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Abstract  

Reservoir heterogeneity and hydraulic flow unit characterization constitute critical 

parameters in optimizing hydrocarbon recovery within structurally and stratigraphically 

complex depositional systems such as the Niger Delta Basin. This study investigates 

reservoir quality, compartmentalization, and flow unit architecture in the offshore 

QUAC Field, Niger Delta, Nigeria, through an integrated petrophysical evaluation of 

wireline log datasets acquired from three wells: QUAC-1, QUAC-2, and QUAC-3. The 

workflow incorporated gamma-ray, neutron–density, sonic, and resistivity logs to 

quantitatively estimate shale volume (Vsh), porosity, and permeability, while hydraulic 

flow units were delineated using the Reservoir Quality Index (RQI) and Flow Zone 

Indicator (FZI) techniques. Four principal reservoir zones were identified and classified 

on the basis of distinct lithological and petrophysical characteristics. Computed shale 

volume values range from 0.12 to 0.45, indicating moderate to high vertical heterogeneity 

across the reservoir succession. RQI and FZI values cluster between 0.09–0.18 and 0.90–

1.12, respectively, suggesting the predominance of moderate-quality hydraulic flow units. 

Neutron–density crossplot analysis reveals the occurrence of multiple hydraulic flow 

units governed by depositional facies variability and post-depositional diagenetic 

modifications. Among the delineated intervals, Zone 2 across all wells represents the 

cleanest, most laterally extensive, and hydrocarbon-saturated reservoir unit with 

enhanced reservoir continuity and favorable petrophysical attributes. Conversely, Zone 

3 consistently exhibits poor reservoir quality, characterized by elevated shale volume 

values ranging from 0.38 to 0.45, thereby functioning as a potential flow barrier and non-

reservoir interval. The integration of multi-log petrophysical analysis with hydraulic flow 

unit classification provides a robust framework for understanding reservoir 

heterogeneity and compartmentalization, thereby supporting efficient reservoir 

management and strategic hydrocarbon field development. 
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1. Introduction  

The characterization of subsurface reservoirs 

is fundamental to optimizing hydrocarbon 

exploration and production (Alpay, 1972). 

Understanding reservoir heterogeneity and 

flow unit characterization is critical for 

predicting fluid movement, optimizing well 

placement, and enhancing recovery strategies 

(Alpay, 1972; Agbasi et al., 2020; 

Hosseinzadeh and Tavakoli, 2024; Mishra et 

al., 2025). As petroleum reservoirs are 

inherently complex, their properties vary 

significantly across different spatial scales 

due to depositional environments, diagenetic 

alterations, and structural modifications 

(Prochnow et al., 2022; Mishra et al., 2025). 

These variations impact porosity, permeability, 

and fluid saturation, influencing hydrocarbon 

productivity.  

 

Reservoir heterogeneity refers to the spatial 

variation in rock properties that control fluid 

movement and storage within the subsurface 

(Hosseinzadeh and Tavakoli, 2024). These 

variations can be observed at multiple scales, 

from the pore level to field-wide distributions. 

Heterogeneity arises due to depositional 

facies changes, diagenetic modifications, and 

structural deformation, making it a key 

consideration in reservoir management (Jika 

et al., 2020). In the Niger Delta and other 

prolific hydrocarbon basins, reservoir 

heterogeneity is commonly observed in fluvial, 

deltaic, and deepwater turbidite systems, 

where sand body connectivity and permeability 

contrasts significantly influence hydrocarbon 

recovery (Agbasi et al., 2020). If 

heterogeneity is not adequately 

characterized, it may lead to inefficient well 

placement, poor sweep efficiency, and 

unoptimized production strategies (Omoja and 

Obiekezie, 2021; Prochnow et al., 2022; 

Hosseinzadeh and Tavakoli, 2024; Mishra et 

al., 2025). 

 

Flow unit characterization is a crucial step in 

reservoir evaluation, as it defines zones of 

similar fluid flow behavior within a reservoir. 

Flow units are determined based on 

permeability trends, porosity distributions, 

lithofacies, and depositional environments, 

allowing geoscientists and reservoir engineers 

to segment the reservoir into meaningful 

hydraulic units (Olotu et al., 2020; 

Hosseinzadeh and Tavakoli, 2024; Nordin et al, 

2024; Mishra et al., 2025). The identification 

of flow units helps in predicting connectivity, 

optimizing recovery techniques, and improving 

well completion strategies. Flow units are 

classified based on geological and 

petrophysical parameters, with the most 

widely used techniques including Flow Zone 

Indicator (FZI), Lorenz plots, and 

stratigraphic layering approaches. These 

methods allow for the differentiation of high-

permeability pathways and baffles or barriers 

that influence hydrocarbon migration ( 

Oyeyemi et al., 2018; Fajana, 2020; Khalili, and 

Ahmadi, 2023; Munther and Sahaab, 2024). 

 

Despite advancements in reservoir 

characterization techniques, challenges 

persist in accurately defining heterogeneous 

reservoirs and mapping flow units (Elnaggar et 

al., 2018; Mishra et al., 2025). Variations in 

sandstone, shale, and carbonate formations 

create ambiguous log responses, requiring 

advanced log interpretation techniques 

(Darling, 2005). Diagenetic effects such as 

cementation, dissolution, and clay mineral 

transformations can alter porosity and 

permeability, complicating petrophysical 

analysis (Aminian et al., 2003; Odedede, 2018). 

Borehole washouts, mud invasion, and 
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formation damage may introduce artifacts in 

wireline log responses, requiring data 

correction and quality control (Adelu et al., 

2019). Overcoming these challenges requires a 

multidisciplinary approach, integrating 

geophysical, geological and petrophysical 

techniques. 

 

To address these complexities, the integration 

of wireline log data provides a robust approach 

to evaluating reservoir heterogeneity and flow 

unit characterization, ensuring optimized 

hydrocarbon recovery strategies. 

