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Abstract 

Poorly predicted abnormal pressure has contributed to drilling non-productive downtime in most 

exploration fields in Niger Delta Basin. However, several advances have been made to improve 

pressured-related non-productive downtime during drilling. Despite the advances, it has become 

more critical during pre-drill geopressure prediction. This study has estimated Eaton’s and 

Bower’s prediction models ahead of the drilling bit in a recent drill campaign. The aim is to 

reduce non-productive downtime for a proposed 1000ft untested hydrocarbon reservoir (Kulon 

XII deep well) in the Onshore/Shelf, Niger Delta Basin. The study projected the accuracy level 

of Eaton’s or Bower’s prediction model ahead of drilling the Kulon XII deep well. Offset well 

result closest to the proposed High Pressure, High Temperature (HPHT) Kulon XII deep 

exploration well confirmed that pore pressure prediction at shallow depths (less than 11,750ft) 

confirmed that Eaton’s model predicted pore pressure below hydrostatic gradient, while Bowers 

model at same condition overestimated it. At depths greater than 12,000ft, the Eaton and Bowers 

prediction model matched with the measured pore pressure. Both models were used to predict 

pore pressure at deeper intervals of the proposed well. The predicted pore pressure profile from 

the offset well revealed the onset of mild overpressure at depths greater than 11,900ft. Therefore, 

the seismic velocity was scaled by a factor of +/- 5% to determine the mud weight that will be 

required for drilling of the Kulon XII deep well in order not to experience kick at depths greater 

than 13,000ft. 
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1. Introduction

Abnormal pore pressures, particularly overpressures, if not 

accurately predicted before drilling and while drilling can 

greatly increase drilling non-productive time (NPT) and 

cause serious drilling incidents such as well blowouts, 

pressure kicks, and fluid influx. Over the years, it is a major 

cause of hazard during oil and gas exploration and 

production in the Niger Delta Basin and other basins of the 
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world (York et. al., 2009; Hamid et. al., 2016; Karimiazar 

et al. 2023). According to Badri et. al., (2000), 

overpressures occur when pore pressure exceeds formation 

hydrostatic pressure and is related to certain environmental 

conditions in a given earth section. In the Niger Delta 

basin, overpressure is a major concern, and understanding 

the distribution of pore pressure in the subsurface is very 

essential for drilling efficient and safe wells with optimum 

mud weights (Badri et. al., 2000). This is because drilling 

into an overpressured formation with the wrong mud 

weight mainly results in drilling incidents such as wellbore 

instability (due to shear failure), loss in circulation (a result 

of hydraulic fracturing of the formation due to mud 

pressure), possible case failure and even pressure kick and 

blowout (Skalle and Podi, 1998; Holand and Skalle, 2001; 

Dehghan and Yazdi 2023). Several factors have been 

linked as the root causes of overpressure in the geological 

formation and such factors include an increase in 

compressive stress (caused by disequilibrium compaction 

and tectonic compression); fluid volume increase or 

expansion as a result of an increase in temperature (aqua 

thermal pressuring), diagenesis, hydrocarbon generation, 

and cracking to gas; fluid migration and buoyancy, stress 

and compartmentalized lithology in an aqueous 

environment (Osborne and Swarbrick, 1997; Swarbrick 

and Osborne 1998; Swarbrick, 1999 and Velázquez-Cruz 

et. al., 2017). According to Zijian et. al., (2015), these 

factors are mainly driven by mechanical mechanisms 

relating to the loading and unloading process. During the 

loading process, porosity decreases as the effective stress 

increases. In the same way, interval transit time reduces, 

and the formation density increases. The unloading process 

occurs after primary compaction and under-compaction 

have taken place in the formation. Table 1 summarizes, the 

relationship between the causes of overpressure, interval 

transit time, formation density, and mechanical mechanism 

(loading and unloading process). In recent times, several 

methods have been used to predict overpressured zones in 

most exploration fields including the Niger Delta Basin 

fields. These methods use drilling data, wireline logs, and 

geophysical data (Yu et. al., 2020, Zhang et. al., 2022, Das 

and Maiti 2024) to train a supervised or unsupervised 

Machine Learning Languages (MLL) algorithms. Machine 

Learning Language such as multiple linear regression 

(MLR) model, Decision Tree Regression (DTR), Adaboost 

(ADA), Random Forest (RF), Transparent Open Box 

(TOB) etc, have attained some reliable results and enhance 

some levels of accuracy in predicting pore pressures in 

many exploration projects (Das and Maiti 2024, Zhang et. 

