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Abstract: This study addresses a critical gap 

in geological carbon storage (GCS) 

assessment by explicitly analyzing the 

brittleness-ductility characteristics and 

failure mechanisms of caprock-reservoir 

systems under CO₂ injection-induced stress 

an area often overlooked in prior research. 

The mechanical response of subsurface 

formations whether brittle (leading to 

fracturing) or ductile (resulting in plastic 

deformation) directly affects containment 

integrity, leakage risk, and long-term storage 

performance. To fill this gap, we conducted a 

quantitative geomechanical characterization 

of six wells in the TOBA field, Niger Delta. 

Results from 1D Mechanical Earth Models 

(MEMs) show that mechanical strength 

increases with depth: Young’s Modulus rises 

from 4.95 GPa (shallow caprock) to 9.27 

GPa (A6000 reservoir), and UCS increases 

from 2,427 psi to 4,037 psi. Skerlec’s density-

based classification identifies hydrocarbon 

caprocks (2.42 g/cm³) as 37% more brittle 

than saline equivalents (2.28 g/cm³). 

Brittleness Index (BI) further confirms this 

trend, ranging from 0.27 in ductile saline 

units to 0.39 in the A6000 reservoir. Stress 

analysis using Mohr-Coulomb criteria shows 

a transitional failure mode from shear to 

tensile and that the A6000 hydrocarbon 

reservoir tolerates the highest pore pressure 

increment (ΔPp = 21.1 MPa), while saline 

reservoirs have the lowest failure threshold 

(ΔPp = 3.80 MPa). Stress regime analysis 

(Sv > σH > σh) indicates dominant normal 

faulting, consistent with Niger Delta growth 

fault systems. These findings provide critical 

insights for predicting rock failure 

behaviour, optimizing injection strategies, 

and ensuring long-term storage integrity in 

deltaic settings. 
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1.0 Introduction 

Carbon capture and storage (CCS) is a vital 

technology for mitigating greenhouse gas 

emissions and decarbonizing the industrial 

sector (Metz et al., 2005). It plays a crucial 

role in achieving global climate targets 

outlined in international frameworks such as 

the Paris Agreement (Bui et al., 2018; Boot-

Handford et al., 2014). For countries like 

Nigeria, where the economy heavily depends 

on oil and gas exports, CCS offers a 

promising pathway to reduce carbon 

emissions while sustaining economic growth. 

Nigeria currently ranks 27th among the 
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world’s largest CO₂ emitters, with the energy 

sector contributing significantly by releasing 

approximately 209 million metric tonnes of 

CO₂ equivalent in 2021 (Climate Watch, 

2019). The country’s geological formations, 

particularly saline aquifers and depleted 

hydrocarbon reservoirs, offer promising 

prospects for long-term CO₂ storage. 

The success of geological CO₂ storage is 

fundamentally linked to the integrity of 

caprocks and the stability of faults within 

potential storage formations (Pan et al., 2016; 

Legentil et al., 2023). However, CO₂ 

injection perturbs the in-situ stress 

conditions, potentially reactivating pre-

existing faults, compromising caprock 

integrity, and even triggering induced 

seismicity (Sun et al., 2023; 

Raziperchikolaee and Pasumarti, 2020). The 

concept of fault reactivation, introduced by 

Sibson (1990), is typically assessed using 

analytical, semi-analytical, and numerical 

methods (Nacht et al., 2010). Among these, 

Mohr diagrams, slip tendency, and dilation 

tendency analyses are widely adopted to 

evaluate stress distribution and fault stability. 

Specifically, Mohr diagrams are effective in 

visualizing shear and normal stresses acting 

on faults in three-dimensional space, thus 

providing insights into faulting mechanisms 

and reactivation potential (Zoback, 2007; Yin 

and Ranalli, 1992; Jolly and Sanderson, 

1997; McKeagney et al., 2004; Streit and 

Hillis, 2004). 

Geomechanical analysis is essential for 

evaluating the structural integrity and safety 

of CCS sites. The Mohr-Coulomb failure 

criterion, which relies on maximum and 

minimum principal stresses, is widely used to 

predict shear failure and provides a 

conservative estimate of rock strength 

(Labuz, 2014). A sound understanding of the 

stress regime and mechanical behaviour of 

both reservoir and caprock units especially 

under altered conditions caused by CO₂-rock 

interactions—is critical to ensuring long-

term containment (Kaldi, 2013). This is 

particularly important for large-scale storage 

operations, where pressure perturbations may 

extend over wide areas and intensify the risk 

of mechanical failure (Zoback, 2010). 

A major concern in CCS projects is the 

potential leakage of injected CO₂ through 

reactivated faults, natural fractures, or 

compromised caprocks, which could 

contaminate freshwater aquifers or lead to 

surface emissions (Song et al., 2023). The 

mechanical properties of caprocks especially 

their shear strength play a crucial role in 

preventing leakage. For example, mudrocks 

and shales may exhibit low friction angles, 

sometimes as low as 10° (Ingram and Urai, 

1999; Hajdarwish, 2006). However, ductile 

caprock formations may deform plastically 

and self-seal under stress, which can offer 

superior long-term containment performance 

compared to brittle, dilatant rocks (Nygård et 

al., 2006; Ingram and Urai, 1999). 

Globally, numerous studies have made 

substantial progress in identifying suitable 

geological formations for CO₂ sequestration. 

Foundational works (Sundquist et al., 2008; 

Ighalo et al., 2022; Cao et al., 2022) have 

evaluated options such as depleted 

hydrocarbon reservoirs, saline formations, 

and unmineable coal seams. These 

formations are generally assessed based on 

porosity, permeability, seal integrity, and 

storage capacity. Depleted hydrocarbon 

reservoirs are considered highly suitable due 

to their well-characterized structures and 

proven sealing systems, whereas saline 

formations offer vast capacity but are often 

limited by geological uncertainties and 

poorly constrained seals. 

In the context of Nigeria’s Niger Delta, a 

region with complex geology and a long 

history of oil production, several researchers 

(Umar et al., 2020; Eigbe et al., 2023) have 

affirmed the region’s high potential for 

geological CO₂ storage. Umar et al. (2020), 

for instance, applied the CO2CRC (2008) site 

screening criteria, integrating well log 

analysis, 3D seismic interpretation, and 

geomechanical modelling to evaluate storage 

formations. A key contribution of Umar et al. 

(2020) study was the determination of a fault 

reactivation threshold of 3.2 MPa, indicating 

that significant pore pressure build-up would 
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be required to trigger slip, thus reinforcing 

the geomechanical stability of the region for 

long-term CO₂ injection. 

Complementing this, Mutadza et al. (2024) 

and Ojo et al. (2023) explored the 

mineralogical and geomechanical properties 

of caprocks using techniques such as X-ray 

diffraction (XRD), SEM imaging, and 

triaxial compression testing. Their findings 

revealed that formations rich in quartz, 

garnet, and illite exhibit high strength and 

low reactivity with CO₂, making them 

promising for containment. These studies 

underscore the importance of caprock 

composition and structure in ensuring seal 

integrity. 

However, despite these advances, existing 

studies have not explicitly assessed the 

brittleness and ductility characteristics of the 

caprock and reservoir rocks, nor have they 

identified the dominant failure mechanisms 

that might arise under injection-induced 

stress. This is a critical omission, as the 

mechanical response of subsurface 

formations whether brittle, leading to 

fracturing, or ductile, leading to plastic 

deformation directly impacts the integrity, 

leakage risk, and long-term performance of a 

storage system under the elevated pressure 

and temperature conditions associated with 

supercritical CO₂. 

Filling this gap will enable more accurate 

prediction of rock failure behaviour, improve 

leakage risk assessment, optimize injection 

strategies, and ensure long-term storage 

integrity by providing critical insights into 

how caprock and reservoir formations 

respond either through brittle fracturing or 

ductile deformation under the elevated stress 

and pressure conditions associated with 

supercritical CO₂ injection. 
 

1.1 Geology of Niger Delta 
 

The Niger Delta Basin is situated along the 

continental margin of the Gulf of Guinea in 

equatorial West Africa, positioned between 

latitudes 4°N and 7°N and longitudes 3°E and 

9°E (Whiteman, 1982; Abiola and Obasuyi, 

2020; Osokpor and Maju-Oyovwikowhe, 

2021). The basin originated from a rift triple 

junction that led to the formation of the South 

Atlantic Ocean, starting in the late Jurassic 

and extending into the Cretaceous. Onshore, 

it lies within the geological context of 

southern Nigeria and southwestern 

Cameroon. The northern boundary is marked 

by the Benin Flank, a hinge line running east-

northeast and south of the West African 

basement massif (Nwachukwu and 

Chukwurah, 1980).  
 

 
Fig. 1. (a) Stratigraphic sequence in the Niger Delta basin modified after (Folorunso et 

al., 2015) 
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Notably, three formations, Akata, Agbada 

and Benin formation are widely recognized 

for representing portions of the tripartite 

sequence, often Agbada formation is 

characterized by varying sand and shale 

content (Short and Stäuble, 1967; Avbovbo, 

1978). 

The Akata Formation forms the foundational 

layer of the Niger Delta's sedimentary 

structure. It primarily consists of dark gray 

shale, with occasional sandy and silty zones. 

Traces of plant remains and mica are 

sometimes observed in its upper sections. 