Understanding reservoir complexity, 

compartmentalization, and fluid flow behavior 

is essential for improving production 

efficiency and reservoir management (Ali et 

al., 2019; Shah et al, 2021; Hossain et al., 2022; 

Ebraheem et al., 2025). In this study, we 

utilized wireline logs to demonstrate the 

effectiveness of wireline log interpretation in 

defining flow units, assessing petrophysical 

properties, and enhancing reservoir 

performance. By leveraging advanced log 

interpretation techniques, oil and gas 

operators can maximize recovery, reduce 

operational risks, and optimize field 

development strategies. 

 

2. Geology of the study area 

The QUAC field is situated within OML-X, an 

offshore block in the Niger Delta Basin of 

Nigeria, located in the Gulf of Guinea. This 

region is renowned for its substantial 

hydrocarbon reserves and intricate geological 

evolution. The precise locations of the wells 

within the QUAC field are depicted in Figure 

1, where they are marked in red on the Niger 

Delta map. The Niger Delta Basin is one of 

Africa's most prolific petroleum provinces, 

hosting extensive accumulations of oil and gas 

within its diverse stratigraphic formations 

(Reijers et al., 1997; Agbasi et al., 2023; Diab 

et al., 2023). 

 

The geological development of Nigeria’s 

coastal sedimentary basins is categorized into 

three primary depositional cycles (Reijers et 

al., 1997). The first cycle commenced with a 

marine incursion during the Albian period and 

extended to the Santonian period, resulting in 

the deposition of thick marine sediments 

(Reijers et al., 1997; Austin et al., 2018; Osung 

et al., 2024). The second cycle initiated the 

formation of the Niger Delta during the 

Eocene epoch and continues into the present, 

driven by the accumulation of deltaic and 

marine sediments transported by rivers 

(Reijers et al., 1997; Osung et al., 2024). 

During the late Quaternary period, 

sedimentation patterns were periodically 

disrupted by uplift and erosion, leading to 

recurring episodes of channel incision and 

infilling. These processes played a crucial role 

in the formation of submerged canyons, which 

have significantly influenced the current 

depositional environment of the Niger Delta 

(Reijers et al., 1997; Agbasi et al., 2023; Osung 

et al., 2024). 
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STUDY 
AREA 

 

Figure 1. Geologic map of the Niger Delta Region showing the study area (Reijers 1997) 

 

The Niger Delta is characterized by three 

primary lithofacies, forming a regressive 

sequence of deltaic and marine clastic deposits 

(Reijers et al., 1997). The Agbada Formation, 

composed of interbedded sand and shale in a 

paralic sequence, is overlain by the Benin 

Formation, which consists predominantly of 

continental sands (Reijers et al., 1997). 

Beneath these, the Akata Formation consists 

of coastal shale and serves as the primary 

hydrocarbon source rock, while the Agbada 

Formation functions as the main reservoir unit. 

Within the Niger Delta Basin, six major 

depobelts have been identified, including the 

offshore megastructure, Coastal Swamp I and 

II, Central Swamp, Great Ughelli, and 

Northern Delta. These depobelts were formed 

by successive episodes of deposition and 

structural evolution, leading to the 

accumulation of substantial petroleum 

resources (Osung et al., 2024). 

 

To evaluate spatial variability in porosity and 

permeability within reservoir intervals, well log 

interpretation is integrated with core data. 

Lithofacies variations significantly influence 

fluid flow and reservoir quality, making it 

essential to assess the distribution of sand and 

shale units. Studies have established a 

correlation between grain size and bulk volume 

of water, which aids in classifying five key 

lithofacies: coarse-grained sand, medium-

grained sand, fine-grained sand, very fine-

grained shale, and silty shale (Okoli and Agbasi, 

2021). Each lithofacies exhibits distinct 

petrophysical properties, influencing reservoir 

performance, fluid migration, and hydrocarbon 

recovery. 
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A thorough understanding of lithofacies 

distribution and reservoir intervals in the 

Niger Delta is crucial for identifying high-

potential hydrocarbon zones, ultimately 

improving hydrocarbon recovery and 

production efficiency. The integration of 

geological, petrophysical, and geophysical data 

enhances reservoir characterization, enabling 

more accurate exploration, development, and 

optimization of hydrocarbon resources in the 

region (Darling, 2005). 

 

3.       Materials and methods 

The methodology employed in this study aims 

to evaluate reservoir heterogeneity, define 

flow units, and assess compartmentalization 

across three wells (QUAC-1, QUAC -2, and 

QUAC -3) using wireline log data. The analysis 

integrates petrophysical measurements such 

as gamma-ray, neutron porosity, resistivity, 

sonic velocity, and density logs to characterize 

reservoir quality and shale volume. Various 

analytical techniques and mathematical 

formulations are utilized to quantify key 

reservoir properties, enabling a comprehensive 

assessment of reservoir behavior (Torres et 

al., 2010; Islam et al, 2013; Abdelwahhab and 

Raef, 2020; Munther and Sahaab, 2024; 

Ebraheem et al., 2025). 

 

Wireline log data were obtained for QUAC-1, 

QUAC-2, and QUAC-3, covering depths from 

approximately 4800 ft to 11650 ft. The logs 

used in this study include: 

• Gamma-ray logs (GR): To determine 

lithology and shale content. 

• Neutron and density logs: To 

evaluate porosity and fluid saturation. 

• Resistivity logs: To identify 

hydrocarbon-bearing zones. 

• Sonic logs: To assess rock compaction 

and porosity trends. 

The acquired log data were processed to 

remove noise, correct for environmental 

effects, and standardize depth scales and was 

analyzed using interactive petrophysics 

software. The logs were calibrated using 

standard industry techniques to ensure 

consistency in interpretation across all three 

wells. 