al., 2022).  However, during the planning and drilling stage 

for any deeper (HPHT) exploration well, pore pressure 

prediction requires more understanding of relationships 

between available data, geological processes and factors 

responsible for overpressure in the formation. This paper 

combined the Eatons and Bowers methods of pore pressure 

prediction using offset well and seismic velocity data to 

predict formation pore pressure for the proposed Kulon XII 

HPHT deep exploration well in Kulon Field. This study 

will serve as a guide for the prediction of geopressure in 

the Niger Delta Basin and to match the accuracy of the 

geopressure prediction models before drilling deeper well 

in the shelf zones of the basin to avert non-productive 

downtime due to abnormal or overpressures.   
 

2. Geologic and Structural Background 
 

The geological and structural framework of the Niger Delta 

basin has been related to the stresses that accompanied the 

separation of African and South American plates (Steve et. 

al., 2002). According to Lehner and De Ruiter (1977), the 

separation led to the opening of the South Atlantic which 

later was controlled by cretaceous fracture zones (trenches 

and ridges) in the deep Atlantic. These fracture zone ridges 

were subdivided into individual basins by boundary faults 

of the Cretaceous Benue-Abakaliki trough (Lehner and De 

Ruiter, 1977). Several authors stated that during the mid-

Eocene, a major regression that resulted in the formation of 

the present-day Niger Delta started. According to Reijers 

(2011), the Cretaceous Abakaliki trough formed the 

northeastern boundary of the Niger Delta Basin towards the 

Abakaliki High and further East-South-East by the Calabar 

flank (a hinge line bordering the adjacent Precambrian). 

Later, gravity induces growth tectonics became the primary 

deformational process leading to the formation of five 

parallel fault-bounded depositional belts (depo-belts) that 

dip in the direction of sediment progradation (Short and 

Stauble 1967; Weber and Daukoru, 1975; Reijers, 2011). 

These depo-belts includes Northern Delta depobelt, 

Greater Ugheli depobelt, Central Swamp depobelt, Coastal 

Swamp depobelt, Offshore depobelt. These gravity-

induced tectonics generated complex structures such as 

shale diapirs, roll-over anticlines, collapsed growth fault 

crests, back-to-back features, and steeply dipping, closely 

spaced flank faults (Evamy et. al., 1978; Xiao and Suppe, 

1992). The stratigraphy of the Central Swamp depobelt is 

represented by marine shales of the Akata Formation, 

followed by the Agbada Formation which is made up of 

interbedded shallow marine and fluvial sands, silts, and 

clays that are typical of a paralic setting. The deposition of 

the Benin Formation capped the stratigraphy with massive 

continental alluvial sands Figs. 1 and 2.  
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Table 1. Relationship between the causes of overpressure, a mechanical mechanism, interval transit time, formation density, and prediction model. (After 

Zijian et. al., 2015; Okocha et. al., 2020) 

 

Cause of Abnormal overpressure Mechanical 

mechanism 

Interval 

transit time 

Formation 

Density 

Prediction Model 

The change in 

Pore volume 

 

Under compaction 

 

 

Loading 

 

 

Decrease 

 

 

Decrease 

Eaton Model 

 

Structural 

Tectonic 

movement 

 

Compression from in-situ 

stress 

Bowers loading 

model 

Shear from in-situ stress  

 

Unloading 

 

 

Decrease 

 

 

Remain 

Unchanged 

 

Modified Eaton 

model 

Uplift of the formation 

 Aquathermal expansion  

Clay diagenesis  

 

Bowers unloading 

model 

 

The change of 

Formation pore 

fluid volume 

Hydrocarbon Generation 

Fluids migration 

Permeation 

Hydraulic head 

 

 
 

Figure 1. Niger Delta regional stratigraphy (modified after Corredor et al., 2005). Note: The dotted red line is the study interval 

Kulon XII Deep 

Well
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Figure 2. Generalized dip section of the Niger Delta showing the structural styles of the Delta (modified from Thomas, 1995) 

 

2.1. Mechanism of Over-Pressure Generation and 

Distribution in the Niger Delta Basin 
 

The generation of overpressure and the rate at which it 

builds up is a function of mechanical mechanisms driving 

or generating it. Many basins of the world have been 

reported to be overpressured due to causes such as 

hydrocarbon expulsion, migration, and entrapment, but 

there is no known universal relationship between 

overpressure and hydrocarbon traps (Swarbrick and 

Osborne 1998; Hunt 1990; Law and Spencer 1998). 

