1 from 2622 to 2653 m
(31 m), 2605–2682 m (77 m) in well E-BD3 and
2607–2684 m (77 m) in well E-BD4, with the OWC
at 2639 m in E-BD1 and 2640 m in E-BD4. (There
was no deep resistivity log for E-BD3.) The E-BD2
well was drilled to test commercial quantities of oil
stored in the sandstones intersected in the E-BD1
well, but lying above the OWC in E-BD1 and E-
BD4 was a 25 m (2577–2602 m) water-saturated
sandstone, suggesting the reservoir rocks encoun-
tered in E-BD1 did not continue into E-BD2
(Fig. 3). The E-BD2 well was therefore excluded
from the correlation and further analysis because the
Charis reservoir did not extend into this well. The
Charis reservoir intersected in E-BD1, E-BD3 and

Figure 3. Stratigraphic correlation of log responses through the hydrocarbon column in the drilled wells in the oilfield.

3D Static Modeling and CO2 Static Storage



E-BD4 was then subjected to further seismic and
petrophysical investigations for modeling.

Seismic Interpretation

This started with tying seismic (in the time do-
main) to well data (measured in depth) (called the
seismic-to-well tie) using the Petrel 2018.2 software
developed by Schlumberger (Fig. 4). The tie was
done by using the provided check shot survey from
well EBD-1, and reflection coefficients (RC) and
acoustic impedance (AI) were generated using
density (RHOB1) and calibrated sonic log (Fig. 4).
The well-to-seismic tie is principally jeered toward
correlating the top and base of the hydrocarbon-
bearing sand with their specific reflections on seis-
mic. Seismic horizons (top and base of sands) were
already identified on well logs, and structural dis-
continuities (fault) mapping over the entire grid of
the seismic cube was done immediately after the
well-to-seismic tie (Fig. 5). The horizons and faults
were mapped in time guardedly (though there were

only minor faults with no major impact on the
reservoir within the entire grid). Subsequently, time
was converted to depth with the 3D velocity model
developed by integrating the well velocity data and
the seismic horizons. The depth conversion supplied
the horizons and faults in depth grids, serving as
input for the 3D static model, and enabled the
generation of structure maps and an isopach
(thickness) map (Figs. 5, 6, 7) (Khadragy et al., 2017;
Ali et al., 2021; Ayodele et al., 2021; Okoli et al.,
2021; Othman et al., 2021; Sarhan et al., 2022).

Petrophysical Evaluation

Wireline logs (such as resistivity, neutron, den-
sity, gamma-ray, and sonic) were subjected to
petrophysical examination using Interactive Petro-
physics (IP) software (version 2021) to calculate
properties of the reservoir such as volume of shale,
net-to-gross (NTG), effective porosity (ueff), per-
meability, water saturation (Sw), and reservoir
thickness. The following linear formula was used to

Figure 4. Well-to-seismic tie from E-BD2.
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obtain the gamma-ray index (IGR) from the log
(Asquith & Gibson, 1982), thus:

IGR ¼ Gr log�Gr minimum

Gr maximum � Gr minimum
ð1Þ

Vsh ¼ 0:33ð2 2�IGRð Þ � 1 ð2Þ

where Gr log is target formation gamma-ray log
reading, Gr minimum is minimum gamma-ray log
reading; and Gr maximum is maximum gamma-ray
log reading. Corrections were then performed to
Eq. 1 using the nonlinear Larionov method (Lari-
onov, 1969). The IGR value gotten from Eq. 1 was
then used in the volume of shale estimation by
Eq. 2.

Density log-derived total porosity [ /t (%)] was
estimated as:

/t ¼ qma � qb

qma � qfl
ð3Þ

where qma is density (g/cm3) of matrix; qb is density
(g/cm3) log reading, and qfl is density (g/cm3) of
fluid. An average matrix density of 2.67 g/cm3 from
core grain density was used (Asquith & Gibson,
1982; Ayodele et al., 2021). By applying a shale

correction to the calculated /t, effective porosity
was obtained as:

Effective porosity ¼ /t � Vsh ð4Þ
An empirical equation from the core porosity

versus core permeability cross-plot was derived to
estimate permeability using the hydraulic flow unit
concept. The input parameters were core porosity
and core permeability data. This method has been
used extensively and successfully by many re-
searchers (e.g., Amaefule et al., 1993; Abbaszadeh
et al., 1996; Perez et al., 2003; Kadkhodaie-Ilkhchi
et al., 2013; Nabawy & Al-Azazi, 2015; Opuwari
et al., 2021, 2022; Radwan et al., 2021).