 

3.1. Petrophysical Parameter Calculation 

The reservoir properties were evaluated using 

established petrophysical equations below 

(Schlumberger, 1974; Torre et al., 2010; 

Abdelwahhab and Raef, 2020): 

3.1.1. Shale Volume Estimation 

Shale volume (𝑉𝑠ℎ) was determined using 

multiple methods, including gamma-ray, 

neutron, density, and resistivity-based 

approaches. 

3.1.2. Gamma-ray-derived shale volume 

𝑉𝑠ℎ =
𝐺𝑅𝑙𝑜𝑔−𝐺𝑅𝑐𝑙𝑒𝑎𝑛

𝐺𝑅𝑠ℎ𝑎𝑙𝑒−𝐺𝑅𝑐𝑙𝑒𝑎𝑛
    

     [1] 

where: 𝐺𝑅𝑙𝑜𝑔 = gamma-ray reading of the 

formation, 𝐺𝑅𝑐𝑙𝑒𝑎𝑛 = gamma-ray reading of 

clean sandstone, 𝐺𝑅𝑠ℎ𝑎𝑙𝑒 = gamma-ray reading 

of pure shale Schlumberger, 1974; Asquith et 

al., 2004). 

 

A similar method was applied to refine shale 

volume estimates using neutron, density, and 

resistivity logs. Water saturation (Sw) was 

computed using Archie’s equation. 

 

3.1.3. Porosity Determination 

The total and effective porosity of the 

formations were computed using neutron and 

density logs. 

Density porosity (𝜙𝑑) was calculated using the 

equation proposed by Schlumberger (1974): 

𝜙𝑑 =
𝜌𝑚𝑎−𝜌𝑏

𝜌𝑚𝑎−𝜌𝑓
     

     [2] 
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where: 𝜌𝑚𝑎 = matrix density (2.65 g/cm³ for 

sandstone), 𝜌𝑏 = bulk density from logs, 𝜌𝑓 = 

fluid density (assumed 1.0 g/cm³ for water). 

 

3.1.4 Permeability Determination   

Permeability (k) was estimated empirically 

from porosity and irreducible water saturation 

based on Timur (1968) as explained by Aneth 

et al, (2018) the most widely applied empirical 

relationship for sandstone reservoirs (such as 

in the Niger Delta)  

 𝐾 = 𝑎
ϕ𝑏

Swi𝑐
     

     [3] 

where: 

• k = permeability (in millidarcies, mD) 

• ϕ = effective porosity  

• Swi = irreducible water saturation  

• a, b, c = empirical constants 

determined  

For typical sandstone reservoirs in the Niger 

Delta, the constants are often taken as: 

a=0.136, b=4.4, c=2  

Neutron porosity (𝜙𝑛) was extracted directly 

from neutron logs. Effective porosity (𝜙𝑒) was 

estimated by correcting total porosity (𝜙𝑡) for 

shale content Dresser, 1979): 

𝜙𝑒 = 𝜙𝑡(1 − 𝑉𝑠ℎ)    

      [4] 

where 𝑉𝑠ℎ is the shale volume fraction. 

 

3.1.5. Compartmentalization Analysis 

Reservoir compartmentalization was evaluated 

by analyzing variations in density, porosity, and 

resistivity across the wells to assess 

differences in lithology, compaction, and fluid 

distribution. Differences in shale volume 

between zones were examined to determine 

the extent of shaliness and its impact on 

permeability and porosity. Disruptions in fluid 

contact levels were also assessed to identify 

potential barriers to fluid flow, which could 

indicate compartmentalization caused by 

structural or stratigraphic variations 

(Buckman et al., 2019; Shah et al., 2021; 

Hossain et al., 2022; Ebraheem et al., 2025). 

These analyses provided critical insights into 

reservoir quality variations and fluid 

distribution, aiding in the identification of 

optimal hydrocarbon-bearing intervals. 

 

Flow Unit Characterization through 

parameters such as the Reservoir Quality 

Index (RQI) and Flow Zone Indicator (FZI) 

offers a means to classify rock intervals into 

hydraulically similar groups (Asquith et al., 

2004). These indicators reflect how pore 

geometry and permeability interact to 

influence flow, thus providing a bridge between 

static log-derived properties and dynamic 

reservoir performance. 

Cross-well comparisons were conducted to 

determine formation heterogeneity, helping to 

define lateral continuity of reservoir units. 

Clean reservoir zones were identified based on 

low gamma-ray readings, indicating minimal 

shale influence. Density and porosity trends 

were analyzed to evaluate compaction effects 

and their implications for fluid storage 

capacity (Ekpo et al., 2017; Hossain et al., 

2022). Resistivity values were examined to 

distinguish between hydrocarbon-bearing and 

water-saturated intervals, providing a clearer 

understanding of fluid movement and potential 

production zones. 

 

Result and Discussion  

4.1. Reservoir Quality and Lithological 

Variability in QUAC-1 

The petrophysical analysis of QUAC-1 

reservoirs reveals significant variations in 

density, gamma-ray response, porosity, 
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resistivity, sonic velocity, and shale volume 

estimates as shown in Table 1 and Figure 2. 

These variations indicate differences in 

lithology, fluid content, and reservoir quality, 

which are critical for evaluating hydrocarbon 

potential. The well was subdivided into four (4) 

stratigraphic zones based on depth and log 

responses. Zone 1 is generally shaly-sandy with 

modest porosity of about 10%, an average Vsh 

of 0.3 and a density of 2.52g/cc, and it's 

assumed not to be a high-quality reservoir due 

to its values, which may reduce the reservoir’s 

effective porosity and permeability. Zone 2 

appears cleaner, with higher resistivity (Rt), 

with an average of 30 Ω·m, moderate porosity 

of about 13–14%, and Vsh of 0.3. Zone 3 is 

shalier with a Vsh of about 0.45, low porosity 

of 9% and low Rt, mostly non-productive under 

current assumptions. Zone 4 has some cleaner 

sands and high resistivity values ranging from 

5 to 80 Ω·m, Zone 4 is assumed to be a 

potential hydrocarbon-bearing formation. 