Authors such as Anowai et. al (2003) and Chopra and 

Huffman, (2006), attributed different causes of  

overpressure mechanism but related the main ones to an 

increase in effective stress and in-situ fluid generating 

mechanism. Although, disequilibrium compaction has 

been linked as the primary mechanism of overpressures in 

most Tertiary basins like the Niger Delta Basin, with the 

unloading mechanism contributing greatly at depths. 

According to Nwaozor et. al., (2013), the onset of 

overpressures in the Niger Delta basin varied widely 

between 4494 ft (1370m) tvdss to 14,006 ft (4270m) tvdss 

with a very diffuse trend in spatial distribution, thereby 

making isobar maps irrelevant for pore pressure prediction. 

Later, Anowai et. al (2003) showed that most top of 

overpressure in the basin is relatively shallower in the 

Northern and Greater Ugheli Depobelts when compared 

with the Central Swamp Depobelt and other near-to-

offshore fault-bounded megastructures. These trends are 

accompanied by both shaliness and rate of subsidence 

where a net–to–gross ratio drops below 35% – 20% in 

proximity to discontinuous or detached reservoirs such as 

beaches and channel sands (Anowai et. al., 2003). Until 

recently, under-compaction has been taken as the 

mechanism responsible for overpressure generation in 

Niger Delta. Meanwhile, other factors have been related to 

the causes of overpressure in the basin (Nwozor et. al., 

2013; Opara et. al., 2009; Okocha et. al., 2020). A review 

of the mechanisms, and the relationship between the causes 

of overpressure especially as applied to drilling into 

overpressured reservoirs, is provided by Zijian et. al., 

(2015).  
 

3. Study Area (Proposed HPHT Deep 

Exploration Well, Onshore-Shelf, Niger Delta 

Basin) 
 

Kulon Field was discovered in 1961 in the Central Swamp 

depobelt (Fig. 3). The field has over twenty-six (26) wells 

drilled to date across several faults, with most of the wells 

cutting across eleven reservoirs of interest (with a high net-

to-gross ratio). The hydrocarbon type ranges from oil, gas, 

and non-associated gas (NAG). The proposed Kulon XII 

Deep well is an untested objective reservoir with several 

productive and non-productive wells located in its vicinity.  
 

3.1. Data Set and Methods 
 

The data set used in this study is made of wireline log suites 

(Caliper, Gamma Ray, Density, Neutron, and Resistivity 

logs), pressure data (measured from permeable aquifers 

(RCI)), Leak off test (LOT), Mud weights, well directional 

survey, and seismic velocity volume. Typically, during 

pore pressure prediction, the emphasis is placed on low 

permeability interval (shale), this study uses pressure data 

in sandstone, and further analysis is needed to estimate the 

formation pressure in shale. Log suites such as gamma-ray, 

density, and velocity logs were filtered and conditioned 

using a Gaussian filter to despike unnecessary errors before 
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loading into ROKDOC software for project mapping in 

space following the workflow shown in Fig. 4.  
 

3.1.1. Nomenclatures and Concepts of Pore Pressure and 

Overburden Pressure (Stress) 
 

Successful drilling campaign requires accurate use of data 

to formulate and predict possible down time events. 

Building a robust geomechanical and geological model 

will impact helpful communication of risk to forecast 

drilling hazard during any drilling program. According to 

Zhang (2011), pore pressures can be defined as fluid 

pressures occupying the pore spaces in a formation. It is 

believed that when pore pressure is lower than the 

hydrostatic pressure (normal pore pressure), it is abnormal 

pore pressure; when it exceeds the normal pressure, it is 

overpressure. Pore pressure varies from hydrostatic 

pressure to severe overpressure (48% to 95% of the 

overburden stress). Although, there are many causes of 

over pressure as shown Fig. 5, most prediction models only 

predict pore pressure generated by stress-related 

mechanisms (Table 1). The concept of pore pressure 

prediction was started by Hottmann and Johnson (1965) on 

shale properties that were derived from sonic and 

resistivity data and later was modified by Gardner et al., 

(1974) as shown in Eq. (1).  