Water saturation was estimated as (Archie,
1942):

Sw ¼ aRw

/mRt

� �1=n

ð5Þ

where a is coefficient of formation factor, Rw is
water resistivity (ohm), m is cementation exponent,
Rt is true resistivity (ohm) of the formation, n is
saturation exponent, and / is porosity (dec). Esti-
mated results from the log were calibrated with core
measurements as supplied by the Petroleum Agency

Figure 5. Seismic section showing a mapped fault and some horizons.
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Figure 6. Time structure maps of Charis reservoir: (a) top; (b) base.
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Figure 7. Depth structure maps of Charis reservoir: (a) top; (b) base.
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South Africa (PTY) Limited (PASA), which gave a
good level of reliability to the results (Figs. 9, 10).

RESULT AND DISCUSSION

Time and Depth Map of the Charis Reservoir

The time contour map of the Charis reservoir
shows a time increase in the eastern and southeast-
ern areas, with maximum values of about 1.97 and
1.95 s, respectively, indicative of low structural fea-
tures (Ali et al., 2021). There was a decrease in the
TWTs (two-way travel times) in the northern and
western parts with values around 1.9 and 1.88 s, with
the southwestern area recording the most negligible
value of about 1.83 s, indicative of high structural
features (Fig. 6a, b). The basal map of the Charis
reservoir records similar characteristics, with the

time increase in the eastern and southeastern areas,
with values around 0.2 s, a decrease of TWTs in the
northern and western parts with values around 1.9
and 1.89 s, and the most negligible value of about
1.84 s in the southwestern portion of the map. The
depth maps (Fig. 7a, b) of the Charis reservoir show
a general southeast, central to northwest deepening
with peak values reaching � 2630 m and shallowing
to the southwest and northern areas, having values
of � 2450 m and � 2480 m, respectively.

Isopach Map of the Charis Reservoir

The Charis reservoir�s isopach map was gener-
ated by subtracting the Charis reservoir base depth
map from the top depth map (refer to Fig. 3 for
stratigraphic positions). As a result, the generated
isopach map (Fig. 8) reflected that the Charis

Figure 8. Isopach map of the Charis reservoir.
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reservoir thickness increased markedly in the
northwest and central sections of the reservoir, with
the basinal area having sediment thickness of around
125 m in the northwest and down to between 95 and
100 m in the central portion of the reservoir. How-
ever, thickness decreased in the northeastern region
to as low as 5 m.

Lithology and Petrophysical Characteristics
of the Charis reservoir

The stratigraphy of the Charis reservoir, as de-
duced from core data and well logging analyses, is
composed of three facies; shales, predominantly
clean good, quality channel sandstones (coarse to
fine-grained); and thin siltstone interbeds. Petro-
physical data logs of some selected wells and a
summary of the petrophysical properties of the
Charis reservoir are presented in Figures 9 and 10
and Table 1.

3D Facies Model

Facies log upscaling in the available wells is the
first stage of building a 3D facies model of a reser-
voir (Ali et al., 2020a, 2020b, 2021; Othman et al.,
2021; Radwan et al., 2022a, 2022b), with the assigned
facies values in the log from the penetrated wells
vertically and horizontally distributed to fill the
whole 3D grid. With sequential indicator simulation
(SIS), the statistical method in the Schlumberger
Petrel software adopted for facies modeling, the
proportions of facies used were 4.45% shale, 76.22%
sandstone and 19.53% siltstone (Fig. 11a). In addi-
tion, to explicitly illustrate the vertical and hori-
zontal facies changes across the reservoir, cross
sections of the Charis reservoir were generated
(Fig. 11b, c). The interpreted facies from well logs
and core reports of the Charis reservoir are inter-
preted as a channel-fill deposition (massive sand-
stone beds separated by minor shale and siltstone
interbeds), with the sandstones being deposited

Figure 9. Charis reservoir litho-saturation cross-plots from well E-BD1.
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within the confines of a deep-marine channel, firstly
as amalgamated inputs, the product of pulses of
high-density turbidity currents, followed by deposi-
tion in predominantly low sinuosity channels within

the overall channel boundaries (Reading & Ri-
chards, 1994; Clark & Pickering, 1996).