 

 

Figure 2. Petrophysical Characteristics and Shale Volume Distribution of QCAU-1 
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Table 1. Average petrophysical Properties and Shale Volume Estimates for QUAC-1 

Zones  Resistivity 

Ω·m_avg 

VshGR 

(Avg) 

Density 

g/cc_avg 

Porosity 

ᵩ_avg (%) 

Permeability 

K (mD) 

RQI FZI 

1 

4183–

6600 

12 0.30 2.5 10 1.3 0.11 1.0 

2 

6500–

8200 

30 0.95 2.1 13.5 4.2 0.175 1.12 

3 

8200–

10200 

8 0.45 2.7 9 0.8 0.095 0.96 

4 

10200–

11534 

25 0.25 2.3 13 3.6 0.164 1.10 

 

 

For QUAC-1, Zone 1 has low porosity and low 

effective hydrocarbon saturation, Zone 2 

demonstrates partial hydrocarbon saturation 

potential with moderate porosity and 

resistivity value, and Zone 3 is predominantly 

shaly, with low effective porosity and 

permeability. Hence, not a good reservoir. 

While zone 4 could be hydrocarbon-bearing. 

 

4.2.     Reservoir Quality and Lithological 

Variability in CAU-2 

The petrophysical properties and shale volume 

estimates of CAU-2 across the four well zones 

provide crucial insights into the reservoir 

characteristics and their implications for 

hydrocarbon potential. The results from Table 

2 and Figure 3 reveal variations in density, 

gamma ray, neutron porosity, resistivity, sonic 

velocity, and shale volume indicators, which 

help in evaluating the reservoir quality and  

 

 

 

shale content distribution across the three 

wells.  

 

Similar to QUAC-1, the density values for 

zone1 range between 2.09 g/cm³ and 2.48 

g/cm³, with a mean of 2.32 g/cm³and an 

average resistivity of 18 Ω·m, indicating 

moderate compaction and lithological 

consistency. Gamma ray readings, which serve 

as an indicator of shale content, have an 

average of 0.2, reflecting a mix of clean 

reservoir sandstones and shaly intervals with 

porosity of 12.5%. Zone 2 has a better 

reservoir characteristic with Vsh of 0.12, 

average resistivity of 40 Ω·m and density less 

than 2.3. The low resistivity value in zone 3, 

with an average of 7 Ω·m, implies a 

significantly higher shale presence with Vsh of 

0.40. These variations suggest that zone 3 is 

the most shale-prone. Zone 4 has similar 

lithological features to zone 2, with an average 

resistivity of 25 Ω·m, Vsh 0.18, indicating a 

potential reservoir-bearing formation. 
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Figure 3.  Petrophysical Characteristics and Shale Volume Distribution of CAU-2 Reservoir  
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Table 2. Average petrophysical Properties and Shale Volume Estimates for CAU-2 

Zones  Resistivity 

Ω·m_avg 

VshGR 

(Avg) 

Density 

g/cc_avg 

Porosity 

ᵩ_avg (%) 

Permeability 

K (mD) 

RQI FZI 

1 

4892–

6100 

18 0.20 2.3 11 2.6 0.153 1.24 

2 

6100–

7700 

40 0.12 2.05 12.5 3.0 0.155 1.08 

3 

7700–

9500 

7 0.40 2.55 9 0.9 0.09 0.9 

4 

9500–

10840 

25 0.18 2.15 12 4.0 0.16 1.10 

 

In QUAC-2, zone 1 showed moderate porosity, 

zone 2 has good reservoir potential with 

moderate porosity and resistivity. Zone 3 is 

water-filled, shaly, low reservoir quality, while 

zone 4 has moderate reservoir quality with a 

potential pay zone. 

 

4.3.    Reservoir Quality and Lithological 

Variability in CAU-3 

CAU-3 was analyzed across the 4 zones, with 

varying depths and petrophysical properties, 

as shown in Table 3. The density values across 

the three wells indicate variations in 

lithological composition and fluid content. Zone 

1 exhibited a density range between 2.18 

g/cm³ and 2.38 g/cm³, with an average of 2.29 

g/cm³, suggesting a mixture of sandstone and 

shale with an average Vsh of 0.25 and an 

average resistivity value of 15 Ω·m.  Zone -2 

had a slightly narrower range between 2.23 

g/cm³ and 2.30 g/cm³, averaging 2.27 g/cm³, 

indicating a more consistent lithology with 

slightly lower compaction.  

 

Its resistivity value and Vsh are 30 Ω·m and 

0.18, respectively, with 13% porosity. Zone 3 

presented a broader density range from 2.22 

g/cm³ to 2.46 g/cm³, with a mean of 2.40 

g/cm³, suggesting variations in compaction and 

mineralogical composition. Vsh value of 0.38 

and low resistivity value of 9 Ω·m further 

substantiate lithological variations, suggesting 

increased shale content and a tight water-

bearing formation, which implies lower 

reservoir quality. Zone 4 suggests a 

comparatively less compact formation, 

potentially indicating a higher porosity zone 

with an average Vsh of 0.2, average resistivity 

of 30 Ω·m and porosity of about 13%. These 

variations suggest that zone 4 has relatively 

higher porosity, making it a potential candidate 

for enhanced fluid flow and hydrocarbon 

accumulation. 
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 Figure 4. Petrophysical Characteristics and Shale Volume Distribution of QUAC-3 

Table 3.  Average Petrophysical Properties and Shale Volume Estimates for CAU-3 

Zones  Resistivity 

Ω·m_avg 

VshGR 

(Avg) 

Density 

g/cc_avg 

Porosity 

ᵩ_avg (%) 

Permeability 

K (mD) 

RQI FZI 

1 

4848–

6200 

15 0.25 2.4 11 2 0.14 1.10 

2 

6200–

8700 

30 0.18 2.10 13 5 0.17 1.10 

3 

8700–

10200 

9 0.38 2.50 7 1 0.10 0.95 

4 

10200–

11635 

30 0.2 2.15 13 4 0.17 1.12 
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For QUAC-3, zone 1 showed moderate 

porosity, likely water-wet in average parts, and 

zone 2 demonstrated better reservoir 

intervals with moderate porosity. Zone 3 is 

characterized by lower reservoir quality and 

water saturation, while zone 4 has good sand 

intervals, moderate porosity, and a good 

hydrocarbon zone. 