 

 

𝑃𝑓  =  𝜎𝑉 − 
(𝛼𝑉−𝛽)(𝐴1−𝐵1𝐼𝑛∆𝑡)3

𝑍2                     (1) 

 

 

where 𝑃𝑓 is the formation fluid pressure (psi); 𝜎𝑉 is 

expressed in psi; 𝛼𝑉 is the normal overburden stress 

gradient (psi/ft); 𝛽 is the normal fluid pressure gradient 

(psi/ft); Z is the depth (ft); t is the sonic transit time 

(μs/ft); A and B are the constants, 𝐴1 = 82776 and 𝐵1 

=15695. However, in recent times, the fundamental theory 

for pore pressure prediction is based on many empirical 

equations like those adopted in this work. However, 

Terzaghi’s equation is believed to be the basic theory for  

connecting pore pressure with dependent factors. This 

equation states that if the vertical overburden stress, S 

increases with depth, Z and there is compaction 

disequilibrium at a certain depth, the pore pressure, PP must 

also increase starting in that depth (Terzaghi et al., 1996). 

Pore pressure, PP can be expressed in the following form,    
 

PP = S – 𝜎𝑒                                                                   (2) 
 

Where: PP = Pore fluid pressure; S = Vertical overburden 

stress; 𝜎𝑒 = Effective stress.  

The pore pressure can be calculated from Eq. (2) if 

overburden and effective stresses are known. The 

overburden stress is the combined weight of the rock 

matrix and fluids in the pore spaces overlying the 

formation at a specific depth; this can be determined by the 

integral of bulk density of the sediments using the 

expression below:  

 

S = g  dzzb
z

0  = ∑ 𝜌𝑏𝑔[𝑍𝑖
𝑛

𝑖 − 𝑍𝑖−1]                        (3)                                       

 

Where: ρb = Depth dependent bulk density due to 

mechanical compaction; Zi = Specific depth; Zi-1 = Specific 

depth before i; g = Acceleration due to gravity.  

 

 

Figure 3. Niger Delta Basin view showing the position of the study area. Insert Proposed Kulon XII Deep well and other well distributions across 

different fault blocks 
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Figure 4. Workflow and methods used for the study 

 

Figure 5. Overview of Pore pressure-causing mechanisms showing the depth of different overpressure mechanisms with their effective stress response 

(Modified from Bowers, 2011) 

 

Well log 

Log Conditioning 
and correction

Normal Compaction 
Trend

Sonic velocity

Density Overburden Pressure 
Gradient, OBP

Pore Pressure Prediction, PP
OBP – VES 

Measured Pore Pressure, MPP 
Data

YES

NO

Repeat 
Calibration

Compare with 
Measured Pressure 

Pore Pressure Prediction

Seismic Data

Velocity Extraction from 
Seismic Gathers

Method Sonic/Seismic 

Velocity

Density Resistivity

Eaton YES YES YES

Modified 

Eaton

NO NO NO

Bowers YES YES YES
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In this study, the formation overburden stress was 

estimated using the deepest well closer to the proposed 

Kulon XII well. The aim was to determine the overburden 

pressure gradient, OBP which is fixed in Terzaghi’s 

equation as a proxy for maximum principal stress to relate 

effective stress and pore pressure.  

The formation overburden stress was generated by using 

the density (𝜌) fit model as shown below:  

 

𝜌𝑧𝑚𝑙 =  (𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑇𝑜𝑝)𝑒−𝑏(𝑧𝑚𝑙)                                     (4) 

 

Where: ρ(zml) = density at depth z below mud line; ρ Matrix = 

matrix density; ρ Top = density at mud line (seabed) and b 

is the compaction coefficient.  
 

3.1.2. Normal Compaction Trend Estimation (NCT)  

 

It is commonly accepted that porosity decreases 

exponentially as depth increases in normally compacted 

formations (Athy, 1930). The normal compaction trend 

(NCT) of any formation explains the loss of porosity 

during compaction as sediment burial increases. This step 

is necessary because, on a velocity–depth plot, velocity 

should increase symmetrically with depth as a result of 

compaction. In case of a deviation observed from the trend, 

overpressure is related as the cause. Normal compaction 

trend was generated using velocity log within clean shale 

as input log data and shale cutoff of Vsh ≥ 60%. This trend 

is estimated using the reciprocal input log transform given 

by this expression.  