Rich in micro-fauna, the Akata Formation is 

regarded as the primary source rock for oil 

and gas in the Niger Delta, with planktonic 

foraminifera indicating that the sediments 

were deposited on a shallow marine shelf. 

This formation, about 7,000 meters thick in 

central parts of the delta, dates from the 

Paleocene to the Holocene and is generally 

located beneath diapirs and high-pressure 

zones, often exhibiting overpressure (Doust 

and Omatsola, 1990). 

Above the Akata Formation lies the Agbada 

Formation, characterized by alternating sand 

and shale layers of varying thickness, 

representing the delta’s cyclic sedimentary 

sequences. This unit, rich in fossils that serve 

as source rocks, comprises deltaic deposits in 

environments ranging from delta-front to 

delta-topset and fluvial-deltaic zones 

(Ekweozor and Okoye, 1980; Nwachukwu 

and Chukwurah, 1986). This alternation of 

fine and coarse materials forms multiple 

reservoir-seal systems, with sequences found 

in each depobelt, ranging in age from the 

Eocene to the Pleistocene. The Agbada 

Formation, over 3,700 meters thick, 

represents the main deltaic sequence. 

The uppermost layer, the Benin Formation, 

consists largely of freshwater fluvial sands 

and some gravels, interspersed with shale 

beds at its base. Benin sands are poorly 

sorted, ranging from fine to coarse grains, 

and vary from sub-angular to well-rounded, 

often appearing white to yellowish-brown. 

These sands and gravels were deposited by 

graded channels as point bars, with finer 

sediments laid down in back-swamps and 

lakes. The oldest sands in this formation may 

date back to the Oligocene, though they lack 

fauna, making precise dating difficult. 

Offshore, the formation thins and disappears 

near the shelf edge. While these three 

formations are formally distinguished, they 

primarily differ in their sand-to-shale ratios 

(Short and Stäuble, 1967). 

 

  

Fig. 2. Structural style of the extensional area of the Niger Delta (Doust and Omatsola, 

1990) 

In the Niger Delta fields, most known 

hydrocarbon traps are structural, although 

stratigraphic traps are also present. The 

structural traps formed as a result of syn-
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sedimentary deformation within the Agbada 

paralic sequence (Obasuyi et al., 2019). 

Structural trapping mechanisms in the region 

include a range of features, such as simple 

rollover structures, clay-filled channels, 

growth fault complexes, antithetic faulted 

structures, and collapsed crest structures. 

Normal faults are caused by extensional 

tectonic regime. Growth faults are 

synsedimentary normal fault. The vertical 

offsets of these faults increases with depth. 

These types of faults are mostly characterized 

with the Niger Delta reservoirs (Auduson, 

2018). 
 

1.3 Location of Study Area 
 

The study area is TOBA-field onshore part of 

the Niger Delta. The field was discovered by 

drilling of TOBA-01. Till date 6 wells have 

been drilled. Fig. 1.5.below show map of 

Nigeria and onshore part of the depobelt 

where TOBA-field is located and the 6 wells 

in TOBA-field. 

 

Fig. 3. Map showing location of TOBA-field in Niger Delta, Nigeri

2.0 Materials and Methods 

2.1 Materials 
 

The materials used for this study include; Well 

data in las format for six wells (TOBA-01, 

TOBA-02, TOBA-04, TOBA-05, TOBA-06 

and TOBA-07), deviation survey and 

Checkshot data from a multinational oil 

company. The well logs with their depth of 
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penetration is seen Table 1. After quality 

check of well log data using histogram plot 

Techlog, only Wells TOBA-05 have the basic 

log suite for the analysis. For this study, 

Microsoft Excel, Mohr Plotter by Richard 

Allmendinger, Schlumberger’s Petrel and 

Techlog software was used for all the analysis 

and interpretations.  
 

Table 1. Available well logs and depth of availability 
 

Measurement Type TOBA-01 TOBA-02 TOBA-04 TOBA-05 TOBA-06 TOBA-07 

Gamma Start (ft) 451.07 499.84 6880.20 10492.90 3917.63 2800.09 
Gamma Stop (ft) 12443.90 11649.30 12100.70 11375.70 11673.80 13088.20 
Resistivity Start (ft) 490.60 510.29 6880.20 10492.90 3917.63 2800.09 
Resistivity Stop (ft) 12443.90 11649.30 12100.70 11375.70 11673.80 13088.20 
Density Start (ft) — — 11065.50 10492.90 3938.16 2800.09 
Density Stop (ft) — — 12076.90 11375.70 11638.40 13088.20 
Neutron Start (ft) — — 11065.50 10492.90 3938.16 2852.75 
Neutron Stop (ft) — — 12076.90 11375.70 11666.20 13088.20 
Sonic Start (ft) — 461.16 52.22 10492.90 3917.63 — 
Sonic Stop (ft) — 12995.10 13000.70 11375.70 11673.80 — 

 

This study employs a well log-driven 

workflow that integrates multiple 

geomechanical and rock property analyses to 

evaluate CO₂ storage suitability. The process 

involves the use of well log data for deriving 

petrophysical parameters and constructing a 

1D Mechanical Earth Model (MEM). 

Brittleness index analysis and Skerlec’s 

model are applied to characterise the 

mechanical behaviour of both reservoir and 

caprock units. The workflow also 

incorporates 3D Mohr stress analysis to 

assess failure potential in intact rocks and 

fault planes. This comprehensive approach 

supports the evaluation of storage integrity 

and injection safety. The workflow is 

illustrated in the Fig. 4 below. 

2.2 Methods 

2.2.1 Well correlation 
 

A correlation is a hypothesis that units in two 

separated sequences are equivalent (Barros 

and Andrade, 2009). Correlation of rock units 

in TOBA field was done with gamma log for 

lithology delineation and deep resistivity log 

for fluid type identification. 
 
 

2.2.2 Estimation of Shear Wave Velocity 

from Compressional Sonic Data 
 

Most of such estimates have been based on 

published empirical relations (Castagna et al., 

1985). 

Vp known as compressional wave velocity 

was used to estimate Vp from the 

compressional wave sonic transit time log 

(DTc). 

Vp = (1000/DTc)*0.305 (km/s)  (1) 

Shear wave velocity (Vs) was estimated from 

Vp using the following empirical 

relationships using Castagna equation 

(Castagna et al., 1993). 

Vs = (0.804*Vp) - 0.856 (km/s) For 

sandstones    (2) 

Vs = (0.7700 * Vp) - 0.8674(km/s) For shales

     (3) 

DTs = 305/ Vs (µs/ft)    (4) 

Where DTC is compressional slowness 

(µsec/ft), DTs is shear slowness (µsec/ft), Vp 

is compressional velocity (km/s) and Vs is 

shear velocity (km/s). 
 

2.2.3 Synthetic Density 
 

Extrapolation method was used to estimate 

the density of unavailable surface part of the 

density log. 

ρextrapolated = ρmudline + A0 *(TVD – 

AirGap - WaterDepth)α   (5) 

Where ρmudline is the density at the sea floor or 

ground level, A0 and α are the fitting 

parameters. 

When a synthetic density is created and 

combined with measured bulk density, the 

last step is a simple integration of this density 

curve that starts at depth of zero. 
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Fig. 4. Research Workflow 
 
 

 

2.2.4  Overburden Stress (σv) 
 

Overb;urden stress or vertical stress is 

defined as the pressure exerted on a material 

at a given depth due to the total mass of the 

rocks and/or fluids above it (Aird, 2019). 

The overburden stress is calculated from the 

bulk density as follows: 

𝜎𝑣 =  𝑔 ∫ 𝑝𝑏(𝑧)𝑑𝑧
𝑇𝑉𝐷

0
   (6) 

where σv is the vertical stress or overburden 

stress at depth TVD, ρb is the bulk density 

(including the water section above sea floor) 

and g is the gravitational constant. 

Vertical Stress and Terzaghi's Law: The 

vertical effective stress is defined using 

Terzaghi's law expressed as equation 7 

𝜎𝑣
, =  𝜎𝑣  −  𝑃𝑝    (7) 

 

2.2.5 Pore Pressure (Pp) 
 

The Bowers method was initially developed 

by G.L. Bowers (Bowers, 1995). However 

the modified bowers method was used in 

equation 8 given below, 

𝜎𝑣
, =  𝜎𝑟𝑒𝑓

,  ×  ⌊
𝑉− 𝑉0

𝑉𝑟𝑒𝑓− 𝑉0
⌋  (8) 

where V is compressional velocity (or the 

reciprocal of slowness), Vo is velocity in at 

zero effective stress, Vef is the reference 

velocity inputted by the user and σ΄ref is the 

effective stress reference of rock when its 

velocity reaches Vef. ᵦ is the velocity 

exponent. 
 