 

4.4.   Heterogeneity and Flow Zone Indicator 

across the wells 

The three wells show alternating sand/shale 

layers characteristics of deltaic/Agbada 

formation deposition, lateral continuity of 

good sands occurs, while vertical 

heterogeneity of interbeds of shale and silt is 

common. Shale volume (Vsh) ranges from 0.12 

to 0.45, indicating variable heterogeneity. 

Cleanest zones (Vsh ≤ 0.20) occur in Zone 2 of 

all wells, with resistivity varying from 7 to 40 

Ω·m, with higher Rt correlating to potential 

hydrocarbon zones. Zones 3 tend to be shaly, 

acting as barriers to flow. The general pattern 

suggests moderate to high vertical 

heterogeneity but laterally persistent flow 

units. Computed Reservoir Quality Index 

cluster between (0.09 to 0.18) and Flow Zone 

Indicator cluster between (0.9 to 1.12) values 

reveal moderate-quality flow units that recur 

laterally across the wells with comparable 

hydraulic behavior (Odedede, 2018; Omoja and 

Obiekezie, 2021; Hosseinzadeh and Tavakoli, 

2024). Zone 2 in all wells represents the most 

promising and laterally continuous reservoir 

interval, while Zone 3 acts as a non-reservoir 

or barrier (Figs. 5, 6, 7) (Hosseinzadeh and 

Tavakoli, 2024). 

 

 

Figure 5. Showing the average shale volume 
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Figure 6. Barplot of average porosity. 

 

 

Figure 7. Bar plot of the average resistivity 

 

 

HP 14
Typewritten text
97



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

The neutron–density crossplots (Figs. 8,9, and 

10) across the three wells demonstrate 

reservoir heterogeneity resulting from 

variable depositional and diagenetic controls 

within the Niger Delta Basin (Figs. A, b, c) 

(Odedede, 2018; Omoja and Obiekezie, 2021; 

Hosseinzadeh and Tavakoli, 2024). The cross-

plot with different colors indicating various 

zones within the reservoir to estimate total 

porosity and determine the rock type by 

comparing their responses. Each point on the 

graph represents a specific formation in 

relation to reservoir compartment analysis and 

flow unit characterization.  

 

Porosity was estimated by the distance of 

points from the cross-plot trend line. Points 

that deviate significantly suggest high 

porosity formations, while those near the line 

indicate lower porosity. Since different 

lithologies exhibit characteristic responses on 

the cross-plot. Clean sandstones plots in a 

specific area, while shaly sands plot 

differently due to the presence of clay, 

affecting density and neutron readings. Colour 

coding from overlay gamma ray with blue/light 

blue indicate low GR likely clean formation, 

magenta/green indicate mixed lithology while 

brown/red indicates shaly zones. The plots 

shows a porosity variation across different 

zones across the three wells.  

 QUAC-2 shows significant scatter and overlap 

of lithologies, indicating greater lateral and 

vertical heterogeneity compared to QUAC-1 

and QUAC-3.  From their Lithologic character, 

QUAC-1 and QUAC-3 display cleaner sands and 

more uniform compaction trends, pointing to 

better-defined flow units and better reservoir 

performance. QUAC-2 heterogeneity and 

shale interbedding will result in 

compartmentalization and reduced flow 

connectivity.  

The neutron–density cross plots so far confirm 

the multi-layered and compositionally diverse 

nature of the reservoir system. The field 

consists of multiple flow units with distinct 

petrophysical properties, a characteristic 

deltaic depositional environment dominated by 

interbedded fluvial and shallow marine facies 

(Omoja and Obiekezie, 2021; Shah et al., 2021; 

Hossain et al., 2022; Munther and Sahaab, 

2024; Ebraheem et al., 2025). 
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Figure 8. Cross plot of Neutron Density for well QUAC-1 

 

Figure 9. Cross plot of Neutron Density for well QUAC-2 

 

HP 14
Typewritten text
99



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

 

Figure 10. Cross plot of Neutron Density for well QUAC-3 

 

5.      Conclusion 

The integration of petrophysical and crossplot 

analyses across the three wells in the QUAC 

field has effectively delineated reservoir 

heterogeneity and characterized distinct flow 

units within the Niger Delta Basin. The results 

demonstrate that the studied reservoirs are 

composed of interbedded sand and shale 

sequences, typical of deltaic Agbada Formation 

depositional environments, exhibiting both 

vertical and lateral heterogeneity. Shale 

volume and porosity variations highlight 

multiple reservoir facies with differing fluid 

storage and flow capacities. 

 

Across the wells, Zone 2 consistently exhibits 

the best reservoir quality, with low shale 

content (Vsh ≤ 0.20), moderate porosity 

(≈13%), and high resistivity (25–40 Ω·m), 

indicating potential hydrocarbon-bearing 

intervals. Zone 4 also displays moderate 

reservoir potential, whereas Zone 3 is 

dominantly shaly, low in porosity, and non-

productive. The RQI and FZI results confirm 

that the flow units range from moderate to 

good quality, with similar hydraulic behavior 

across the wells, suggesting partial lateral 

continuity of productive sands and moderate 

compartmentalization due to shale 

intercalations. Neutron–density crossplots 

further reveal distinct lithological scatter and 

compaction trends, supporting the 

interpretation of multiple flow units with 

varying degrees of connectivity and diagenetic 

influence. QUAC-2 exhibits the highest 

degree of heterogeneity and potential 

compartmentalization, while QUAC-1 and 

QUAC-3 show better-defined and laterally 

continuous flow units.  

