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Abstract 
 

This research was designed to analyse the effect of Shale in CO2 storage process petrophysically and geochemically within the G-Oil 

field in the Niger Delta Basin. Eight wells were profiled with 18 reservoirs delineated using Interactive Petrophysics software. Results 

show that Total porosity (∅t) within the range of 0.144-0.288 is higher than Effective Porosity (∅eff) which ranged from 0.142-0.275. 

Archie Water Saturation values (0.14-0.467) are higher than those of the Indonesian model (0.131-0.457). Permeability (k) values ranged 

from 181.01mD to 7942.091mD. Shale Volume (Vsh) ranged from 0.005-0.322 representing ‘clean/shaly sand’, with 13 reservoirs having 

‘shaly sand’ lithology. Shale is petrophysically confirmed with a mean value of ∅t (0.24) higher than ∅eff (0.228), and Archie Sw (0.352) 

being higher than Indonesian Sw (0.31). A high mean value of k (1780.941mD) confirms the existence of highly connected pores for CO2 

movement. Mean Vsh is 11.7%, indicating shaly sand lithology. Geochemical interaction of this shale with Dihydrogen Carbonate pro-

duced from the CO2/H2O reaction will increase ∅eff and k in the presence of adequate Sw (0.31). An increase in values of ∅eff and k im-

plies an increase in storage capacity of the reservoirs such that connected micropores increase while unconnected nanopores decrease. 

 
Keywords: Reservoir; Shale; Permeability; Water Saturation; Porosity. 

1. Introduction 

Geologic carbon sequestration involves the capture of CO2 from atmospheric and point sources. This is followed by conversion to a su-

percritical phase, transportation to designated sites, and injection into subsurface reservoirs for enhanced oil recovery (EOR) and long-

term storage [1–3]. The performance of this process is governed by several geological and petrophysical factors, including reservoir li-

thology, heterogeneity, and the presence of shale. Shale plays an important role in both hydrocarbon production and CO2 storage systems 

[4]. Beyond its fine role as a caprock, shale occurring within the reservoir matrix introduces complexities that directly influence carbon 

storage efficiency. Its impact on reservoir properties such as porosity, permeability, and water saturation is particularly significant due to 

the pronounced variability in shale petrophysical characteristics [4]. Accurate characterisation of these properties is therefore essential for 

applied prediction of CO2 behaviour in shale-bearing reservoirs [4], [5]. 

In the context of this study, reservoir shale refers to shale layers interbedded within the reservoir matrix. Where the dominant reservoir 

lithology is sandstone, such formations are classified as shaly sandstone reservoirs [6].  

Recent studies have focused on the interaction between CO2 and reservoir shale and the resulting changes in production-relevant parame-

ters, particularly porosity and permeability. However, reported findings remain inconsistent, reflecting variations in experimental condi-

tions, mineralogical composition, and fluid systems [7], [8]. To improve understanding of these interactions, [9] conducted a detailed 

investigation using shale core samples from selected oil reservoirs, examining coupled CO2–brine–shale processes. Their results are 

broadly consistent with earlier studies [7], [8], despite differences in experimental design. Under supercritical conditions and varying 

moisture contents, CO2 injection for EOR or storage was observed to alter pore structure and connectivity. 

From an applied geochemical perspective, CO2–shale interactions can induce changes in reservoir porosity and permeability through 

reactions between CO2 and carbonate minerals within the shale. These reactions have direct implications for reservoir performance, in-

jectivity, and long-term storage integrity, underscoring the importance of integrating geochemical effects into reservoir evaluation and 

carbon sequestration assessments. 

As presented by [9] the geochemistry witnesses both forward and reverse reactions as seen in the equations below: 
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CO2(supercritical)<–––––>CO2(aq)                   (1) 

 

CO2(aq) + H2O<–––––>H2CO3(aq)                     (2) 

 

H2CO3(aq)<–––––>HCO3
-
(aq) + H+

(aq)                     (3) 

 

CaCO3(s) + H+
(aq)<–––––>HCO3

-(aq) + Ca2+
(aq)                    (4) 

 

HCO3
-
(aq) + Ca2+

(aq)<–––––>CaCO3(s) + H+
(aq)                 (5) 

 

The reactions described in Equations (1)–(5) illustrate the geochemical mechanisms through which key reservoir production parameters 

are modified during CO2 injection. These reactions are reversible and are initiated when injected or connate CO2 dissolves in formation 

water to form Dihydrogen Carbonate acid (H2CO2). Under reservoir temperature conditions, H2CO2 partially dissociates, producing hy-

drogen ions (H⁺) in aqueous solution. These hydrogen ions subsequently react with carbonate minerals, particularly calcium carbonate 

present in shale. This reaction releases calcium ions (Ca²⁺), which may recombine with bicarbonate ions (HCO₃⁻) to precipitate calcium 

carbonate and regenerate hydrogen ions. The forward and reverse reactions continue over extended periods until chemical equilibrium is 

reached. At equilibrium, the reservoir system stabilises, contributing to the long-term retention of stored CO2 through solubility and min-

eral trapping mechanisms [7–9]. 