 

1

𝑉𝑝(𝑧𝑚𝑙)
 = 

1

𝑉𝑝𝑀𝑎𝑡𝑟𝑖𝑥
 – (

1

𝑉𝑝𝑀𝑎𝑡𝑟𝑖𝑥
− 

1

𝑉𝑝𝑇𝑜𝑝
) 𝑒−𝑏(𝑧𝑚𝑙)

                    (5)  

 

Where: 𝑉𝑝(𝑀𝑎𝑡𝑟𝑖𝑥) 
= Matrix velocity, 𝑉𝑝(𝑡𝑜𝑝) 

= surface 

velocity value and b is the value that determines the rate 

compaction coefficient. 
 

3.1.3. Filtered Shale Velocity Trend, Vp, and Velocity–

Density Crossplot 
 

As part of data quality control, gamma-ray, density, and 

sonic velocity logs were filtered to the frequency of 30Hz 

to improve the data reliability. Velocity values across shale 

lithology were picked especially where the volume of shale 

is above 0.5 and was passed into the chimera filter, which 

applies a Kalman filter to provide estimates of unknown 

shale values within the cleanest shale to fit a compaction 

trend (Fig. 6a). Thereafter, Hoesni’s Vp – density (Hoesni, 

2004), cross-plot approach instead of Bowers Vp – 

effective stress (Bowers, 1994), cross-plot approach was 

used to understand the mechanism of overpressure in the 

field as demonstrated in Fig. 6b. This is because effective 

stress cannot be measured directly in the field, and a certain 

percentage of error could have been introduced by the 

calculation process. 
 

3.1.4. Velocity Analysis and Well Data Calibration 
 

Seismic velocity analysis is an important step in pore 

pressure prediction analysis. Generally, it is performed to 

account for the moveout in reflection time with offset 

(Yilmaz and Doherty, 2000). In geopressure prediction, 

seismic velocity analysis is aimed at detecting abrupt 

changes in velocities which are determined after 

processing common midpoint (CMP) gathers to get true 

formation velocity as shown in Fig. 7. Sometimes it is 

determined by best-fitting normal moveout velocity (Vnmo) 

as a function of vertical two-way time for each major 

reflector. To ensure accuracy, considerations are based on 

the velocities that flatten the reflector at zero offsets as 

shown in Fig. 7b. The Dix linear relationship was used to 

generate the interval velocities (Vint) that were used to 

flatten the reflector at zero offsets. A relationship between 

velocities and pore pressure was established using offset 

well data. This enables reliability tests on the acoustic 

parameters from wells, to determine the formation pressure 

ahead of drilling as well as eliminate errors in the velocities 

due to domain shift. The error elimination was done by 

fitting polynomial functions to derive calibrated seismic 

velocity using the relationship shown in Equation 6 below:  

 

𝑉𝑖𝑛𝑡 =  𝑉0 + 𝐾𝑧                                   (6) 
 

 

Where: Vint = Interval velocity; 𝑉0  is the assumed velocity 

at the near-surface; 𝐾𝑧 is velocity gradient in ft/sec/ft or 

1/sec and Z, is depth in ft or m. 

This established relationship was used to predict formation 

pressure ahead of drilling. The accuracy of the relationship 

is based on the availability of measured pressure data to 

logged depth, which serves as a calibrating standard.  

 

3.2. Review of Eaton’s and Bowers’ Pore Pressure 

Prediction 
 

3.2.1. Eaton’s Method 
 

The Eaton method is mainly applied in young sedimentary 

basins where under-compaction is the major cause of 

overpressure (Zhang, 2011). The Eaton method does not 

consider unloading mechanical mechanism and is based on 

certain assumptions such as that rocks are mechanically 

compacted; sediments are at maximum effective stress; 

lithology is thick shale; and normal compaction trend can 

be defined (based on the fact that only mechanical 

compaction has operated and rocks are presently at their 

maximum effective stress).
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Figure 6a. Shale Vp trend after applying Kalman filtering (Track 3) 

 

It critically depends on the fact that different lithologies 

compact at different rates, and from contrasting starting 

porosity. This shows that the occurrence of pore pressure 

in any formation is a function of total stress (or overburden 

stress) and effective stress (Biot, 1941). Empirical 

equations for predicting pore pressure prediction were 

established by (Eaton, 1972; Eaton, 1975). Eaton related 

effective stress with the effective stress of a normally 

compacted formation, the velocity of a normally 

compacted formation, and the measured velocity. The 

expression can be related by 

 

σ = 𝜎𝑛 (
𝑉

𝑉𝑛
)

3

                              (7)  

 

where σ = effective stress, 𝜎𝑛 = effective stress of a 

normally compacted formation, 𝑉𝑛 = velocity of a normally 
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compacted formation, and V = observed velocity. 