 

The study showed that reservoir 

heterogeneity in the QUAC field is primarily 

controlled by depositional layering and shale 

interbedding, while the identified flow units 

provide a framework for improved reservoir 

modeling, production forecasting, and well 

placement optimization in the Niger Delta 
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Basin. Future studies could incorporate seismic 

data for 3D heterogeneity mapping. 

Acknowledgements: The authors would like to 

thank all those who assisted in conducting this 

work. 

 Funding: There is no funding.  

 

Data availability: All data used in this 

research are available.  

 

Declarations Conflict of interest: The authors 

declare that they have no conflict of interest.  

 

Ethical approval: Not applicable. 

 

Reference  

Abdelwahhab, M.A. and Raef, A. (2020). 

Integrated reservoir and basin 

modeling in understanding  the 

petroleum system and evaluating 

prospects: the Cenomanian reservoir, 

Adagunodo, T. A., & Akinlabi, I. A. (2024). 

Petrophysical analysis to determine 

the hydrocarbon prospectivity of 

sands in AA field, Niger Delta. IOP 

Conference Series Earth and 

Environmental Science, 1342(1), 

012042. 

https://doi.org/10.1088/1755-

1315/1342/1/012042 

Adelu, A. O., Aderemi, A., Akanji, A. O., 

Sanuade, O. A., Kaka, S. I., Afolabi, O., 

Olugbemiga, S., & Oke, R. (2019). 

Application of 3D static modeling for 

optimal reservoir characterization. 

Journal of African Earth Sciences, 

152, 184–196. 

https://doi.org/10.1016/j.jafrearsci.2

019.02.014 

Agbasi, O. E., Esomchi, N. U., Daniel, A. E., & 

Udoka, U. J. (2023). Exploring 

reservoir potential of the “X Field” 

Offshore, Niger Delta Basin: an 

emphasis on lithofacies, depositional 

environments, and petrophysical 

characteristics. Jurnal Penelitian 

Fisika Dan Aplikasinya (JPFA), 13(1), 

38–50. 

https://doi.org/10.26740/jpfa.v13n1.p

38-50 

Agbasi, O. E., Igboekwe, M. U., Chukwu, G. U., 

& Etuk, S. E. (2020). Formation 

evaluation of reservoirs in Eocene, 

Niger Delta Nigeria using modified 

formation factor from Pickett’s plot. 

Modeling Earth Systems and 

Environment, 7(1), 331–339. 

https://doi.org/10.1007/s40808-020-

01009-z 

Akpan, A. S., Okeke, F. N., Obiora, D. N., & 

Ibuot, J. C. (2020). Fluid substitution 

modelling and derived rock attribute-

based discriminations of hydrocarbon 

and lithology: a case study of arcuate 

Niger Delta Depobelt, Nigeria. SN 

Applied Sciences, 2(12). 

https://doi.org/10.1007/s42452-020-

03855-z 

HP 14
Typewritten text
101



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

Ali, M., Khan, M.J., Ali, M. and Iftikhar, S., 

2019. Petrophysical analysis of well 

logs for reservoir evaluation: a case 

study of “Kadanwari” gas field, middle 

Indus basin, Pakistan. Arabian Journal 

of Geosciences, 12(6), p.215. 

Alpay, O.A., 1972. A practical approach to 

defining reservoir heterogeneity. 

Journal of Petroleum Technology, 

24(07), pp.841-848. 

Amigun, J. O., & Akinleye-Martins, O. A. 

(2021). 3D seismic discontinuity 

attributes analyses for low – 

permeability reservoir sand fractures 

characterisation: an onshore example 

from Niger delta, Nigeria. NRIAG 

Journal of Astronomy and Geophysics, 

10(1), 58–69. 

https://doi.org/10.1080/20909977.2

020.1868658 

Aminian, K., Ameri, S., Bilgesu, H.I., Alla, V. and 

Mustafa, R., 2003, September. 

Characterization of a heterogeneous 

reservoir in West Virginia. In SPE 

Eastern Regional Meeting (pp. SPE-

84830). SPE. 

Aneth L. Lyaka, Gabriel D. Mulibo (2018). 

Petrophysical Analysis of the Mpapai 

Well Logs in the East PandeExploration 

Block, Southern Coast of Tanzania: 

Geological Implication on the 

Hydrocarbon Potential. Open Journal 

of Geology, 8(8) 

DOI: 10.4236/ojg.2018.88046  

Asquith, G.B., Krygowski, D. and Gibson, C.R. 

(2004). Basic well log analysis (Vol. 16, 

pp. 305-371). Tulsa: American 

Association of Petroleum Geologists. 

Austin, O. E., Agbasi, O. E., Samuel, O., & Etuk, 

S. E. (2018). Cross plot Analysis of 

Rock Properties from Well Log Data 

for gas detection in Soku Field, Coastal 

Swamp Depobelt, Niger Delta Basin. 

Journal of Geoscience Engineering 

Environment and Technology, 3(4), 180. 

https://doi.org/10.24273/jgeet.2018.

3.4.1318 

Bahariya  Formation, at Falak Field, 

Shushan Basin, Western Desert, 

Egypt. Journal of Petroleum 

 Science and Engineering, 189, 

p.107023.  

Buckman, J., Chudi, O., Lewis, H., Couples, G., 

Huang, T., & Jiang, Z. (2019). Synthetic 

digital rock methods to estimate the 

impact of quartz cementation on 

porosity & permeability: Assessment 

of Miocene turbidite sandstones and 

prediction of deeper Oligocene 

sandstones, Niger Delta Basin. Journal 

of Petroleum Science and Engineering, 

184, 106538. 

https://doi.org/10.1016/j.petrol.2019.