3D Petrophysical Model

Petrophysical values derived from the Interac-
tive Petrophysics� software (IP 2021) were upscaled
and modeled with the aid of the petrophysical
modeling procedure in the Schlumberger Petrel
software. The sequential Gaussian simulation algo-
rithm was the statistical method employed for the
distribution of the petrophysical parameters (vol-
ume of shale, effective porosity, permeability, and
water saturation) in the model, cross sections in the

Figure 10. Charis reservoir litho-saturation cross-plots from well E-BD4.

Table 1. Petrophysical properties of Charis reservoir from well

log analysis

Curve (unit) E–BD1 E–BD3 E–BD4

GR (API) 14–101 14–107 17–119

Volume of shale (%) 0.14–77.91 0.11–72.69 0.03–98

PHIE (%) 10.74–21.94 1.53–17.94 0.01–21.67

Permeability (mD)a 2.54–203 1.67–679 0.17–431.6

Water saturation (%) 19.51–99.1 7.43–97.12 2–97.77

a1 mD = 9.869233 9 10–16 m2
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Figure 11. Facies distribution in the Charis reservoir: (a) 3D model; (b) N–S cross section; (c) E–W cross section.

3D Static Modeling and CO2 Static Storage



Figure 12. Water saturation distribution in the Charis reservoir: (a) 3D model; (b) N–S cross section; (c) E–W
cross section.
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Figure 13. Effective porosity distribution in the Charis reservoir: (a) 3D model; (b) N–S cross section; (c)

E–W cross section.
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Figure 14. Permeability distribution in the Charis reservoir: (a) 3D model; (b) N–S cross section; (c) E–W cross section.
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Figure 15. Shale volume distribution in the Charis reservoir: (a) 3D model; (b) N–S cross section; (c) E–W cross

section.
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NS and EW directions were also extracted to rec-
ognize both vertical and lateral property distribu-
tions in the model (Figs. 12, 13, 14, 15).

The effective porosity model showed values
ranging from< 5 to 22%, with permeability values
between 100 and 560 mD dominant in the reservoir.
The Charis reservoir thus exhibited medium to high
porosity and permeability values, with both proper-
ties increasing mainly in the northern, southeastern,
and central portions of the reservoir. The petro-
physical properties of the reservoir tend to be facies-
controlled, with the southwestern parts having re-
duced porosity and permeability values, aligning
well with the facies model having a concentration of
the siltstone and shale facies in the same area. The
Vsh model showed low shale fractions in the reser-
voir, with the reservoir being dominantly composed
of clean sands, with water saturation ranging be-
tween 10 and 90%. Generally, from the petrophys-
ical and facies characteristics of the Charis reservoir,
it is classed as a good reservoir rock (Table 2) (Le-
vorsen and Berry, 1967).

As a potential CO2 storage site based on pro-
posed parameters (Bachu, 2003; Smith et al., 2012),
which serve as the basis for suitable site scoring and
ranking, the results showed that the Charis reservoir
has good petrophysical characteristics, increasing its
potential for CO2 storage.