These reactions are particularly relevant to this study because they directly influence solubility trapping and are strongly controlled by 

shale volume, water saturation, porosity, and permeability. Shale volume is a key focus of this research due to its direct impact on petro-

physical and production-related reservoir parameters. Previous studies [10], [11] have identified distinct shale volume classifications and 

demonstrated their influence on reservoir performance. 

This study was designed to evaluate the influence of shale on the carbon sequestration process within the G-Oil Field, Niger Delta Basin. 

The findings are intended to provide applied insights that may support informed decision-making and investment in carbon sequestration 

initiatives within the region. 

1.1. Study location 

The study area, G-Oil Field, is located within the Greater Ughelli depobelt of the Niger Delta Basin, between latitudes 4°N and 6°N and 

longitudes 5°E and 8°E [12], [13]. The field covers an area of approximately 36.9 km². The spatial distribution of the eight wells ana-

lysed in this study is shown in Fig. 1. 

The Niger Delta Basin is underlain by three major lithostratigraphic units: the Benin, Agbada, and Akata Formations [14]. These for-

mations, ranging in age from early Tertiary to Recent [15, 16], control the basin’s reservoir characteristics and hydrocarbon distribution. 

The basin comprises five depobelts—Northern Delta, Greater Ughelli, Central Swamp, Coastal Swamp, and Offshore—which represent 

successive depositional sequences. The interbedded shale–sandstone architecture of the Agbada Formation, together with the thick Akata 

shale, accounts for the basin’s high hydrocarbon prospectivity and its suitability for carbon sequestration applications [16]. 

 

 
Fig. 1: Location Map of G – Oil Field within the Niger Delta Basin (Culled from [17]). 
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2. Material and Methods 

Materials used in this study include wireline well log data in American Standard Code for Information Interchange (ASCII) format and 

Interactive Petrophysics (IP) software for petrophysical analysis. Surfer® 13 software was used for spatial mapping, while Microsoft 

Excel was employed for statistical analysis. A total of eight (8) wells within the G-Oil Field were analysed. 

Petrophysical properties of interest—porosity, permeability, water saturation, and shale volume—were evaluated using a standardised IP 

workflow that allows for systematic documentation of applied algorithms and processing steps. Well log data were imported into the IP 

environment, where the workspace was configured, normalised, and displayed using appropriate log tracks. Log curves were selected 

based on the specific analytical objectives. 

Reservoir identification and correlation were performed using relevant individual and combined logs. Reservoir intervals were delineated 

using cutoff and summation algorithms implemented within the IP software, ensuring consistent and accurate reservoir definition. This 

process resulted in the identification of potential reservoir units and hydrocarbon-bearing zones, represented as reservoir and pay flags in 

the reservoir models (Appendices 1–8). 

Petrophysical properties such as Total and Effective porosities were analyzed using Tixier equations (6) and (7) respectively [18]. 

 

Porosity (∅) = 
ρma − ρb

ρma − ρfl
                  (6) 

 

Effective Porosity (∅eff) = ∅t (1 - Vsh)                 (7) 

 

Where ρma is matrix density, ρb bulk density, ρfl is fluid density, ∅t is total porosity and Vsh is Shale volume. 

[17] classified porosity qualitatively into 5 categories: ∅ ≤  5% is considered negligible while 5% < ∅ ≤  10% is weak porosity. Po-

rosity in the range 10% < ∅ ≤  15% is medium porosity while 15% < ∅ ≤  20% is considered as good porosity. Porosity in the 

range 20%< ∅ ≤  40%) constitutes a very good porosity. 

Permeability was obtained using Wiley-Rose model in equations (8) considering the application of porosity as fraction [18]. 

 

k = a [
∅b

Swirr
c]                   (8) 

 

Where k is permeability; a, b and c are constants, while Swirr is irreducible water saturation. 

According to [17], qualitative classification of permeability reads: ≤ 10 mD is poor permeability, 10 < 𝑘 ≤ 100 mD is fair, 100 <
𝑘 ≤ 1000 mD is good while k >  1000 mD is Excellent. Note that mD is millidarcy (Unit of permeability). 