106538 

https://doi.org/10.4236/ojg.2018.88046
HP 14
Typewritten text
102



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

Darling, T., (2005). Well logging and formation 

evaluation. Elsevier. 

Diab, A. I., Oluseun Sanuade, and Ahmed E. 

Radwan. "An integrated source rock 

potential, sequence stratigraphy, and 

petroleum geology of (Agbada-Akata) 

sediment succession, Niger delta: 

application of well logs aided by 3D 

seismic and basin modeling." Journal of 

Petroleum Exploration and Production 

Technology 13, no. 1 (2023): 237-257. 

Dresser Atlas (1979) Log interpretation 

charts. Dresser Industries,Inc., 

Houston, p 107 

Ebraheem, M.O., Ibrahim, H.A. and Senosy, 

A.H., (2025). A comparative 

petrophysical evaluation of the Abu 

Roash, Bahariya, and Kharita 

reservoirs using well-logging data, East 

El-Fayoum, Egypt. Scientific Reports, 

15(1), p.2732. 

Ekpo, B., Essien, N., Neji, P., & Etsenake, R. 

(2017). Geochemical fingerprinting of 

western offshore Niger Delta oils. 

Journal of Petroleum Science and 

Engineering, 160, 452–464. 

https://doi.org/10.1016/j.petrol.2017.

10.041 

Elnaggar, A.A., Kassab, M.A. and Abass, A.E., 

(2018). Reservoir characterization 

utilizing core and wire line logging data 

for Kareem sandstone, Ashrafi oil 

Field, Gulf of Suez, Egypt. Egyptian 

journal of petroleum, 27(4), pp.1013-

1027. 

Fajana, A. O. (2020).). 3-D static modelling of 

lateral heterogeneity using 

geostatistics and artificial neural 

network in reservoir characterisation 

of “P” field, Niger Delta. NRIAG 

Journal of Astronomy and Geophysics, 

9(1), 129–154. 

https://doi.org/10.1080/20909977.2

020.1727674 

Ganguli, S.S. and Dimri, V.P., (2023). Reservoir 

characterization: State-of-the-art, 

key challenges and ways forward. In 

Developments in structural geology and 

tectonics (Vol. 6, pp. 1-35). Elsevier. 

Harry, T. A., Etuk, S. E., Joseph, I. N., & 

Austin, O. E. (2018). Geomechanical 

evaluation of reservoirs in the coastal 

swamp, Niger delta region of Nigeria. 

International Journal of Advanced 

Geosciences, 6(2), 165. 

https://doi.org/10.14419/ijag.v6i2.137

62 

Hossain, M.S., Rahman, M.M., Khatu, M.H. and 

Haque, M.R., 2022. Petrophysical 

properties assessment using wireline 

logs data at well# 3 of Srikail gas 

field, Bangladesh. China Geology, 5(3), 

pp.393-401. 

Hosseinzadeh, M. and Tavakoli, V., (2024). 

Analyzing the impact of geological 

features on reservoir heterogeneity 

HP 14
Typewritten text
103



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

using heterogeneity logs: A case study 

of Permian reservoirs in the Persian 

Gulf. Geoenergy Science and 

Engineering, 237, p.212810. 

Ighodaro, E., Okanigbuan, P., Okiotor, M., & 

Idemudia, N. (2019). Petrophysical 

evaluation of reservoir in a selected 

well (Z) in an onshore oil field (X) in the 

Niger Delta Basin, Nigeria using 

wireline logs. Journal of Applied 

Sciences and Environmental 

Management, 23(5), 917. 

https://doi.org/10.4314/jasem.v23i5.

23  

Igili C. O., Okonkwo J. E., Chinyem F. I. & 

Adesola T. M. (2025). Structural 

Discontinuities and Fault-Induced 

Reservoir Compartmentalization in the 

QUAC Field, Niger Delta, Nigeria. Bima 

Journal of Science and Tech. 9(3a) 

DOI: 10.64290/bima.v9i3A.1348 

Islam, A.R.M.T., Habib, M.A., Islam, M.T. and 

Mita, M.R., 2013. Interpretation of 

wireline log data for reservoir 

characterization of the Rashidpur Gas 

Field, Bengal Basin, Bangladesh. IOSR 

Journal of Applied Geology and 

Geophysics, 1(4), pp.47-54. 

Jika, H. T., Onuoha, M. K., Okeugo, C. G., & Eze, 

M. O. (2020). Application of sequential 

indicator simulation, sequential 

Gaussian simulation and flow zone 

indicator in reservoir-E modelling; 

Hatch Field Niger Delta Basin, Nigeria. 

Arabian Journal of Geosciences, 13(11). 

https://doi.org/10.1007/s12517-020-

05332-8 

Khalili, Y. and Ahmadi, M., (2023). Reservoir 

modeling & simulation: Advancements, 

challenges, and future perspectives. 

Journal of Chemical and Petroleum 

Engineering, 57(2), pp.343-364. 

Malozyomov, B.V., Martyushev, N.V., 

Kukartsev, V.V., Tynchenko, V.S., 

Bukhtoyarov, V.V., Wu, X., Tyncheko, 

Y.A. and Kukartsev, V.A., (2023). 

Overview of methods for enhanced oil 

recovery from conventional and 

unconventional reservoirs. Energies, 

16(13), p.4907. 

Mishra, A., Mortazavi, S.A., Dickinson, J. and 

Haese, R.R., (2025). Improved 

representation of sub-wireline scale 

lithological heterogeneity in geological 

models. Marine and Petroleum Geology, 

p.107322. 

Munther, A. and Sahaab, A.M., 2024, February. 