Applying equation (7) to Terzhagi’s approach will generate 

an expression for pore pressure gradient using sonic 

compressional transit time and resistivity log.  

 

𝑃𝑝 =  𝑆𝑣 − (𝑆𝑣 − 𝑃𝑛) (
Δt𝑛𝑜𝑟𝑚

Δt𝑜𝑏𝑠
)

𝑥

                   (8a)

       

𝑃𝑝 =  𝑆𝑣 − (𝑆𝑣 − 𝑃𝑛) (
𝑉𝑝𝑜𝑏𝑠

𝑉𝑝𝑛𝑜𝑟𝑚
)

𝑥

                  (8b)

       

𝑃𝑝= 𝑃𝑜𝑣𝑏 – (𝑃𝑜𝑣𝑏 − 𝑃𝑛) (
𝑅

𝑅𝑛
)

1.2

                   (9)

       

Where Pp = Pore pressure gradient; Povb = Overburden 

stress gradient; Pn = Hydrostatic pore pressure gradient 

(normally 0.45 psi/ft or 1.03 MPa/km, dependent on water 

gradient salinity); R = Shale resistivity from the log; Rn = 

Shale resistivity at the normal (hydrostatic) pressure;   

 

Figure 6. Relationship between vertical effective stress and acoustic velocity/density of different overpressuring mechanisms and the acoustic velocity-

density cross plots. “A” is the equivalent depth of compaction disequilibrium. “B” is the normal compaction/normal pressure. “C” represents the 

overpressure caused by clay mineral transformation. “D” represents the overpressure caused by disequilibrium compaction. “E” represents the 

overpressure caused by tectonic compression. “F” represents the overpressure caused by fluid expansion (hydrocarbon generation)/pressure transfer 

(After Zhao et. al., 2018) 

 

 

 

Figure 7. Common Mid-Point Gathers, CMP (a) Before velocity picking (b) After velocity picking showing flattened reflectors 
 

(a)

(b)
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Figure 8. Behaviour of logging data during the loading and unloading of shale. (Modified from Zijian, 2015) 

 

 

Δtnorm = Sonic transit time or slowness in shales at the 

normal pressure; Δtobs  =  Sonic transit time in shales from 

the log, and can be derived from seismic interval velocity; 

Vpobs = velocity observed; and Vpnorm = velocity on normal 

trend; the x exponential constant was taken to be 3 for 

overpressure caused by disequilibrium compaction. 
 

3.2.2. Bowers’ Method 
 

The origin of overpressures can be determined through the 

use of Bowers (1994), porosity-vertical effective stress 

chart, popularly known as the loading-unloading curve. To 

determine overpressures caused by unloading, it is 

necessary to make both the effective stress-velocity 

relation diagram and the effective stress-density relation 

diagram when compiling loading-unloading curve charts 

(Bowers 1994). In Fig. 8, overpressures caused by 

disequilibrium compaction were plotted on the loading 

curve, while those caused by fluid expansion were plotted 

on the unloading curve. However, an observed reversal 

could be a result of a change in lithology (change in 

velocity) not necessarily associated with pore pressure. 

Bowers (1994), proposed a relationship that relates pore 

pressure with measured velocity and the velocity at the 

mud line and used the relationship to account for excess 

pressure generated by both under-compaction and fluid 

expansion mechanisms. Effective stress was calculated 

from velocity without having to establish a compaction 

trend and subtracted the result from the overburden stress 

to obtain pore pressure using Equation (10).  

 

𝜎𝑒 =  𝜎𝑣 − 𝑃𝑝                                (10a)

       

Where: 𝜎𝑒 = Effective Stress; 𝜎𝑣 = overburden stress; 

𝑃𝑝 = Pore Pressure. 

He proposed that the sonic velocity and effective stress 

have a power relationship as follows:  

 

𝑉𝑝 =  𝑉𝑚𝑙 + 𝐴σ𝑒
𝐵                                          (10b)

       

 

Vp = the compressional velocity at a given depth; Vml = 

the compressional velocity in the mud line (i.e. the sea 

floor or the ground surface, normally Vml ≈ 5000ft/s or 

1520 m/s); A and B are the parameters calibrated with 

offset velocity versus effective stress data. 