2.2.6 Dynamic Elastic Properties 
 

Given the assumption of a homogeneous, 

isotropic, and elastic formation, dynamic 

shear and bulk modulus, Gdyn and Kdyn, was 

be computed means of the following 

equations (Fjaer et al., 2008) 

𝐺𝑑𝑦𝑛 = (13474.45)
𝑝𝑏

(∆𝑡𝑠ℎ𝑒𝑎𝑟)2  (9) 

𝑘𝑑𝑦𝑛 = (1347.45)𝑝𝑏 ⌊
1

(∆𝑡𝑠ℎ𝑒𝑎𝑟)2
⌋ −

4

3
𝐺𝑑𝑦𝑛 

     (10) 

where: ρb is bulk density of the formation 

(g/cm3), tcomp is compressional slowness 

of the bulk formation us/ft and tshear is 

shear slowness of the bulk formation us/ft. 
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Dynamic Young’s Modulus (Edyn), Poisson 

ratio (vdyn), Shear (Gdyn) and Bulk (Kdyn) 

modulus where computed using the 

equations below as following (Zoback, 

2007) 

𝐸𝑑𝑦𝑛 =  
9𝐺𝑑𝑦𝑛−𝑘𝑑𝑦𝑛

𝐺𝑑𝑦𝑛+3𝑘𝑑𝑦𝑛
   (11) 

𝑣𝑑𝑦𝑛 =  
3𝑘𝑑𝑦𝑛−2𝐺𝑑𝑦𝑛

𝐺𝑑𝑦𝑛−3𝑘𝑑𝑦𝑛
    (12) 

𝑣𝑑𝑦𝑛 =  
𝑅𝑠𝑝

2 −2

2𝑅𝑠𝑝
2 −2

     (13)  

𝑅𝑠𝑝 =  
∆𝑡𝑠ℎ𝑒𝑎𝑟

2

∆𝑡𝑐𝑜𝑚𝑝
2     (14) 

where Rsp is the ratio of shear and 

compressional slowness. 
 

2.2.6 Elastic Properties 
 

All elastic properties of materials are 

interrelated and can be mathematically 

derived if the preferable data is not available 

(Mavko et al., 2020). Mathematical 

relationships can be used to derive certain 

properties if others are known, or calculated 

using other means such as sonic data from 

well logs. 

Young’s Modulus: Modified Morales 

correlation which was developed in 1997 

was used to estmaite static Youngs’ 

Modulus below. 

Est = (-2.21PHITND +0.965)Edyn  (15) 

where PHITND is total porosity and Edyn is the 

dynamic Young’s Modulus 

Poisson’s Ratio: Poisson’s ratio expresses 

the relationship between transverse strain to 

axial strain or the deformation of a material 

(Słota-Valim, 2015).  

Vst = Vdyn * PR multiplier  (16) 

PR multiplier is unitless. The default value 

of PR multiplier is 1.0, then the static 

Poisson ratio is equal to the dynamic 

Poisson ratio.\ 

Shear modulus: The shear modulus 

\expresses the ratio of shear stress to shear 

strain (Archer and Rasouli, 2012). Static 

shear modulus was computed using the 

following equation  

𝐺𝑠𝑡𝑎 =  
𝐸𝑠𝑡𝑎

2(1+  𝑣𝑠𝑡𝑎)
   (17) 

Bulk modulus:  Bulk modulus was 

computed using the equation 18,  

𝑘𝑠𝑡𝑎 =  
𝐸𝑠𝑡𝑎

3(1−2𝑣𝑠𝑡𝑎)
   (18) 

Biot’s Coefficient: Mecpro Alpha Model 

estimates Biot’s Coefficient by assuming 

that the skeleton (dry) Bulk Modulus is 

equal to the Bulk Modulus. 

𝛼 = 1 −  
𝑘𝑠𝑘𝑒𝑙𝑒𝑡𝑜𝑛

𝑘𝑠𝑜𝑙𝑖𝑑
   (19) 

𝛼 = 1 −  
𝑘𝑏𝑢𝑙𝑘

𝑘𝑠𝑜𝑙𝑖𝑑
    (20) 

where Kbulk = Static Bulk Modulus, Ksolid = 

Static solid bulk Modulus and Skeleton is 

used in model only for derivation and not 

for calculation. 
 

2.2.8 Rock Strength 
 

Unconfined compressive strength (UCS): 

The Coates-Denoo algorithm introduced in 

the late 1960’s was used to compute the 

unconfined compressive strength. 

𝑪𝟎 = 0.0866 ×   
𝐸𝑑𝑦𝑛

𝐶𝑑𝑦𝑛
(0.008𝑣𝑠ℎ +

0.0045(1 − 𝑉𝑠ℎ))   (21) 

where Cdyn is the Dynamic Bulk 

Compressibility, can be expressed as, 

𝐶𝑑𝑦𝑛 =
1

𝑘𝑑𝑦𝑛
     (22) 

with,  Co = Unconfined Compressive 

Strength (Mpsi), Edyn = Dynamic Young's 

Modulus (Mpsi), Kdyn = Dynamic Bulk 

Modulus (Mpsi) and Vsh = Volume of Clay 

type material Relative to total volume. 

Friction Angle: Friction Angle (ф) was 

computed from GR log. An empirical 

correlation to determine friction angle was 

used Kadyrov (2012) and found in the work 

by Albukhari et al. (2018). This method 

maps Gamma Ray to Friction Angle with a 

linear correlation.  

Cohesion: Cohesion is one of the 

parameters used in the Mohr-Coulomb 

failure criterion, which describes how 

materials fail under different stress 

conditions. Cohesion as a function of UCS 

and friction angle was used to compute 

cohesion as proposed by Jaeger (2009).  

𝐶𝑂𝐻 =
𝑈𝐶𝑆

2⌊√1+(𝑡𝑎𝑛𝐹𝐴𝑁𝐺)2+𝑡𝑎𝑛𝐹𝐴𝑁𝐺⌋
 (23) 

where UCS = Unconfined Compressive 

Strength and FANG = Friction angle 

 

Tensile Strength: Tensile strength as a 

function of UCS model provides the simple 
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correlation to compute tensile strength 

directly from UCS strength. 

TSTR = K * UCS               (24) 

Where K = Facies and zone based factor 

(default = 0.1). This default value is based 

on the Griffith Elastic-brittle theory which 

gives the ratio of compressive strength 

versus tensile strength for 8 ~ 12. 
 

2.2.9 Horizontal Stresses 
 

Minimum Horizontal stress: Mohr-

Coulomb Stress Model is a failure model 

that gives a relationship between two 

principal stresses if the formation is at 

failure was used to estimate the horizontal 

stress. 

𝜎ℎ =
(𝜎𝑣− 𝛼𝑃𝑝)

𝑡𝑎𝑛2(
𝜋

4
+

𝜃

2
)
    (25) 

where σv = Total Vertical Stress, Pp = 

Pressure of the fluids or gases occupying 

the pore space (voids or holes) in the rock 

at a particular depth of interest, θ = Friction 

Angle  and α = Biot’s Coefficient 

Maximum Horizontal stress: Maximum 

horizontal stress is the largest principal 

stress in the horizontal plane. The maximum  

horizontal stress along with the minimum 

horizontal stress, defines the stress state of 

the rock and influences the direction in 

which fractures are likely to propagate. 

𝜎𝐻  =  𝜎ℎ ∗ 𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟  (26) 

The multiplier applied to minimum 

horizontal stress to get the maximum 

horizontal stress. The default value is 1.1. 
 

 2.2.10 Brittleness Index 
 

Grieser and Bray (2007), expressed the term 

average brittleness as an empirical 

relationship between Poisson’s ratio and 

Young's modulus to distinguish ductile from 

the brittle area as determined by the 

equation: 

𝐸𝑏𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 =  
𝐸−𝐸𝑚𝑖𝑛

𝐸𝑚𝑎𝑥−𝐸𝑚𝑖𝑛
                          (27) 

 

𝜈𝑏𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 =  
𝜈−𝜈𝑚𝑎𝑥

𝐸𝑚𝑖𝑛−𝐸𝑚𝑎𝑥
   (28) 

𝐵𝑎𝑣𝑔 =  
𝐸𝑏𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠+𝜈𝑏𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 

2
  (29) 

 where, Emax = maximum value of Young’s 

Modulus, Emin = minimum value of 

Young’s Modulus, υmax = maximum value 

of Poisons ratio, υmin = minimum value of 

Poisons ratio and   Bavg =Average of the 

sum of Ebrittleness and υbrittleness. 
 

Table 2. Relationship between brittleness index and brittleness of rock modified from 

(Rojas et al., 2016, June and Yang et al., 2013) 

 

Brittleness index Nature  of rock in terms of brittleness 

0-0.16 Ductile 

0.16-0.32 Less ductile 

0.32-0.48 Less brittle 

Greater than 0.48 Brittle 

2.2.11 Skerlec Model for Ductility of Shale 

(Caprock) 
 

Hoshino et al (1972), Boggs (1995) and 

Skerlec (1982) agreed that there is a 

relationship between depth and density in 

terms of the ductile and brittle nature of 

shale. According to Hoshino and his team, 

mudrock (shale) densities less than 2.2 

g/cm3 show ductile behaviour, mudrocks 

with 2.2-2.5g/cm3 are transitional and 

expected to show a wider range of 

mechanical behaviour and mudrocks with 

densities higher than 2.5g/cm3 are expected 

to show brittle behaviour.  
 

2.2.12 Anderson Fault Regime 

Classification Scheme 
 

The Anderson model is a pivotal theory in 

structural geology, offering a foundational 

approach to understanding brittle fracture in 

rocks as first outlined by Jaeger and Cook 

(1979). Over years of development, the 

Anderson model has become essential in 

fault mechanics. 
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Works of Anderson (1951) and Cerveny et 

al. (2004) agree that when rocks fail in shear, 

three distinct stress regimes emerge. These 

regimes correspond to Anderson’s 

classifications of fault types, a system 

widely adopted to describe the fundamentals 

of fault orientation and failure. Here, the 

stress state is defined by three perpendicular 

principal stresses: the maximum, 

intermediate, and minimum stresses σ1 > σ2 

> σ3 (Twiss and Moores, 1992). In this 

model, the lithostatic load typically acts 

vertically, while the two horizontal stresses 

orient orthogonally (Cerveny et al., 2004; 

Economides and Nolte, 2000). 