Indonesian model in equation (9) [19] was used to determine Water saturation (Sw). 

 

1

√Rt
 = [

V
sh

1 − 
Vsh

2

√Rsh
 + 

∅eff

√Rt
] * Sw                      (9) 

 

Where Rt is true resistivity of formation, Rsh is resistivity of shale,  

Values of Sw≤  50% are acceptable as cut-off for water saturation in hydrocarbon reservoirs. Above 50% implies lesser hydrocarbon 

volume for extraction which hence reduces the economic viability of the reservoir [19]. 

Volume of shale (Vsh) was determined using equation (10) [11] given by: 

 

Vsh = 0.33 [2 (2 * Igr) - 1.0]                (10) 

 

where: Vsh is the volume of the shale and Igr is the equation for gamma-ray index, given by: 

 

Igr = (GRlog - GRmin) / (GRmax - GRmin)               (11) 

 

According to [10], volume of shale can be classified as follows: Vsh≤ 5% is clean sand while 5% < Vsh≤ 15% is slightly shaly sand. 15% 

< Vsh≤ 25% is shaly sand while 25% < Vsh≤ 35% is very shaly sand. Vsh> 35% is shale. 

Depleted oil reservoirs are commonly considered suitable candidates for carbon sequestration due to their favourable reservoir conditions 

and proven storage integrity. Accordingly, the effect of shale on carbon sequestration was assessed by first evaluating reservoir petro-

physical properties and their suitability for hydrocarbon production and storage. These properties were then interpreted in the context of 

the reversible CO2–H2O–shale geochemical mechanisms described in Equations (1)–(5). This integrated approach provides insight into 

how shale content influences CO2 storage capacity, either enhancing or limiting sequestration potential. 

3. Results and Discussion 

The eight (8) wells analysed displayed unique profiles of their potential reservoirs and hydrocarbon-bearing zones. These zones are de-

fined as reservoir flags and pay flags, respectively. In all wells, regions of higher pay flags in reservoir flags were identified as potential 

productive reservoirs and hence suitable for carbon sequestration. 

3.1. Reservoir delineation 

Depth profiles of all 8 wells and corresponding reservoir delineations are presented in Table 1. 
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Table 1: Delineated Reservoirs and Depth Profile of Wells within the G-Oil Field 

S/N Well Code Depth (ft) Reservoirs delineated 

  Top  Bottom  
1 IOA_13 1950.11 2748.99 4 

2 IOA_14 0.00 2757.22 1 

3 IOA_15 0.00 2950.48 2 
4 IOA_16 0.00 2954.73 2 

5 IOA_17 1084.48 2540.66 3 

6 IOA_18 0.00 2799.99 2 
7 IOA_19 0.00 2731.47 2 

8 IOA_52 1550.06 3909.97 2 

 

Reservoir and pay flags (see Appendix 1-8) have shown consistent alignment under all three reservoir characteristics (Porosity, Water 

Saturation and shale volume). Such consistency enhances accurate delineation of hydrocarbon reservoirs within the wells. Notably, this 

correlates with the porosity/water saturation algorithm delineation as applied in the IP software.  

3.2. Petrophysical parameters 

Data obtained from curve statistics of well logs were collated per reservoir (Table 2). Key production petrophysical parameters within all 

18 reservoirs revealed the quality of the reservoirs being studied. 

 
Table 2: Petrophysical parameters across wells and reservoirs within the G-Oil field 

Well code Reservoir 
Total Porosi-

ty (∅t) 

Effective Po-

rosity (∅eff) 

Water saturation 

(Sw) (Archie)  

Water Saturation 

(Sw) (Indonesian) 

Shale Vol-

ume (Vsh) 

Permeability (k) 

(mD) 

IOA_13 

Reservoir 1 0.238 0.21 0.467 0.457 0.256 425.446 
Reservoir 2 0.206 0.179 0.438 0.403 0.249 677.581 

Reservoir 3 0.264 0.245 0.217 0.198 0.169 2,356.49 

Reservoir 4 0.166 0.156 0.261 0.246 0.098 831.532 
IOA_14 Reservoir 1 0.288 0.27 0.396 0.352 0.322 1,206.23 

IOA_15 
Reservoir 1 0.279 0.275 0.369 0.326 0.043 1,114.88 

Reservoir 2 0.26 0.255 0.48 0.34 0.045 190.287 

IOA_16 
Reservoir 1 0.288 0.274 0.239 0.2 0.08 6,497.09 

Reservoir 2 0.255 0.232 0.426 0.378 0.128 311.567 

IOA_17 
Reservoir 1 0.285 0.274 0.373 0.325 0.119 967.861 
Reservoir 2 0.266 0.255 0.438 0.439 0.125 181.01 