Rearranging Equation (10b) the pore pressure can be 

obtained from the velocity as described in Equation (10a): 

 

 𝑃𝑝 =  𝜎𝑣 − (
𝑉𝑝 − 𝑉𝑚𝑙

𝐴
)

1

𝐵
                              (11)

       

For example, regional parameters for Niger Delta wells, A 

= 8 and B = 0.57 in the English units (𝑃𝑝, 𝜎𝑣, in Psi and 

𝑉𝑝, 𝑉𝑚𝑙 in ft/s).  

 

4. Results and Discussion 

 

4.1. Overburden Pressure and Normal Compaction 

Trend (NCT) 

The overburden pressure gradient derived from the density 

log of the deepest well-plotted parallel to the gradient 

generated at a fixed gradient of 1.03 psi/ft as shown in Fig. 

9a. The density log calculation showed that the overburden 

gradient ranges from 0.78 to 0.96 psi/ft. The red line in Fig. 

9a is the estimated overburden gradient from the density 

log, showing the error margin of the density log (Rho) and 

the Rho fit in the dotted line. The black line in Figure 9b 

represents the overburden pressure of a fixed gradient. 

Meanwhile, the trend fit the sonic velocity (Fig. 9c), shows 

https://doi.org/10.57647/j.ijes.2025.16945


Ugbor et al., Iran J Earth Sci., 2026; 18(2)                                                                                                                                                                            213                                                                                                                                                                            

 

      10.57647/ijes.2025.16945 

a pronounced compaction gradient that increases at a fast 

rate within the shallow depth and slows down at greater 

depth. Also, Fig. 9c shows that sediment compaction was 

normal until the depth of 10,300 ft. (TVDml) where the 

onset of overpressure is assumed. The stratigraphic 

correlation of wells in the Kulon field shows that the 

overpressure onset corresponds with the 15.0 myr MFS 

(Bolivina 25 Maximum Flooding Surface), which suggests 

it is the sealing boundary that acts as a blanket preventing 

the total expulsion of pore fluid.  

 

 

Figure 9 (a-b).  Overburden Pressure from the deepest well in the Kulon Field (a) density log (Rho) and the Rho fit (b) Overburden pressure of a fixed 

gradient (Blackline), while the red line is the estimated overburden gradient from density log with the error margin in dotted line 

Override

+ Uncertainty

- Uncertainty

Pressure Trend from Pob fit

Pressure Trend from Pob fit + Uncertainty

Pressure Trend from Pob fit - Uncertainty

1,000 psi/ft guideline

(a) (b)
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Figure 9c. Overburden Pressure from the deepest well in the Kulon field showing sonic velocity generated Normal Compaction Trend (NCT). Note: The 

greyed-out points on the plot are intervals with sand  
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Figure 10. Velocity–density cross plot from the deepest well in the Kulon Field (a) coloured in-depth values (b) coloured in gamma-ray values with shale 

cutoff of 0.5. Note: The dotted red line shows the inferred onset of overpressure and reversal of velocity and density values of shale with depth 

 

 

 

 

 

Figure 11. Offset well pore pressure prediction model using the closest well for the proposed Kulon XII deep well 
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Figure 12. Seismic to well calibration. (i) Blackline is the un-calibrated seismic velocity; the red line is the calibrated velocity and the blue wiggle is 

the compressional velocity 

 

4.2. Hoesni Cross Plot of Velocity – Density 
 

The Hoesni cross plots of compressional velocity, Vp, and 

density, Rho suggests disequilibrium compaction as the 

mechanism responsible for the overpressures (Fig. 10). The 

plot showed a sharp increase in density gradient at a 

shallow depth of about 10,300ft which corresponds with 

the 15.0 myr MFS (Bolivina 25 Maximum Flooding 

Surface) which is the onset of overpressure (as shown in 

Fig 9c).  