According to Anderson’s classifications, a 

normal fault has a dip of 60°, a thrust fault 

has a dip of 30°, and a strike-slip fault forms 

at a dip of 30° (Twiss and Moores, 1992). 

Anderson’s model assumes that in normal 

faulting, the maximum principal stress 

(overburden) is vertical; in thrust faulting, 

the minimum horizontal stress is vertical; 

and in strike-slip faulting, the intermediate 

horizontal stress is vertical (Zoback, 2007). 
 

2.2.13 Mohr Circe (Stress and Fault 

Analysis) 
 

The shear stress τ is the stress component, 

which acts along the fracture plane. It is 

written using the principal stress 

components as follows in equation 30:  

𝜏 = 𝑐 + 𝜎′
𝑛𝑡𝑎𝑛𝜙     

(30)The cohesional failure envelope is used 

for rocks that have a cohesional and tensile 

strength. The cohesionless failure envelope 

is used for granular materials (soils and 

unconsolidated sediments with no cohesion 

or tensile strength, or for rocks that contain 

cohesionless fractures (Sibson, 2000). 

The faults, pre-existing fractures and failure 

of soils are often assumed to be cohesionless 

and the friction coefficient is typically in the 

range of µ = 0.6–0.85 (Byerlee, 1978 ; 

Sibson, 1985). Lower friction values are 

found in faults that contain clay minerals 

(Streit and Hillis, 2002). Assessments of 

fault stability require knowledge of fault 

geometries.  

Where τ is shear stress of shear plane, σ′n is 

the effective normal stress, c is the cohesion 

of rock, and ϕ is the frictional angle of rock. 

These effective normal stress and shear 

stress are obtained from the Mohr circle, 

which in equation form is (Jaeger and 

Zimmerman, 2009) 

𝜎′
𝑛 =  

(𝜎1+𝜎3)

2
+

(𝜎1−𝜎3)

2
𝑐𝑜𝑠2𝜙 (31) 

 𝜏 =
(𝜎1−𝜎3)

2
𝑠𝑖𝑛2𝜃   (32) 

where σ1 is the maximum principal stress 

and σ3 is the minimum principal stress while 

σ΄1 and σ΄3 are maximum and minimum 

effective stress. Shear failure can be 

represented graphically as the intersection of 

the Mohr circle with the Coulomb criterion. 

There are two primary shear failure 

mechanisms during geological CO2 storage 

are intact rock shear failure and fault 

reactivation. 

The ratio of shear to normal stress acting on 

the surface is the slip tendency (TS) and is 

defined mathematically in equation 33 as 

follows:  

𝑇𝑠 =  𝜏
𝜎′𝑛

⁄     (33) 

In this equation above, τ is the shear stress, 

and σ′n is the effective normal stress (σn − 

Pf). According to Rutqvist et al. (2007), for 

a cohesionless fault, the slip will occur when 

the following condition in equation 34 is 

met:  
𝜏

𝜎′𝑛
⁄  ≥ 𝜇

𝑠
    (34) 

where µs is the static frictional coefficient. 

Dilation tendency analysis, first introduced 

by Ferrill et al. (1999), investigates the 

ability of a fault to act as a fluid conduit by 

reactivation in the current stress field or 

intact rock to undergo tensile failure into the 

cap rock (hydraulic fracturing) (Kulikowski 

et al. 2016). The normal stress can be 

normalized by the differential stress to give 

the dilation tendency (Moeck et al. 2009). 

Dilation tendency is calculated using the 

following equation 35 below: 

𝑇𝑑 =
𝜎′1−𝜎′𝑛

𝜎′1−𝜎′3
    (35) 

where Td is dilation tendency, σ′1 is the 

maximum effective principal stress, σ′3 is 

the minimum effective principal stress, and 

σ′n is the effective normal stress acting on 
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the fault plane. This relationship shows that 

as σ′n approaches σ′3, the tendency of the 

fault plane to dilate increases and remains 

open to potential fluid flow. The fault will 

have a higher dilation tendency as Td 

approaches one. Td values range from 1 

(one), a fault plane that is ideally oriented to 

slip or dilate under current stress field to 0 

(zero), a fault plane with no potential to slip 

or dilate. 

 
Fig. 5. Failure envelope diagram illustrating brittle-ductile transition under shear stress 

and effective normal stress (adapted from Lee et al., 2017; Nygård et al., 2006) 
 

3.0 Result and Discussion 

3.1 Well Correlation 
 

The six (6) wells in TOBA field (TOBA-02, 

TOBA-06, TOBA-01, TOBA-05, TOBA-04 

and TOBA-07) were correlated and 6 

reservoir sandstones were identified, sand 

A3000 (saline formation) and A6000  

(hydrocarbon reservoir) were chosen as 

reservoirs of interest. Gamma and resistivity 

log was used for the correlation of the well 

in TOBA field. Stratigraphic correlation of 

the wells in TOBA field revealed continuity 

of the lithological units as seen in Fig. 9. 

The correlated wells in TOBA field (Fig. 6) 

using gamma and resistivity log showed that 

the rock units are continuous except in well 

TOBA-06 where sand A5000 is missing but 

continues in well TOBA-02 which is likely 

that TOBA-06 penetrated through one of the 

fault plane. The correlation also revealed the 

geology of TOBA field in consonance with 

that mentioned by Short and Stäuble (1965); 

Avbovbo (1978). 

The youngest rock formation is the Benin 

formation with low gamma ray reading and 

high resistivity reading, indicative of fluvial 

sands with fresh water as the fluid it 

contains. The Benin on the gamma ray logs 

of the wells in TOBA-field start from a 

height of 500ft to approximately 7850ft. The 

Agbada formation which is overlain by the 

Benin start at depth of approximately 7850ft 

to a depth of approximately 11200ft 

characterized by varying reading of gamma 

indicative of alternation of rock type 

between sandstone and shale. The 

sandstones in the Agbada formation serve as 

the reservoir and the shale serve as the 

caprock. The lower portion of the Agbada is 

seen with high resistivity reading indicative 

of hydrocarbon compared to the uppermost 

part of the Agbada formation which could 

have been as a result of migration of 

hydrocarbon not been able to get to those 

part from the source rock below. The Akata 

formation which is overlain by the Agbada 

formation is characterized with very high 

gamma log reading indicative of shale which 

is the source rock of the Agbada-Akata 

Petroleum system. The Akata formation of 

TOBA-field was not penetrated by any of 

the wells. 
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Fig. 6. Stratigraphic correlation of the six wells in TOBA field 

\3.2 Estimation of Vertical Stress  

The one dimensional mechanical earth model 

was built first with estimation of density 

which is important for the production of 

vertical stress. The extrapolation method was 

used and the    result is shown below in Fig. 7 

for TOBA-05. Fig. 7 present the profile for 

the Synthetic, Extrapolated Density, 

Overburden Mud Weight and overburden 

pressure (Vertical pressure) for TOBA-05). 

 
Fig. 7. Synthetic, Extrapolated Density, Overburden Mud Weight and overburden 

pressure (Vertical pressure) Profiles for TOBA-05 
 

The red curve represent the 

measured/computed density 

(DEN_COM_EXT), while the blue curve 

represents the extrapolated density 

(DEN_EXTRAPOLATE). In the plot, the 

density begins to stabilize with depth, 

reflecting compaction-related increases in 
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density due to overburden pressure. The 

extrapolated density curve aligns closely 

with the computed/measured density, 

indicating consistency in the data.  

The extrapolation account for regions where 

direct data measurements are unavailable. 

The black curve (VERTICAL_EXT) 

represents the estimated overburden 

pressure as a function of depth. This 

parameter is crucial in geomechanics, as it 

reflects the cumulative weight of the 

overlying rock and fluid columns. The 

overburden pressure increases linearly with 

depth, as expected, due to the accumulation 

of rock and sediment mass. The 

OBMW_EXT (Equivalent Mud Weight) 

curve represents the required mud weight (in 

pounds per gallon, ppg) to balance the 

overburden pressure at any given depth. 

This parameter is derived from the vertical 

stress (overburden pressure), calculated 

using the extrapolated density profile. The 

OBMW_EXT curve increases with depth, as 

expected, because the overburden pressure 

accumulates with the weight of overlying 

rock and fluids. The curve appears smooth 

and follows a near-linear trend, consistent 

with typical compaction and overburden 

stress in sedimentary basins. 
 

3.3 Elastic static and dynamic properties 
 

The elastic properties of TOBA-05 was also 

estimated and the logs generated are seen 

below in Fig. 8 plotted in five tracks each 

containing both static and dynamic elastic 

property of the well. 

 

 

Fig. 8. Dynamic and Static Elastic Moduli of well TOBA-05 

The elastic properties of well TOBA-05 were 

evaluated and the logs of these properties 

generated is seen in Fig. 8. These elastic 

properties are Young’s Modulus, Bulk 

Modulus, Shear modulus and Poisson ratio. 