Reservoir 3 0.168 0.168 0.14 0.131 0.005 7,942.09 

IOA_18 
Reservoir 1 0.268 0.251 0.38 0.339 0.115 3,058.10 

Reservoir 2 0.258 0.252 0.176 0.156 0.035 4,459.96 

IOA_19 
Reservoir 1 0.27 0.266 0.327 0.289 0.101 848.053 

Reservoir 2 0.256 0.252 0.39 0.297 0.105 513.63 

IOA_52 
Reservoir 1 0.155 0.149 0.46 0.401 0.077 259.919 

Reservoir 2 0.144 0.142 0.357 0.304 0.03 215.204 

Cut-off   0.4 0.4 0.5 0.5 0.5 100 
Mean Values  0.240 0.228 0.352 0.310 0.117 1780.941 

 

 
Fig. 2: Porosity Chart of Delineated Reservoirs Used for Assessing Shale’s Presence. 
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Fig. 3: Water Saturation Plot Used for Analysing Shale’s Presence within Delineated Reservoirs. 

 

 
Fig. 4: Mean Values and Cut-Off of Petrophysical Parameters Reflecting Reservoirs’ Quality. 

 

The mean values of Archie water saturation (Sw), Indonesian Sw, total porosity (∅t), effective porosity (∅eff), permeability (k), and shale 

volume (Vsh) (Table 2; Fig. 4) fall within acceptable cut-off limits. This indicates economic viability and a strong potential for effective 

hydrocarbon production and CO2 sequestration [19], provided that other reservoir conditions are favourable. 

The porosity distribution of the reservoirs is illustrated in Fig. 2, showing both total porosity (∅t) and effective porosity (∅eff). Sixteen out 

of the eighteen reservoirs exhibit higher total porosity than effective porosity. The mean values of ∅t and ∅eff are 0.240 and 0.228, respec-

tively (Table 2), confirming that ∅t consistently exceeds ∅eff. Based on the classification of [17], the porosity of the study area ranges 

from good to very good. The higher total porosity reflects the presence of shale, which adversely affects effective porosity by introducing 

unconnected pore spaces. Total porosity includes shale-associated pores that are largely isolated, whereas effective porosity accounts 

only for interconnected pores and excludes shale-related porosity. Two reservoirs display identical values of ct and ∅eff, suggesting negli-

gible shale content and indicating clean (Archie) reservoir conditions. 

Figure 3 compares Archie water saturation with Indonesian water saturation. The mean Archie Sw is 0.352, while the mean Indonesian Sw 

is 0.310. The Archie model assumes a clean sand reservoir. This assumption neglects shale effects, leading to an overestimation of Sw 

due to the contribution of conductive clay minerals to bulk conductivity. Consequently, it attributes both clay and water conductivity 

solely to formation water. In contrast, the Indonesian model accounts for shale content by separating the conductive effects of clay min-

erals from true water saturation. As observed in Fig. 3, Archie Sw values are consistently higher than Indonesian Sw values, confirming 

the presence and influence of shale within the reservoirs. An exception occurs in well IOA_17, Reservoir 2, where both Sw estimates are 

approximately equal, indicating a clean, shale-free formation. Importantly, all Sw values are below the 50% cut-off, placing the reservoirs 

within an acceptable range for carbon sequestration. 

The study area exhibits a mean permeability of 1780.941 mD, indicating excellent pore connectivity and fluid transmissibility. All eight-

een reservoirs fall within the very good to excellent permeability classification according to [20]. High permeability suggests strong res-

ervoir productivity and favourable conditions for CO2 injection and migration. 

Shale volume analysis indicates that the reservoirs range from clean sand to shaly sand. Five reservoirs are classified as clean sands, 

while thirteen are shaly sands, consistent with the classification of [10]. The mean Vsh value of 0.117 (11.7%) corresponds to a slightly 

shaly sand lithology. Reservoirs of this type are generally considered favourable for carbon sequestration due to their balance of porosity, 

permeability, and limited shale content. 

Considering the low Vsh, moderate Sw, very good ∅, and excellent k, the oil field demonstrates favourable conditions for CO2 sequestra-

tion. However, the interaction between shale and other petrophysical parameters and its net effect on sequestration efficiency requires 

further clarification. 