Well Logs Analysis and Reservoir 

Evaluation of Hartha Formation in the 

East Baghdad oil field central Iraq. In 

IOP Conference Series: Earth and 

Environmental Science (Vol. 1300, No. 

1, p. 012028). IOP Publishing. 

Nordin, T.B., Azid, A.A., Ong, L.W. and 

Abdullah, M.Z., (2024). Advanced 

Wireline Log Acquisition and 

https://doi.org/10.4314/jasem.v23i5.23
https://doi.org/10.4314/jasem.v23i5.23
HP 14
Typewritten text
104



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

Innovative Data Processing, Along with 

an Integrated Petrophysical 

Methodology, Unleash the Full 

Potential Of Cycle II/III Reservoir 

Offshore Sarawak. In International 

Petroleum Technology Conference (p. 

D021S078R004). IPTC. 

Odedede, O. (2018). Reservoir heterogeneity 

of Agbada Formation sandstone from 

PZ-2 well and PZ-4 well, Niger Delta: 

implications for reservoir management. 

Journal of Petroleum Exploration and 

Production Technology, 9(2), 997–

1006. 

https://doi.org/10.1007/s13202-018-

0576-7 

Okoli, A. E., & Agbasi, O. E. (2021). Inclusive 

reservoir characterization from rock 

physics and sequence stratigraphic 

analyses of Middle Miocene, Niger 

delta. Petroleum Research, 6(3), 213–

223. 

https://doi.org/10.1016/j.ptlrs.2021.0

1.001 

Olofinlade, W. S., Daramola, S. O., & Olabode, 

O. F. (2018). Hydrochemical and 

statistical modeling of groundwater 

quality in two constrasting geological 

terrains of southwestern Nigeria. 

Modeling Earth Systems and 

Environment, 4(4), 1405–1421. 

https://doi.org/10.1007/s40808-018-

0486-1 

Olotu, S. J., Alao, O. A., Agbai, P. G., Afolabi, 

O., & Inaolaji, E. B. (2020). Estimating 

reservoir geomechanical parameters 

for enhanced reservoir 

characterization: case study of “Tobi” 

field, Niger Delta. SN Applied 

Sciences, 2(8). 

https://doi.org/10.1007/s42452-020-

3192-3 

Omoja, U., & Obiekezie, T. (2021). Evaluation 

of petrophysical parameters of 

reservoir sand wells in Uzot-Field, 

onshore Niger Delta Basin, Nigeria. 

Journal of Applied Science and 

Environmental Management, 25(2), 

157–171. 

https://doi.org/10.4314/jasem.v25i2.

5 

Osung, W., Onyekuru, S., Ikoro, D., Akaolisa, 

C., Agbasi, O., & Opara, K. (2024). 

Sequence stratigraphy of the 

foraminiferal zones F9700 and F9800 

in the Niger Delta: A comprehensive 

litho-sequence approach. Journal of 

African Earth Sciences, 211, 105181. 

https://doi.org/10.1016/j.jafrearsci.2

024.105181 

Oyebamiji, J., & Oluwadare, O. (2020). 

Formation evaluation of ‘J Field’, Niger 

Delta using WELL log data. Journal of 

Environment and Earth Science. 

https://doi.org/10.7176/jees/10-2-05 

HP 14
Typewritten text
105



Igili et al. / Science Forum (Journal of Pure and Applied Sciences) 26 (2026) 

    

 
 

Oyeyemi, K. D., Olowokere, M. T., & 

Aizebeokhai, A. P. (2018). Prospect 

analysis and hydrocarbon reservoir 

volume estimation in an exploration 

field, shallow Offshore Depobelt, 

Western Niger Delta, Nigeria. Natural 

Resources Research, 28(1), 173–185. 

https://doi.org/10.1007/s11053-018-

9377-4 

Prochnow, S. J., Raterman, N. S., Swenberg, 

M., Reddy, L., Smith, I., Romanyuk, M., 

& Fernandez, T. (2022). A subsurface 

machine learning approach at 

hydrocarbon production recovery & 

resource estimates for unconventional 

reservoir systems: Making subsurface 

predictions from multimensional data 

analysis. Journal of Petroleum Science 

and Engineering, 215, 110598. 

https://doi.org/10.1016/j.petrol.2022.

110598 

Reijers, T.J.A., Petters, S.W. and Nwajide, 

C.S., 1997. The Niger delta basin. In 

Sedimentary basins of the world (Vol. 

3, pp. 151-172). Elsevier. 

Schlumberger, 1974. Log 

Interpreation.Volume-II-Principles. 

Houston, Schlumberger Well Services 

Inc. 

Shah, M.S., Khan, M.H.R., Rahman, A., Islam, 

M.R., Ahmed, S.I., Molla, M.I. and Butt, 

S., 2021. Petrophysical evaluation of 

well log data for reservoir 

characterization in Titas gas field, 

Bangladesh: a case study. Journal of 

Natural Gas Science and Engineering, 

95, p.104129. 

Stephen, A., Aggrey, N. W., Daniel, O., & Isah, 

M. (2019). Probabilistic approach for shale 

volume  estimation in Bornu Basin of Nigeria. 

Journal of Petroleum and Gas Engineering, 

10(4),  49–54. 

https://doi.org/10.5897/jpge2019.0319 

Timur, A. (1968) An Investigation of 

Permeability, Porosity and Residual 

Water Saturation Relationships for 

Sandstone Reservoirs. The Log 

Analyst, 9, 3-5 

Torres, H.A., Aguayo, H.C., Lea, M.M., 

Monjaras, J.B., Eric, P.P., Erik, M.S. and 

Gelmunt, E.V., 2010. Anisotropy and 

Petrophysics of a Gas Reservoir in a Horizontal 

Well with a High Angle Pilot Well, Burgos Basin, 

Mexico. S 

https://doi.org/10.5897/jpge2019.0319
HP 14
Typewritten text
106