Dynamic Young’s Modulus (red curve) 

measures the elastic stiffness of the rock 

under high-frequency dynamic loading, 

derived from acoustic velocity measurements 

while the Static Young’s Modulus (green 

curve) reflects the rock’s stiffness under slow, 

in-situ stress conditions. Variability in the 

modulus values suggests changes in rock 

stiffness with depth, indicative of lithological 

heterogeneity. Higher values of Young's 

modulus often correlate with more 

competent, consolidated formations 

sandstones, whereas lower values likely 

represent less compacted or more porous 

formations shales. Dynamic Bulk Modulus 

(red curve) represents rock compressibility 

under uniform pressure loading in dynamic 

conditions. Static Bulk Modulus (green 

curve): Indicates compressibility under 

slower, quasi-static conditions. Variability in 

bulk modulus suggests that compressibility 

changes with lithology and porosity. Lower 

bulk modulus intervals may indicate zones of 

higher porosity or less compacted sediments. 

Lower bulk modulus intervals may point to 

higher porosity, potentially correlating with 

better reservoir quality. The Shear Modulus 
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measures the rock’s ability to resist 

deformation under shear stress. Variations in 

shear modulus reflect changes in rock 

strength and ductility. Higher shear modulus 

values are likely associated with more rigid 

formations like sandstone while lower values 

indicate softer formations shales, which may 

be more prone to shear deformation or failure 

under stress. Poisson’s Ratio describes the 

relationship between lateral and axial strain 

when a rock is subjected to stress. Dynamic 

Poisson’s Ratio (red curve) is slightly higher 

than the static counterpart (green curve), as 

dynamic measurements often neglect 

inelastic strain components. Poisson’s Values 

generally range between 0.2 and 0.4, which 

are typical for sedimentary rocks. Variability 

in Poisson’s Ratio indicates changes in the 

rock’s ductility and brittleness. Higher values 

suggest ductile formations, while lower 

values point to brittle behaviour. 

Generally, Young Modulus, Bulk Modulus 

and Shear Modulus all increases with depth in 

well TOBA-05 because increase in 

overburden leads to a decrease in porosity and 

thus formation compaction as seen in Fig. 8.  

 

3.4 1D MEM 
 

The 1D MEM that consist of the Mechanical 

stratigraphy, Poisson ratio, Young’s 

Modulus, frictional angle, cohesion, Tensile 

strength, UCS (Unconfined Compressive 

Strength), Pore pressure, Vertical stress 

(overburden stress), Maximum and Minimum 

horizontal stress. The different tracks that 

make up the 1D MEM are seen below for 

TOBA-05.  

The 1D Mechanical Earth Model (MEM) 

result presented in Fig. 9 represents the 

geomechanical characterisation of the 

caprock (shale) overlying the saline 

formation (sandstone). This figure provides 

insights into the variation of elastic and 

strength properties with depth within the 

saline formation. 

In contrast, Fig. 10 displays the 1D MEM 

result for the caprock (shale) and the 

underlying hydrocarbon reservoir 

(sandstone), allowing for a comparative 

evaluation of geomechanical behaviour 

across the two distinct storage formations. 

  

 
Fig. 9. 1D MEM of well TOBA-05 for zone below A2000 and Sand A3000 
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Fig. 10. 1D MEM of well TOBA-05 for zone below A5000 and Sand A6000

The geomechanical results (1D MEM result) 

presented for Well TOBA-05 in Table 3 

above and Fig. 9 and 10 offers valuable 

insight into the stress and strength properties 

of both caprock and reservoir formations 

across three key intervals: below 9200 ft 

(caprock), the A3000 saline formation (9200–

9311 ft), and the deeper units comprising the 

A5000 caprock (10840–11078 ft) and A6000 

hydrocarbon reservoir (11085–11280 ft). 

These values are essential for assessing the 

structural stability and containment capacity 

of geological formations targeted for CO₂ 

sequestration. 

In the caprock interval below 9200 ft, the 

average Young’s Modulus (YM) is 4.95 GPa, 

indicating moderate rock stiffness. The 

Poisson’s Ratio (PR) remains relatively stable 

at 0.31, reflecting a balanced elastic response. 

The friction angle (FANG) averages 24.58°, 

while cohesion (COH) is 665.91 psi and the 

Unconfined Compressive Strength (UCS) is 

2427.71 psi, showing the caprock is 

mechanically competent but less robust than 

deeper units. The pore pressure (PP) at this 

depth averages 3592.86 psi. In terms of stress, 

the total minimum horizontal stress (σh) is 

5727.00 psi, maximum horizontal stress (σH) 

is 6299.71 psi, and vertical stress (σv) is 

8177.43 psi. The corresponding effective 

stresses which are critical for evaluating 

fracture risk are 2314.14 psi (σh), 2706.86 psi 

(σH), and 4544.57 psi (σv). 

In the A3000 reservoir, mechanical properties 

remain similar. The YM is 4.91 GPa, PR is 

again 0.31, while FANG (frictional angle) 

slightly increases to 26.61°. Cohesion 

averages 631.89 psi and UCS is 2064.75 psi, 

slightly lower than the overlying caprock. 

Pore pressure rises to 4156.50 psi, and the 

total stresses are 5803.00 psi (σh), 6383.50 

psi (σH), and 8425.50 psi (σv). The 

corresponding effective stresses are 1646.50 

psi, 2227.00 psi, and 4269.00 psi, suggesting 

moderate effective stress conditions, still 

within a safe operational window for CO₂ 

injection. 
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Table 3. Numerical values of elastic properties, rock strength properties and stress profile of TOBA
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Moving deeper to the caprock below 10840 ft 

(A5000 interval), rock mechanical strength 

significantly increases. YM averages 7.50 

GPa, and FANG is 25.17°, while cohesion 

rises markedly to 1101.26 psi, and UCS to 

3401.50 psi, indicating a stronger and more 

brittle lithology. Pore pressure is higher at 

4938.50 psi, with total stresses also elevated: 

7041.75 psi (σh), 7745.50 psi (σH), and 

10092.75 psi (σv). Effective stresses at this 

depth rise to 3103.25 psi, 2807.00 psi, and 

5154.25 psi respectively suggesting 

improved rock sealing ability and lower 

leakage risk compared to shallower units. 

In the deeper hydrocarbon reservoir A6000 

interval, the rock demonstrates the highest 

mechanical competence. YM reaches 9.27 

GPa, the highest across all intervals, with 

FANG at 25.05°, cohesion at 1317.30 psi, and 

UCS peaking at 4037.00 psi. These values 

imply an extremely strong and stiff 

formation. Pore pressure increases to 5025.00 

psi, while total stresses further rise to 7428.75 

psi (σh), 7896.98 psi (σH), and 10297.25 psi 

(σv). The effective stresses here are the 

highest: 2403.75 psi (σh), 2871.97 psi (σH), 

and 5272.25 psi (σv). These stress conditions 

indicate that the formation is 

geomechanically stable, less likely to 

undergo fault slip or fracturing under 

injection pressures, and therefore presents the 

most secure zone for CO₂ sequestration. 

According to Fjaer et al. (2008) the value of 

Young's static modulus in shale is around 0.1 

- 1.0 Mpsi (0.5–7 Gpa) and sandstone is about 

2 - 10 Mpsi (14–68 Gpa). Poisson's ratio (0.1–

0.25) means rocks fracture easier whereas 

high Poisson's ratio (0.35–0.45) indicates the 

rocks are harder to fracture. Gercek (2007) 

gave range for the Poisson ratio in some 

rocks, which shows that shale is in the range 

0.05 - 0.32, sandstone is in the range 0.05 - 

0.4, and limestone is in the range 0.1 - 0.32. 

The frictional angle average value of the 

caprocks of the caprock of saline and 

hydrocarbon reservoir correspond with low 

frictional angle suggested by Barton & 

Choubey (1977) and Wyllie & Norrish (2017) 

The progressive increase in mechanical 

strength and effective stress with depth in 

Well TOBA-05 suggests a strong, brittle 

lithology favourable for long-term CO₂ 

storage, with the A6000 reservoir standing 

out as the most competent unit both in terms 

of geomechanical resilience and containment 

integrity. 

Also The 1D Mechanical Earth Model 

(MEM) analysis carried out on well TOBA-

05, as shown in Fig.s 9 and 10 and 

summarized in Table 3, reveals key insights 

into the in-situ stress regime of the study area. 

The data indicate that the effective vertical 

stress (σv) consistently exhibits the highest 

magnitude across the evaluated depth 

intervals, followed by the effective maximum 

horizontal stress (σH), while the effective 

minimum horizontal stress (σh) remains the 

lowest. 

According to Anderson’s faulting theory 

(1951), such a stress distribution where Sv > 

σH > σh is indicative of a normal faulting 

regime. This aligns with the tectonic setting 

where the overburden acts as the maximum 

principal stress, and extensional forces 

dominate. 

Furthermore, this normal faulting 

environment is suggestive of growth faults, 

which are a common feature in deltaic 

sedimentary basins like the Niger Delta. As 

described by Auduson (2018), growth faults 

are synsedimentary normal faults 

characterized by vertical displacements that 

increase with depth. Their association with 

the Niger Delta supports the interpretation 

that the TOBA field is structurally influenced 

by such fault systems, which have important 

implications for reservoir 

compartmentalization, seal integrity, and CO₂ 

storage potential. 
 