0

0.2

0.4

0.6

0.8

1

1.2

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

R
es

e
rv

o
ir

 3

R
es

e
rv

o
ir

 4

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

R
es

e
rv

o
ir

 3

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

R
es

e
rv

o
ir

 1

R
es

e
rv

o
ir

 2

IOA_13 IOA_14IOA_15 IOA_16 IOA_17 IOA_18 IOA_19 IOA_52

Water Saturation

Archie Sw

Simandoux Sw

Indonesian Sw

0.000

0.100

0.200

0.300

0.400

0.500

0.600

Total 
Porosity (∅t)

Effective 
Porosity 

(∅eff)

Archie Sw Simandoux
Sw

Indonesian
Sw

Shale Volume
(Vsh)

Mean Values and Cut-off Mean values

Cut-off



6 International Journal of Advanced Geosciences 

 
3.3. Implications of geochemical reactions between CO₂, shale, and reservoir properties 

The CO2 solubility equations (Eqs. 1–5) describe the interaction of CO2 with formation water and shale and explain how these reactions 

influence effective porosity and permeability. Shale content within the reservoirs is predominantly within the slightly shaly classification. 

The mean water saturation of approximately 31% provides sufficient water for CO2 dissolution and subsequent formation of Dihydrogen 

Carbonate acid (H2CO3). This level of water saturation is adequate to sustain the reversible reactions until chemical equilibrium is 

reached, resulting in reservoir stabilisation. 

Given the relatively low mean shale volume (11.7%), equilibrium between CO2, water, and shale minerals is expected to be achieved 

over a shorter timescale. The reaction between Dihydrogen Carbonate acid and calcium carbonate (CaCO3) present in shale promotes 

mineral dissolution, leading to the development of additional microporosity. This process involves the precipitation and redistribution of 

calcium and other mineral constituents, which can clog existing shale nanopores while enhancing connected pore networks. Consequent-

ly, unconnected pores are reduced, and effective porosity and permeability are increased. Unlike the conventional negative impact of 

shale on hydrocarbon reservoirs—where ∅eff is often reduced—these geochemical reactions during CO2 sequestration may enhance both 

∅eff and k. It should be noted, however, that the magnitude and direction of these changes are strongly dependent on the amount of avail-

able water saturation. 

4. Conclusion 

Petrophysical analysis confirms the presence of shale within the reservoirs, as evidenced by a higher mean total porosity (24.0%) com-

pared to effective porosity (22.8%) and higher Archie water saturation (35.2%) relative to Indonesian water saturation (31.0%). The high 

mean permeability (1780.941 mD) indicates well-connected pore systems conducive to CO2 migration and storage. A mean shale volume 

of 11.7% suggests a slightly shaly sand lithology. The combination of adequate water saturation and low shale content indicates favoura-

ble conditions for carbon sequestration. 

Geochemical interactions between CO2, shale, and formation water are expected to directly influence effective porosity and permeability 

by increasing both parameters. Adequate water saturation (31.0%) supports continuous formation of Dihydrogen Carbonate acid 

(H2CO3), which reacts with shale minerals until equilibrium is attained. The resulting increase in ∅eff and k suggests enhanced reservoir 

CO2 storage potential. Based on the data obtained, shale plays a significant role in carbon sequestration due to its influence on key petro-

physical parameters. 

In summary, the G-oil field is considered suitable for CO2 sequestration. It is therefore recommended that the Nigerian government and 

multinational companies harness the economic and environmental benefits associated with carbon sequestration in this field. 
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Appendix 

Appendix 1 

Reservoir Pay Model of Well IOA_13 showing 4 delineated reservoirs 

 

 

Appendix 2 

Reservoir Pay Model of Well IOA_14 showing 1 delineated reservoir 

 

 

 

 

 

 

 

 

https://doi.org/10.5897/JPGE2018.0300
https://www.researchgate.net/publication/237408831


8 International Journal of Advanced Geosciences 

 
Appendix 3 

Reservoir Pay Model of Well IOA_15 showing 2 delineated reservoirs 

 

 

Appendix 4 

Reservoir Pay Model of Well IOA_16 showing 2 delineated reservoirs 

 

 

Appendix 5 

Reservoir Pay Model of Well IOA_17 showing 3 delineated reservoirs 
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Appendix 6 

Reservoir Pay Model of Well IOA_18 showing 2 delineated reservoirs 

 

 

Appendix 7 

Reservoir Pay Model of Well IOA_19 showing 2 delineated reservoirs 

 

 

Appendix 8 

Reservoir Pay Model of Well IOA_52 showing 2 delineated reservoirs 

 

 
 