Static Storage Capacity Assessment

In the appraisal of a potential CO2 storage site,
estimation of the storage capacity of a reservoir is

key, with the two broad methods of estimation
(Bachu, 2008; Frailey, 2009; Jin et al., 2012). One
method is static capacity estimation (which is simple,
straightforward, requires less input data and com-
putational time, and provides a good and useful
initial assessment of the reservoir). The other
method is numerical simulation (it is dynamic, re-
quires more input data and computational time, but
provides more reliable results). The rock and fluid
properties, which are the input parameters, are time-
dependent in the dynamic estimation but time-in-
dependent in the static case (Jin et al., 2012). The
most widely used static methods for storage esti-
mation are the compressibility method (van der
Meer & Egberts, 2008; Zhou et al., 2008) and volu-
metric method (Holloway et al., 1996; DOE, 2007;
Chadwick et al., 2008). The compressibility method
(Eq. 6) which is applied usually for CO2 storage
estimation in confined aquifers and single-phase oil-
depleted reservoirs (Goodman et al., 2011; Vulin
et al., 2012) was adopted for this study, thus:

VCO2 ¼ Vp � Cp þ Sw � Cwð Þ þ So � Coð Þ
� �

� DPmax

ð6Þ

where VCO2 is calculated volume of CO2 that can be
stored in the reservoir, C is compressibility, S is
saturation, and subscripts p, w and o refer to pore
space, water, and oil, respectively; DPmax is maxi-
mum allowable pressure increase in the reservoir,
which is the difference between the maximum
pressure allowed in a system (taken as 90% litho-
static pressure gradient) and the initial pressure of a
reservoir. This method assumes that pore space to
be filled by the injected CO2 is dependent on the

Table 2. Classification of reservoir (a) porosity and (b)

permeability values (adapted from Levorsen & Berry, 1967)

(a) Porosity (%) Classification

0–5 Negligible

5–10 Poor reservoir rock

10–15 Fair reservoir rock

15–20 Good reservoir rock

20–25 Very good reservoir rock

(b) Permeability (mD)a Classification

£ 10.5 Poor to Fair

15–50 Moderate

50–250 Good

250–1000 Very good

> 1000 Excellent

a1 mD = 9.869233 9 10–16 m2

Table 3. Calculated CO2 storage capacity for Charis reservoir

with oil phase

Properties Values

Vp, m3 184 9 106

Cp, kPa�1 5.29 9 10–7

Cw, kPa�1 4.42 9 10–7

Co, kPa�1 2.02 9 10–6

Sw 0.2

So 0.8

Initial pressure, MPa 26.145

Lithostatic pressure, MPa 33.440

DPmax, MPa 3.951

VCO2, Mt (million tons) 1.62
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compressibility of the existing reservoir fluids and
the rock (Obdam, 2000; van der Meer & Egberts,
2008; Jin et al., 2012). The fluids and rock com-
pressibility, reservoir pressure, and saturation values
were sourced from the well engineering report of the
field, with the pore volume gotten from the static
model built using the Petrel software. The CO2 static
reservoir capacity computation of Charis reservoir
with the presence of an oil phase (virgin oilfield) is
presented in Table 3, with input values collected in
field units but reported in metric units.

The initial state of the reservoir before oil
migration into it was also considered. Equation 6
was then rewritten to eliminate the oil component,
thus:

VCO2 ¼ Vp � Cp þ Sw � Cwð Þ
� �

� DPmax ð7Þ

where VCO2 is the calculated volume of CO2 that can
be stored in the reservoir, C is compressibility, S is
saturation, subscripts p and w refer to pore space
and water; DPmax is maximum allowable pressure
increase in the reservoir, which is the difference
between the maximum pressure allowed in the sys-
tem (taken as 90% lithostatic pressure gradient) and
the initial pressure of the reservoir. The reservoir
pressure, lithostatic pressure, fluids and rock com-

pressibility values were sourced from the well engi-
neering report of the field, while the pore volume
was gotten from the static model built using the
Petrel software. The CO2 static reservoir capacity
computation of Charis reservoir fully saturated with
water is provided in Table 4, with input values col-
lected in field units and reported in metric units:

SENSITIVITY STUDIES

The sensitivity studies performed on the static
capacity estimation of the reservoir included the
following:

a. Depleting oilfield at constant initial reservoir
pressure (Pi) and increasing water saturation.
Using Eq. 6, the results are presented in Table 5
(with Vp, Cp, Cw, Co and DPmax being fixed
parameters, while Sw increases with decreasing
So). From Table 5, equal oil and water saturation
of 0.5 yielded an estimate of 1.28 Mt CO2 that
can be stored in the reservoir, and while 90% of
the reservoir was filled with brine, it was esti-
mated to store 0.82 Mt CO2. As the oilfield was
being depleted and water saturation increased,
the volume of CO2 that can be stored in the field
reduced (Fig. 16), this was because water is less
compressible than oil.