3.5 Skerlec’s Model for Brittleness and 

ductility 
 

Table 4 below presents the average density 

and depth of the shale caprock associated 

with both saline formation and hydrocarbon 

reservoirs across four wells (TOBA-04 to 

TOBA-07). These density values were used 

in plotting the Skerlec’s model (Fig. 11) to 

assess the brittleness or ductility of the 

formations. The ductility of the caprocks 
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(Shale) using Skerlec's model in (1982) 

divided into 3 major zones in consonance 

with Hoshino et al (1972) and Boggs (1995) 

include;  

(a) Ductile Zone (< 2.2 g/cm³): Shales 

with densities below 2.2 g/cm³ are 

ductile, meaning they deform 

plastically under stress without 

fracturing. This behaviour is typical 

of shallow-depth mudrocks with 

minimal compaction and 

cementation, such as shales at low 

burial stress. 

(b) Transitional Zone (2.2–2.5 g/cm³): 

Shales in this density range exhibit 

both brittle and ductile behavior 

depending on local factors (e.g., stress 

state, mineral composition and pore 

pressure). This zone marks the depth 

where compaction, cementation, and 

diagenesis begin to significantly 

influence rock mechanical properties. 

(c) Brittle Zone (> 2.5 g/cm³): Shales 

with densities above 2.5 g/cm³ are 

brittle, prone to fracturing under 

stress. Typically found at deeper 

burial depths, these shales undergo 

compaction and diagenesis, which 

reduce porosity and increase rock 

strength. 

In TOBA-04, no density value is recorded for 

the saline formation due to the absence of 

density logs in shallower depth intervals for 

this well. However, the hydrocarbon reservoir 

has a density of 2.4228 g/cm³ at 3596.47 m, 

consistent with dense, deeper reservoir rocks. 

For TOBA-05, both formations are 

represented: the saline formation has a 

density of 2.2760 g/cm³ at 2785.95 m, while 

the hydrocarbon zone is lower in density 

(2.1877 g/cm³ at 3374.75 m), possibly 

indicating more porous or gas-bearing 

lithology in the hydrocarbon zone. In TOBA-

06, the density increases with depth, as 

expected. The saline formation has 2.2545 

g/cm³ at 2795.02 m, and the deeper 

hydrocarbon zone has 2.3456 g/cm³ at 

3310.31 m, reflecting compaction and 

lithological differences. TOBA-07 displays a 

similar trend: 2.3318 g/cm³ (saline at 3120.09 

m) and 2.4238 g/cm³ (hydrocarbon at 3894.62 

m), again affirming the trend of increasing 

density with depth and lithological maturity. 

These subtle density increases in the 

hydrocarbon zones suggest greater 

compaction, which often results in reduced 

porosity and increased stiffness. The absence 

of density measurements in the saline 

formation is not due to poor-quality data but 

rather due to the limited depth coverage of the 

density log.      

 

Table 4. Average density of shale and depth of caprock (shale) of saline formation and 

reservoir of interest 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Skerlec’s model in the Fig. 11 below 

shows that the caprocks with higher densities 

(above ~2.35 g/cm³) tend to cluster on the 

brittle to very brittle side of the curve. These 

are mostly hydrocarbon reservoir caprocks 

WELL TOBA-05 DENSITY 

(g/cm3) 

DEPTH  

(m) 

SALINE (A3000) 2.2760 2785.9482 

HYDROCARBON (A6000) 2.1877 3374.7456 

WELL TOBA-04 DENSITY(g/cm3) DEPTH (m) 

SALINE (A3000) ________ ________ 

HYDROCARBON (A6000) 2.4228 3596.4693 

WELL TOBA-07 DENSITY(g/cm3) DEPTH (m) 

SALINE (A3000) 2.3318 3120.0852 

HYDROCARBON (A6000) 2.4238 3894.6201 

WELL TOBA-06 DENSITY(g/cm3) DEPTH (m) 

SALINE (A3000) 2.2545 2795.0160 

HYDROCARBON (A6000) 2.34561 3310.3058 
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(represented in red), implying that the higher 

compaction and mineral content at these 

depths enhance their brittleness. In contrast, 

the saline formation caprocks (yellow) are 

positioned closer to the ductile–brittle 

boundary, associated with slightly lower 

densities and shallower depths, indicating 

less compaction and more deformable 

behaviour. 

 

 
Fig. 11. Plot of depth (m) against density (g/cm3) to determine ductility and brittleness of 

caprocks 

Higher shale density, as seen in hydrocarbon 

zones, correlates with increased compaction 

and thus more brittle behaviour. Conversely, 

lower density saline formation shales tend to 

remain more ductile due to lesser burial depth 

and compaction. This brittleness-ductility 

behavior captured in the Skerlec’s model is 

crucial for assessing caprock integrity and 

reservoir seal efficiency. 
 

3.6 Brittleness Index (Young’s Modulus and 

Poisson Ratio) 

 

Brittleness as a characteristic of broken or 

broken material with little or no plastic flow 

(Holt et al., 2011). Brittle rocks have no 

characteristics of ductility and plasticity and 

break straight after the loss of a stress-strain 

relationship. The transition of ductility to 

brittleness depends upon the magnitude of the 

stress applied to the material. 

As a result of the lack of right definition or 

concept, measurement of brittleness has not 

been standardized. Grieser and Bray (2007), 

expressed the term average brittleness as an 

empirical relationship between Poisson’s 

ratio and Young's modulus to distinguish 

ductile from the brittle area. 

The brittleness index was conducted using 

Young’s Modulus and Poisson Ratio. The 

result is shown below in Table 5.The 

brittleness index analysis, based on the 

classification criteria by Rojas et al. (2016) 

and June & Yang et al. (2013) in Table 6 

below, offers valuable insight into the 

mechanical behaviour of formations relevant 

for CO₂ storage. In analyzing the brittleness 

index derived from Poisson’s ratio and 

Young’s modulus, distinct mechanical 

characteristics emerge across the formations 

and caprocks in well TOBA-05. The caprock 

of the saline formation exhibits a Young’s 

modulus of 0.174021 and a Poisson’s ratio of 

0.372198, resulting in a brittleness index of 

0.27311. This value places it in the less 

ductile category, indicating it is relatively soft 

and more prone to plastic deformation rather 
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than fracturing. Similarly, the saline reservoir 

shows a Young’s modulus of 0.173062 and 

Poisson’s ratio of 0.385791, with a brittleness 

index of 0.279426, also classifying it as less 

ductile. These two saline units both caprock 

and reservoir therefore exhibit ductile 

behaviour, with a lower tendency to fracture 

under stress. 

Table 5. Brittleness average of TOBA-05 for both saline formation and hydrocarbon 

reservoir 

WELL Formation 

Type 

Lithology YM (E) PR (ν) AVERAGE 

TOBA-05 Saline formation CAPROCK (Shale) 0.174021 0.372198 0.273110 

TOBA-05 Hydrocarbon 

reservoir 

CAPROCK (Shale) 0.263774 0.433877 0.348825 

TOBA-05 Saline formation RESERVOIR 

(Sandstone) 

0.173062 0.385791 0.279426 

TOBA-05 Hydrocarbon 

reservoir 

RESERVOIR 

(Sandstone) 

0.326091 0.448712 0.387401 

 

Table 6. Relationship between brittleness index and brittleness of rock modified from 

(from Rojas et al., 2016 and Yang et al., 2013) 

 
Brittleness index Nature  of rock in terms of brittleness 

0-0.16 Ductile 

0.16-0.32 Less ductile 

0.32-0.48 Less brittle 

Greater than 0.48 Brittle 

In contrast, the hydrocarbon caprock has a 

higher Young’s modulus of 0.263774 and a 

Poisson’s ratio of 0.433877, yielding a 

brittleness index of 0.348825. This value falls 

in the less brittle category, suggesting that the 

hydrocarbon caprock is moderately brittle, 

stiffer than the saline rocks but not fully 

brittle. The most mechanically brittle unit is 

the hydrocarbon reservoir, which records the 

highest Young’s modulus of 0.326091 and 

Poisson’s ratio of 0.448712, leading to a 

brittleness index of 0.387401. This value 

places it near the upper end of the “less 

brittle” range, indicating a clear tendency 

toward brittle behaviour. 

The saline formation caprock and reservoir 

are ductile, the hydrocarbon caprock is 

moderately brittle, and the hydrocarbon 

reservoir is the most brittle of all the units 

analysed. This variation in brittleness has 

important implications for geomechanical 

stability under CO₂ injection. The brittle 

nature of the hydrocarbon reservoir makes it 

more susceptible to fracturing and tensile 

failure, while the ductile behaviour of the 

saline units means they are more likely to 

deform by shear under stress. Understanding 

these mechanical differences is essential for 

predicting how each unit may respond during 

CO₂ storage operations and ensuring seal 

integrity is maintained. 

Reservoir rocks that fall into the less brittle 

range, as seen in the hydrocarbon-bearing 

formation, could be more amenable to 

controlled fracturing, which can enhance 

injectivity without compromising 

containment. Conversely, the less ductile 

saline reservoir may require more 

conservative injection strategies to avoid 

undesirable deformation or seal damage. 

The absence of extreme brittleness or 

ductility in any of the formations is 

advantageous. Highly brittle rocks could 

fracture uncontrollably, while highly ductile 
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rocks may deform excessively, closing pore 

spaces. The transitional mechanical 

properties observed here are ideal for CO₂ 

storage, providing both containment security 

and structural stability. 
 