b. Depleting oilfield and depressurization—initial
pressure was dropped to bubble point pressure
(Pb) while increasing water saturation in the
system (DPmax is the difference between the
maximum pressure allowed in the system (taken
as 90% lithostatic pressure gradient) and the
bubble point pressure of the reservoir; Vp, Cp,
Cw, Co, Pb and DPmax are fixed parameters, while
Sw increased with decreasing So). Using Eq. 6,
the results are presented in Table 6 and Fig-
ure 17. In a depleting oilfield at bubble point
pressure, the total volume of CO2 that can be
stored also reduces with increasing water satu-

Table 4. Calculated CO2 storage capacity for Charis reservoir

fully water saturated

Properties Values

Vp, m
3 184 9 106

Cp, kPa
�1 5.29 9 10–7

Cw, kPa
�1 4.42 9 10–7

Sw 1

Initial pressure, MPa 26.145

Lithostatic pressure, MPa 33.440

DPmax, MPa 3.951

VCO2, Mt (million tons) 0.71

Table 5. Depleting oilfield (increasing Sw and reducing So) at constant initial reservoir pressure (Pi)

Vp, m
3 Cp, kPa

�1 Cw, kPa
�1 Co, kPa

�1 Sw So DPmax, MPa VCO2, Mt (million tons)

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.5 0.5 3.951 1.28

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.6 0.4 3.951 1.17

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.7 0.3 3.951 1.05

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.8 0.2 3.951 0.94

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.9 0.1 3.951 0.82
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ration, though the volumes at each water satu-
ration point are more than twice the corre-
sponding values at initial reservoir pressure.
Therefore, reduction in reservoir pressure will
give increasing volume of CO2 that can be stored
in a reservoir.

c. Non-depleting oilfield with continued depres-
surization—constant water saturation and
reservoir pressure at 1000 psi.1 At bubble point
pressure, the first bubble of natural gas begins to
come out of solution, and as the reservoir pres-
sure continues to decrease, more gas comes out
of solution to form a gas cap. The gas component
was therefore introduced into Eq. 6 to give:

VCO2 ¼ Vp � Cp þ Sw � Cwð Þ
�

þ So � Coð Þ þ Sg � Cg

� ��
� DPmax

ð8Þ
where VCO2 is the calculated volume of CO2 that
can be stored in the reservoir, C is compress-
ibility, S is saturation, and subscripts p, w, o and
g refer to pore space, water, oil and gas,
respectively; DPmax is the maximum allowable
pressure increase in the reservoir, which is the
difference between the maximum pressure al-
lowed in the system (taken as 90% lithostatic

pressure gradient) and 1000 psi (6.895 MPa),
with Vp, Cp, Cw, Co, Cg, Pb, Sw, new reservoir
pressure (1000 psi) and DPmax are fixed param-
eters, while Sg increases with decreasing So. The
results are presented in Table 7 and Figure 18.
The depressurization case in Table 7 and Fig-
ure 18 shows that as gas cap formed below
bubble point pressure, the volume of CO2 that
can be stored increased with increasing gas sat-
uration. This is because gas is more compressible
than oil and water.

CONCLUSIONS

Carbon capture, utilization and storage remain
an important and essential technology for countries
and industries to reduce worldwide environmental
change, with underground storage of carbon dioxide
in geological formations a core of carbon seques-
tration, especially in non-renewable energy-centered
nations. Developing a robust geological model of
underground formations is paramount for CO2

storage site appraisal, to deduce their facies and
petrophysical properties.

The investigated Charis reservoir as a potential
CO2 storage site is a sandstone reservoir with mean
effective porosity of 13.92% and dominant perme-
ability values of 100–560 mD, with both properties

Figure 16. CO2 static capacity estimate for depleting oilfield at initial reservoir pressure (Pi).

1 1 psi = 6.8947572932 kPa.

Table 6. Depleting oilfield (increasing Sw and reducing So) and depressurization (reservoir depressurized to bubble point pressure Pb)

Vp, m
3 Cp, kPa

�1 Cw, kPa
�1 Co, kPa

�1 Sw So Bubble point pressure Pb, MPa DPmax, MPa VCO2, Mt (million tons)

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.5 0.5 20.86 9.232 2.99

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.6 0.4 20.86 9.232 2.72

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.7 0.3 20.86 9.232 2.45

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.8 0.2 20.86 9.232 2.19

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 0.9 0.1 20.86 9.232 1.92
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increasing in the reservoir’s northern, southeastern
and central portions. The southwestern area with
siltstone and shale facies has reduced porosity and
permeability, making the petrophysical properties of
the reservoir facies controlled. The volume of shale
model shows that the reservoir is composed of clean
sands and water saturation ranging between 10 and
90%. The reservoir is suitable for CO2 storage based
on its porosity and permeability.

As a virgin oilfield, it is estimated the reservoir
can sequester around 1.62 Mt (million tons) of CO2,
and 0.71 Mt of CO2 with the reservoir fully water-
saturated, based on only the static storage volume
estimate of the reservoir. Increasing reservoir water
saturation (a depleting oilfield at constant initial

reservoir pressure) decreases CO2 storage capacity
of the reservoir because water is less compressible
than oil. Oil depletion (increasing water saturation)
at bubble point pressure is also attended with
decreasing CO2 storage capacity, although the total
CO2 volume that can be stored is more than twice
the volume at each water saturation level while the
reservoir was at initial reservoir pressure. The oil-
field, not under depletion and at 1000 psi, with a gas
cap and water saturation of 50%, significantly in-
creases CO2 storage volume because gas is more
compressible than oil and water.

Further credence can be given to the reservoir
and seal in the field because it has held and kept
hydrocarbon in place in the geologic past, and the

Figure 17. CO2 static capacity estimate for depleting oilfield at bubble point pressure (Pb).

Table 7. Non-depleting oilfield (constant Sw) at 1000 psi (increasing gas saturation (Sg) and decreasing oil saturation (So)

Vp, m
3 Cp, kPa

�1 Cw, kPa
�1 Co, kPa

�1 Cg, kPa�1 Sw So Sg New reservoir

pressure

(1000 psi*), MPa

DPmax, MPa VCO2, Mt

(million tons)

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 2.54 9 10–6 0.5 0.4 0.1 6.895 23.201 7.74

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 2.54 9 10–6 0.5 0.3 0.2 6.895 23.201 7.96

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 2.54 9 10–6 0.5 0.2 0.3 6.895 23.201 8.18

184 9 106 5.29 9 10–7 4.42 9 10–7 2.02 9 10–6 2.54 9 10–6 0.5 0.1 0.4 6.895 23.201 8.40

*1 psi = 6.8947572932 kPa

3D Static Modeling and CO2 Static Storage



field has been produced. The presence of residual oil
will also increase the volume of CO2 that can be
stored in the reservoir. This study presents a detailed
investigation into an oilfield within the Bredasdorp
Basin as a potential CO2 storage site and can be
used to compare the well-explored gas fields in the
basin, it is also the primary input for dynamic sim-
ulation of the field.
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the static geological reservoir model of the upper triassic
stuttgart formation at the ketzin pilot site for CO2 storage by
integrated inverse modelling. Energies, 10(10), 1559.

Kumar, A., Noh, M. H., Ozah, R. C., Pope, G. A., Bryant, S. L.,
Sepehrnoori, K., & Lake, L. W. (2005). Reservoir simulation
of CO2 storage in aquifers. SPE Journal, 10(03), 336–348.

Larionov, V. V. (1969). Borehole radiometry. Nedra, Moscow,
127, 813.

Levorsen, A. I., & Berry, F. A. F. (1967). Geology of petroleum
LK. In A Series of books in geology TA-TT(2nd ed.). W.H.
Freeman and Co. https://uwc.on.worldcat.org/oclc/490246406.