3.7 Stress Analysis for Fault (3D Mohr 

Circle) 
 

Fault stability analysis in this study is based 

on evaluating slip tendency and dilation 

tendency, which quantify the likelihood of 

fault reactivation and fracture opening, 

respectively, under the current in-situ stress 

regime. By examining these parameters, this 

analysis identifies fault segments that may 

become critically stressed during injection 

operations and assesses their potential impact 

on seal integrity and storage performance in 

the TOBA-05 field. Structural containment of 

CO2 relies on low-permeability caprock and 

fault stability (Sun et al., 2023). Fig. 12 to Fig. 

15 below shows the state of stress of faults in 

well TOBA-05.  

 

 

 

 

 

 

 

 

 

 

Fig. 12. Mohr plot of TOBA-05 Saline Formation Caprock (fault) 

 

 

 

 

 

 

 

 

Fig. 13. Mohr plot of TOBA-05 Saline Formation Sandstone (fault) 

 

 

 

 

Initial Condition (σ1 = 454.6, σ2 = 270.7, σ3 = 

213.4)*101psi 

τ = 101.07*101psi 

σn = 268.25*101psi 

Ts = 0.38 

Pp causing failure = 112.75*101psi/7.78Mpa 

At Failure (σ1 = 341.44, σ2 = 157.88, σ3 = 99.86) 

*101psi 

τ = 101.00*101psi 

σn = 152.53*101psi 

Ts = 0.66 

Initial Condition (σ1 = 426.9, σ2 = 222.7, σ3 = 

164.7) *101psi 

τ = 109.92*101psi 

σn = 224.35*101psi 

Ts = 0.48 

Pp causing failure = 55.24*101psi/3.80Mpa 

At Failure (σ1 = 371.82, σ2 = 169.56, σ3 = 

108.52) *101psi 

τ = 110.72*101psi 

σn =168.56*101psi 

Ts = 0.65 
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Fig. 14. Mohr plot of TOBA-05 Hydrocarbon Reservoir Caprock (fault) 

 

 

 

 

 

 

 

 

Fig. 15. Mohr plot of TOBA-05 Hydrocarbon Reservoir (fault) 

The Mohr circle analyses for the TOBA-05 

fault provide crucial insights into the 

mechanical behaviour of faults under CO₂ 

injection scenarios, focusing on caprock and 

reservoir intervals of both saline formations 

and hydrocarbon-bearing units. Each Mohr 

plot captures the evolution from the fault's 

initial in-situ stress condition (faint circles) to 

the failure state (bold blue circles), 

highlighting the pore pressure increment 

required to bring the fault to critical 

conditions. 

In the saline formation caprock shown in Fig. 

12, the initial stress conditions are σ₁ = 4546 

psi, σ₂ = 2707 psi, and σ₃ = 2134 psi, with an 

effective shear stress (τ) of 1010.7 psi and 

normal stress (σn) of 2682.5 psi, giving a slip 

tendency (Ts) of 0.38 that is well below the 

slip threshold. However, when the pore 

pressure increases by 1127 psi (7.78 MPa), 

the fault transitions to a reactivated state, with 

reduced principal stresses of σ₁ = 3414.4 psi, 

σ₂ = 1578.8 psi, and σ₃ = 999.6 psi. At this 

point, τ remains nearly constant (1010.0 psi), 

but σn drops to 1525.3 psi, and the slip 

tendency increases to Ts = 0.66, exceeding 

the critical slip threshold of 0.6 defined by 

Initial Condition (σ1 = 515.4, σ2 = 280.7, 

σ3 = 210.3) *101psi  

τ = 127.90*101psi 

σn = 279.71*101psi 

Ts = 0.45 

Pp causing failure = 

82.94*101psi/5.72Mpa 

At Failure (σ1 = 432.65, σ2 = 198.06, σ3 = 

126.27) *101psi 

τ = 130.01*101psi 

σn = 198.11*101psi 

Ts = 0.66 

Initial Condition (σ1 = 527.2, σ2 = 287.2, σ3 

= 240.4) *101psi 

τ = 120.23*101psi 

σn = 305.65*101psi 

Ts = 0.39 

Pp causing failure = 

120.60*101psi/8.32Mpa 

At Failure (σ1 = 407.30, σ2 = 166.30, σ3 = 

119.30) *101psi 

τ = 122.36*101psi 

σn = 184.85*101psi 

Ts = 0.66 
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Cotesta et al. (2007), indicating fault failure 

and potential breach of the seal. 

For the saline reservoir sandstone in Fig. 13, 

the stress values suggest this unit is the most 

vulnerable. Initial stresses are σ₁ = 4269 psi, 

σ₂ = 2227 psi, and σ₃ = 1647 psi, with τ = 

1099.2 psi, σn = 2243.5 psi, and Ts = 0.48. 

Failure is induced by a modest increase in 

pore pressure of 552.4 psi (3.80 MPa), 

reducing the stress state to σ₁ = 3718.2 psi, σ₂ 

= 1695.6 psi, and σ₃ = 1085.2 psi. The 

corresponding τ = 1107.2 psi and σn = 1685.6 

psi result in a slip tendency of Ts = 0.65, again 

surpassing the failure threshold. Notably, this 

pressure threshold (3.80 MPa) is comparable 

to the value reported by Umar et al. (2020), 

who concluded that in their study area, a fault 

requires at least 3.2 MPa of additional pore 

pressure to fail. This similarity underscores a 

shared geomechanical stability between both 

study areas and supports the TOBA field’s 

suitability for CO₂ sequestration, provided 

that the injection pressures are carefully 

managed.  

The hydrocarbon reservoir caprock seen in 

Fig. 14 exhibits greater mechanical stability, 

with initial stresses of σ₁ = 5154 psi, σ₂ = 2807 

psi, and σ₃ = 2103 psi. The initial τ = 1279 psi 

and σn = 2797.1 psi result in a Ts = 0.45. Fault 

slip only occurs when the pore pressure 

increases by 829.4 psi (5.72 MPa), reducing 

the stress regime to σ₁ = 4326.5 psi, σ₂ = 

1980.6 psi, and σ₃ = 1262.7 psi. At failure, τ 

= 1300.1 psi and σn = 1981.1 psi yield a Ts = 

0.66, again exceeding the critical slip 

tendency. 

The hydrocarbon reservoir sandstone 

displayed in Fig. 15 is the most mechanically 

robust of all units evaluated. Its initial stress 

state is σ₁ = 5272 psi, σ₂ = 2872 psi, and σ₃ = 

2404 psi, with τ = 1202.3 psi and σn = 3056.5 

psi, resulting in Ts = 0.39. Fault reactivation 

in this unit requires a pore pressure increase 

of 1206 psi (8.32 MPa) which is the highest 

among all examined intervals. At failure, the 

new stresses are σ₁ = 4073 psi, σ₂ = 1663 psi, 

and σ₃ = 1193 psi, with τ = 1223.6 psi and σn 

= 1848.5 psi, resulting in a Ts = 0.66. This 

confirms that the unit maintains stability 

under elevated pressure and is ideal for safe 

CO₂ injection. 

 

 

 

 

 

 

 

 

Fig. 16. Mohr plot of TOBA-05 Saline Caprock Formation (intact rock) 

The quantitative stress analysis across 

TOBA-05 faults shows varying degrees of 

fault stability, with hydrocarbon reservoir 

formations offering the greatest resistance to 

slip and saline formations especially the 

sandstone reservoir more prone to fault 

reactivation. The critical slip tendency 

threshold of 0.6, as proposed by Cotesta et al. 

(2007), serves as a reliable indicator of failure 

across all units. According to Streit et al. 

(2005), to avoid damage to top seal and fault 

seals due to injection-related pore pressure 

increase, maximum sustainable pore 

pressures need to be estimated for CO2 

injection. The minimum reactivation pressure 

(3.80 MPa) aligns closely with Umar et al. 

Initial Condition (σ1 = 454.6, σ2 = 270.7, σ3 = 

213.4)*101psi 

τ = 109.41*101psi 

σn = 283.26*101psi 

Ts = 0.386 

Pp causing failure =190.96*101psi/13Mpa 

At Failure (σ1=263.40, σ2=80.31, σ3=21.98) 

*101psi 

τ = 109.95*101psi 

σn = 91.54*101psi 

Ts = 0.83 
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(2020)’s 3.2 MPa benchmark, reinforcing the 

mechanical credibility of the TOBA field as a 

candidate for long-term CO₂ storage, while 

also highlighting the need for targeted 

monitoring and pressure control strategies, 

particularly in more vulnerable saline 

intervals. 
 

3.7 Stress Analysis for Intact Rock (3D 

Mohr Circle) 
 

The mechanical strength and failure 

behaviour of intact rocks both reservoir and 

caprock are essential factors influencing the 

feasibility of long-term CO₂ storage. This 

analysis employs 3D Mohr circle plots to 

evaluate the stress states and failure 

envelopes of key formations in the TOBA-05 

well, allowing for a detailed understanding of 

how these rocks respond to increasing pore 

pressure. Key parameters such as principal 

stresses, shear and normal stresses, slip 

tendency, and pore pressure at failure are 

used to characterize the rocks' stability. 

Combined with brittleness index 

classification, this assessment provides 

insight into each formation's ability to 

maintain structural integrity and containment 

under CO₂ injection conditions. 