Magoba, M., & Opuwari, M. (2017). An Interpretation of core and
Wireline logs for the Petrophysical evaluation of Upper Shal-
low Marine reservoirs of the Bredasdorp Basin, Offshore
South Africa Moses Magoba and Mimonitu Opuwari. Euro-
pean Geosciences Union General Assembly 2017. www.egu.eu.

Mcmillan, I. K., Brink, G. I., Broad, D. S., & Maier, J. J. (1997).
Chapter 13 late Mesozoic sedimentary basins off the south
coast of South Africa. In R. C. Selley (Ed.), African Basins
(Vol. 3, pp. 319–376). Elsevier. https://doi.org/10.1016/S1874-
5997(97)80016-0.

Meer, L. V., & der. (1995). The CO2 storage efficiency of aquifers
TN0 institute of applied geoscience. Energy Conversion and
Management, 36(6), 513–518.

Nabawy, B. S., & Al-Azazi, N. A. S. A. (2015). Reservoir zonation
and discrimination using the routine core analyses data: The
upper Jurassic Sab�atayn sandstones as a case study, Sab�a-
tayn basin. Yemen. Arabian Journal of Geosciences, 8(8),
5511–5530.

Nfor, N. E. (2011). Sequence stratigraphic characterisation of
petroleum reservoirs in block 11b / 12b of the Southern
Outeniqua Basin.

Niri, M. E. (2018). 3D and 4D Seismic data integration in static and
dynamic reservoir modeling: A review. 8(2), 38–56. https://doi.
org/10.22078/jpst.2017.2320.1407.

Obdam, A. (2000). Aquifer storage capacity of CO2. TNO-Built
Environment & Geosciences, Utrecht, The Netherlands.

Ojo, A. C., & Tse, A. C. (2016). Geological characterisation of
depleted oil and gas reservoirs for carbon sequestration
potentials in a field in the Niger Delta, Nigeria. Journal of
Applied Sciences and Environmental Management, 20(1), 45.

Okoli, A. E., Agbasi, O. E., Lashin, A. A., & Sen, S. (2021). Static
reservoir modeling of the eocene clastic reservoirs in the Q-
Field, Niger Delta Nigeria. Natural Resources Research,
30(2), 1411–1425.

Opuwari, M., Afolayan, B., Mohammed, S., Amaechi, P. O.,
Bareja, Y., & Chatterjee, T. (2022). Petrophysical core-based
zonation of OW oilfield in the Bredasdorp Basin South
Africa. Scientific Reports, 12(1), 1–19.

Opuwari, M., Mohammed, S., & Ile, C. (2021). Determination of
reservoir flow units from core data: A case study of the lower
cretaceous sandstone reservoirs, Western Bredasdorp Basin
Offshore in South Africa. Natural Resources Research, 30(1),
411–430.

Othman, A. A. A., Fathy, M., Othman, M., & Khalil, M. (2021).
3D static modeling of the Nubia Sandstone reservoir, gamma
offshore field, southwestern part of the Gulf of Suez. Egypt.
Journal of African Earth Sciences, 177, 104160. https://doi.
org/10.1016/j.jafrearsci.2021.104160.

Parker, I. (2014). Petrophysical evaluation of sandstone reservoirs
of the Central Bredasdorp Basin , Block 9 , Offshore South
Africa By Irfaan Parker.

Perez, H. H., Datta-Gupta, A., & Mishra, S. (2003). The role of
electrofacies, lithofacies, andhydraulic flowunits inpermeability
predictions from well logs: a comparative analysis using classi-
fication trees.SPE Annual Technical Conference and Exhibition.

Petroleum Agency of South Africa. (2017). Petroleum Explo-
ration in South Africa Brochure Information and Opportu-
nities. 48. http://info.matchdeck.com/hubfs/PASA_Explora
tion_Opportunities_in_SA.pdf.

Afolayan, Mackay, and Opuwari

http://scholar.sun.ac.za/handle/10019.1/4936
http://scholar.sun.ac.za/handle/10019.1/4936
https://doi.org/10.12987/9780300185294-003
http://inis.iaea.org/search/search.aspx?orig_q=RN:17008619
http://inis.iaea.org/search/search.aspx?orig_q=RN:17008619
http://www.environmentalgraphiti.org
http://www.environmentalgraphiti.org
https://uwc.on.worldcat.org/oclc/490246406
http://www.egu.eu
https://doi.org/10.1016/S1874-5997(97)80016-0
https://doi.org/10.1016/S1874-5997(97)80016-0
https://doi.org/10.22078/jpst.2017.2320.1407
https://doi.org/10.22078/jpst.2017.2320.1407
https://doi.org/10.1016/j.jafrearsci.2021.104160
https://doi.org/10.1016/j.jafrearsci.2021.104160
http://info.matchdeck.com/hubfs/PASA_Exploration_Opportunities_in_SA.pdf
http://info.matchdeck.com/hubfs/PASA_Exploration_Opportunities_in_SA.pdf


Radwan, A. E., Wood, D. A., Mahmoud, M., & Tariq, Z. (2022b).
Chapter Twelve - Gas adsorption and reserve estimation for
conventional and unconventional gas resources. In D. A.
Wood & J. B. T.-S. G. for N. G. S. S. Cai (Eds.), The Fun-
damentals and Sustainable Advances in Natural Gas Science
and Eng (Vol. 2, pp. 345–382). Gulf Professional Publishing.
https://doi.org/10.1016/B978-0-323-85465-8.00004-2.

Radwan, A. A., Abdelwahhab, M. A., Nabawy, B. S., Mahfouz, K.
H., & Ahmed, M. S. (2022a). Facies analysis-constrained
geophysical 3D-static reservoir modeling of Cenomanian
units in the Aghar Oilfield (Western Desert, Egypt): Insights
into paleoenvironment and petroleum geology of flu-
viomarine systems. Marine and Petroleum Geology, 136,
105436.

Radwan, A. E., Nabawy, B. S., Kassem, A. A., & Hussein, W. S.
(2021). Implementation of rock typing on waterflooding
process during secondary recovery in oil reservoirs: A case
study, El Morgan Oil Field, Gulf of Suez Egypt. Natural
Resources Research, 30(2), 1667–1696.

Rahimi, M., & Riahi, M. A. (2020). Static reservoir modeling
using geostatistics method: A case study of the Sarvak For-
mation in an offshore oilfield. Carbonates and Evaporites,
35(2), 1–13.

Reading, H. G., & Richards, M. (1994). Turbidite systems in deep-
water basin margins classified by grain size and feeder system
1. AAPG Bulletin, 78(5), 792–822.

Saadu, Y. K., & Nwankwo, C. N. (2018). Petrophysical evaluation
and volumetric estimation within Central swamp depobelt,
Niger Delta, using 3-D seismic and well logs. Egyptian
Journal of Petroleum, 27(4), 531–539.

Sarhan, M. A., Hassan, T., & Ali, A. S. (2022). 3D static reservoir
modelling of Abu Madi paleo-valley in Baltim Field, Off-
shore Nile Delta Basin Egypt. Petroleum Research, 7(4), 473–
485.

Shariatipour, S. M., Mackay, E. J., & Pickup, G. E. (2016). An
engineering solution for CO2 injection in saline aquifers.
International Journal of Greenhouse Gas Control, 53, 98–105.

Smith, M., Campbell, D., Mackay, E., & Polson, D. (2012). CO2
Aquifer Storage Site Evaluation and Monitoring (CASSEM)
Understanding the challenges of CO2 storage: results of the
CASSEM Project.

Smith, R. M. H. (1990). Alluvial paleosols and pedofacies se-
quences in the Permian Lower Beaufort of the southwestern
Karoo Basin, South Africa. Journal of Sedimentary Research,
60(2), 258–276.

South Africa Department of Energy. (2009). Digest of South
African energy statistics. Doi:https://doi.org/10.1016/j.infsof.2
008.09.005.

Teletzke, G. F., & Lu, P. (2013). Guidelines for reservoir mod-
eling of geologic CO2 storage. Energy Procedia, 37, 3936–
3944.
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