 

 

 

 

 

 

 

 

Fig. 17. Mohr plot of TOBA-05 Saline Formation Sandstone (intact rock) 

 

 

 

 

 

 

 

 

 

Fig. 18. Mohr plot of TOBA-05 Hydrocarbon Reservoir Caprock (intact rock) 

Initial Condition (σ1 = 426.9, σ2 = 222.7, σ3 = 

164.7) *101psi 

τ = 117.22*101psi 

σn = 237.10*101psi 

Ts = 0.49 

Pp causing failure = 129.22*101psi/8.91Mpa 

At Failure (σ1=298.35, σ2=93.04, σ3=35.11) 

*101psi 

τ = 118.39*101psi 

σn = 107.25*101psi 

Ts = 0.91 

Td = 0.64 

Initial Condition (σ1 = 515.4, σ2 = 280.7, σ3 = 

210.3) *101psi 

τ = 138.03*101psi 

σn = 297.90*101psi 

Ts = 0.46 

Pp causing failure = 238.54*101psi/16.50Mpa 

At Failure (σ1 = 277.73, σ2 = 42.44, σ3 = -28.57) 

*101psi 

τ = 140.60*101psi 

σn = 58.77*101psi 

Ts = 2.4 
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Fig. 19. Mohr plot of TOBA-05 Hydrocarbon Reservoir (intact rock) 

The 3D Mohr circle analysis conducted on the 

intact rock samples from the TOBA-05 well 

offers a detailed view of the mechanical 

behaviour of subsurface formations under 

varying stress conditions, particularly in the 

context of CO₂ injection. These Mohr plots 

capture two key states for each lithological 

unit: the initial effective stress condition 

(represented by faint circles) and the stress 

condition at failure (depicted by bold blue 

circles). This approach enables a clear 

visualization of the stress response of each 

formation to changes in pore pressure, 

allowing for the identification of failure 

modes and critical thresholds that may be 

encountered during CO₂ storage operations. 

According to Nygård et al. (2006), brittle 

failure typically occurs in stiff lithologies 

with high shear strength, leading to sudden 

fracturing, while ductile failure is 

characterised by more diffuse deformation 

throughout the rock mass without the 

formation of distinct fracture planes (Rutter et 

al., 1986; Jaeger et al., 2009). These 

theoretical principles are reflected in the 

progressive failure behaviour observed across 

the four lithological units evaluated in 

TOBA-05. 

In the case of the saline formation caprock 

(Fig. 16), the rock is initially subjected to 

high principal stresses (σ₁ = 4546 psi, σ₂ = 

2707 psi, σ₃ = 2134 psi), with a corresponding 

shear stress (τ) of 1094.1 psi and a normal 

stress (σₙ) of 2832.6 psi. The initial slip 

tendency (Ts) of 0.386 suggests stable 

conditions, well below the 0.6 critical 

threshold for slip. At failure, despite a slight 

increase in shear stress (τ = 1099.5 psi) and a 

reduced σₙ = 915.4 psi, Ts only rises to 0.83, 

and failure is achieved under a significant 

pore pressure increment (ΔPp) of 1909.6 psi 

(13 MPa). The rock’s mechanical stability 

under high stress and its moderate brittleness 

index of 0.27311 ("less ductile") confirm its 

integrity and effectiveness as a reliable seal 

for CO₂ containment. 

The saline formation sandstone reservoir 

(Fig. 17) exhibits slightly lower initial 

stresses (σ₁ = 4269 psi, σ₃ = 1647 psi) and a 

Ts of 0.49. At failure, Ts increases to 0.91 and 

dilation tendency (Td) to 0.64, with a ΔPp of 

1292.2 psi (8.91 MPa) required for failure. 

This indicates a higher risk of fracture 

dilation and fault reactivation under injection 

pressure. With a brittleness index of 

0.279426, also classified as "less ductile," this 

unit maintains moderate stiffness but is more 

vulnerable than the caprock above it. While 

this reservoir could support CO₂ injection due 

to its injectivity, careful monitoring and 

pressure management would be necessary to 

maintain seal integrity. 

In contrast, the hydrocarbon reservoir 

caprock (Fig. 18) displays more pronounced 

stress changes. The initial stress state includes 

σ₁ = 5154 psi and σ₃ = 2103 psi, with an initial 

Initial Condition (σ1 = 527.2, σ2 = 287.2, σ3 = 240.4) *101psi 

τ = 202.80*101psi 

σn = 767.60*101psi 

Ts = 0.49 

Pp causing failure = 306.00*101psi/21.10Mpa 

At Failure (σ1 = 222.04, σ2 = -19.61, σ3= -65.85) *101psi 

σ3 ≥ Tensile strength (-65.85*101psi) 
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Ts of 0.46. At failure, Ts spikes dramatically 

to 2.4 well above the 0.6 threshold while 

normal stress drops significantly to 587.7 psi, 

and ΔPp reaches 2385.4 psi (16.5 MPa). This 

behaviour suggests a high likelihood of brittle 

shear failure or fault slip. The caprock’s 

brittleness index of 0.348825 ("less brittle") 

implies some stiffness, but the high Ts value 

at failure highlights its susceptibility to 

mechanical compromise under elevated 

pressures. This caprock may require 

additional verification of stability before 

being relied upon for long-term CO₂ 

containment. 

Finally, the hydrocarbon reservoir rock (Fig. 

19) presents the most critical behaviour. It has 

the highest initial stresses (σ₁ = 5272 psi, σ₃ = 

2404 psi) and a Ts of 0.49. Upon failure, the 

minimum principal stress (σ₃) becomes 

tensile (–658.5 psi), exceeding the rock’s 

tensile strength and resulting in pure tensile 

failure. The ΔPp needed to trigger this failure 

is 3060 psi (21.10 MPa) the highest of all 

formations studied. Tensile failure is 

especially concerning, as it can initiate 

vertical fractures that compromise CO₂ 

containment. The rock’s brittleness index of 

0.387401, the highest among all formations, 

indicates it is the most brittle unit and highly 

prone to fracturing. While this enhances its 

potential for injectivity, it demands robust 

caprock integrity to prevent leakage. 

Collectively, the 3D Mohr circle analysis 

demonstrates a clear transition in failure 

mode and deformation style across the 

formations from ductile shear failure in the 

saline caprock to brittle tensile failure in the 

hydrocarbon reservoir. This transition reflects 

an increasing tendency toward brittle 

behaviour, corroborated by the rising 

brittleness index values. These observations 

are consistent with the theoretical models of 

Nygård et al. (2006) and Jaeger et al. (2009), 

which link lithological stiffness and 

brittleness to failure mechanism. 

In terms of pressure tolerance, the 

hydrocarbon reservoir withstands the highest 

pore pressure before failure (21.10 MPa), 

followed by the hydrocarbon caprock (16.5 

MPa), the saline caprock (13 MPa), and the 

saline reservoir (8.91 MPa). However, a 

higher pressure threshold does not necessarily 

imply superior containment, especially when 

the failure mode is tensile, as seen in the 

hydrocarbon reservoir. From a CO₂ storage 

perspective, the most mechanically 

favourable injection scenario involves 

targeting the saline reservoir, underlain by the 

robust saline caprock. This combination 

offers optimal conditions of moderate 

brittleness, lower slip tendency, and 

mechanical resilience for both injectivity and 

secure containment. In contrast, while the 

hydrocarbon reservoir may offer improved 

injectivity due to its brittleness, its use for 

long-term CO₂ storage must be carefully 

evaluated, ensuring that an effective caprock 

barrier is in place. 

The integration of Mohr failure envelope 

analysis with brittleness profiling presents a 

robust framework for evaluating the 

geomechanical suitability of subsurface 

formations for CO₂ sequestration. The 

mechanical properties observed across the 

TOBA-05 well characterized by transitional, 

non-extreme brittleness and stress resilience 

support both containment integrity and 

injection feasibility, provided that operational 

pressures remain within safe limits. 
 

4.0 Conclusion 
 

This research fills a vital knowledge gap in 

carbon storage safety by quantitatively 

evaluating the brittleness, ductility, and 

failure behaviour of caprock and reservoir 

formations in the TOBA field, Niger Delta 

elements often neglected in prior 

assessments. The ability to distinguish 

between brittle and ductile mechanical 

responses under injection-induced stress is 

essential, as it governs the risk of leakage, 

containment integrity, and long-term CO₂ 

storage performance under supercritical 

conditions. The results demonstrate a clear 

trend of depth dependent mechanical 

strengthening, with Young’s Modulus 

increasing by 87% and UCS by 66% from the 

shallow caprock to the deeper A6000 

reservoir. Skerlec’s classification and BI 

values reveal a mechanical spectrum from 
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ductile saline formations (BI = 0.27) to brittle 

hydrocarbon-bearing zones (BI = 0.39), with 

failure mechanisms transitioning from shear 

to tensile modes. The A6000 reservoir, 

exhibiting the highest pore pressure resilience 

and tensile strength, emerges as the most 

secure storage candidate. Conversely, saline 

formations are more susceptible to fault 

reactivation and require stricter pressure 

control (ΔPp < 3.80 MPa). The prevailing 

normal faulting regime (Sv > σH > σh), 

verified through stress analysis, aligns with 

the tectonic setting of the Niger Delta and 

supports the likelihood of growth faulting. By 

bridging the gap in understanding how 

subsurface formations respond mechanically 

to injection, this study delivers a validated, 

physics-based framework for risk mitigation, 

operational planning, and long-term storage 

assurance in geological carbon sequestration 

projects. 
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