Calibrated (m/s)
Uncalibrated (m/s)

Vp (m/s)
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Figure 13. Seismic pore pressure prediction for offset well (Low case, Base case and High case) 

 

 

  

 
 

Figure 14. Seismic pore pressure prediction for Kulon XII Deep Well (Low case, Base case and High case) 

High caseBase case

Low case

Logs:
Pres_Frac
Eaton_Expon_Low_Case
Eaton_Expon_Base_Case
Eaton_Expon_High_Case
Bowers_Low_Case
Bowers_Base_Case
Bowers_High_Case

Colours:

Mud Weight
MPP
LOT Set

Low case
Base case

High case

Logs:
Pres_Fract_Kulon XII
Eaton_Expon_Kulon_Deep_Low_Case
Eaton_Expon_Kulon_Deep_Base_Case
Eaton_Expon_Kulon_Deep_High_Case
Bowers_Kulon_Deep_Low_Case
Bowers_Kulon_Deep_Base_Case
Bowers_Kulon_Deep_High_Case

Colours:

Mud Weight
Offset_Well_MPP

Offset_Well_LOT_Set
Kulon_Deep_Well_MPP

https://doi.org/10.57647/j.ijes.2025.16945


218                                                                                                                                                                                              Ugbor et al., Iran J Earth Sci., 2026; 18(2) 

 

      10.57647/ijes.2025.16945 

The velocity/density gradient changed from that depth 

onward showing further pronounced reversal in velocity 

and density values (Fig. 10a). The onset of overpressure 

which was inferred from changes in velocity/density 

gradient falls within the shale interval (as shown in Figure 

10b). This confirms that the fluid retention at that depth is 

a result of a rapid influx of low permeability sediments 

during and within 15.0 myrs sediment deposition.  

 

4.3. Pore Pressure Prediction from the Offset Well 
 

The prediction of pore pressure for the closest well to 

Kulon XII deep well showed the assumed exponential 

constant in Equs. (8) gave a pressure profile that aligned 

closely with the measured pressures after 11,750ft. 

Between depths 11,500ft – 11,750ft, Eaton’s prediction 

model occurred below the hydrostatic gradient as shown in 

Fig. 11. This is a result of production depletion as there is 

no evidence of overpressuring due to lateral drainage in 

any of the wells within the same fault block as all faults 

bounding the fault block are sealing faults. Results using 

the Bowers method showed that at the shallow depth, the 

method gave an estimate of pressure greater than the 

required mud weight used during drilling. This implies that 

the method overestimated pore pressure at shallow depths 

(Fig. 11). The implication is that the mudline velocity 

which will give a good match with the mud weight at 

shallow depth, does not calibrate with measured pressure 

at greater depth. At this point, the Bowers method was not 

considered for shallow depth for the proposed Kulon XII 

well. The observations made from the predicted models of 

Eatons and Bowers at depths greater than 12,000ft showed 

an aligned pattern closer to the measured pore pressure, 

therefore both models were considered for deeper depth for 

the proposed well.  
 

4.4. Seismic Pore Pressure Prediction for the Offset 

Well and Kolon XII Deep Exploration Well 
 

The calibration between the well and seismic showed that 

the profile line of the seismic velocity before calibration 

did not match the velocity log average trend line. After 

calibration, the seismic velocity aligned with the average 

trend of the velocity logs as confirmation of the best fit for 

pore pressure prediction (Fig. 12). The Eatons and Bowers 

derived pore pressure relationship for the offset well using 

offset sonic velocity was used to generate a pore pressure 

profile that reliably calibrated with the measured data as 

shown in Fig. 13. The pore pressure profile indicated that 

the offset well experienced mild overpressure at a depth of 

11,900ft with no record of hard overpressure in the well.  

This increased the level of confidence as the velocity was 

scaled on a factor of +/- 5% of the raw seismic velocity. 

The implication remains that the seismic velocity and the 

prediction models remain reliable for pore pressure 

prediction in the proposed deep exploratory well that has 

no log data. The result of the pressure prediction transform 

from the offset well was applied to the proposed Kulon XII 

deep exploration well. The proposed pressure profile 

indicated the onset of overpressure at a depth deeper than 

11,900ft as observed in the offset well in Fig. 13. After 

scaling the velocity by a factor of +/- 5%, the result of the 

predicted pressure showed that a higher mud weight will 

be required for drilling the Kulon XII deep well, in order 

not to experience kick at greater depth. The result of Kulon 

XII deep pressure prediction (Fig. 14) gave an estimate of 

the expected pressure to be above 13,000ft. 
 

5. Conclusion 
 

Understanding the causes of abnormal or overpressure 

mechanisms is key to a successful drilling campaign. 

Based on this study, overpressure in the Kulon field is 

caused by compaction disequilibrium. This was identified 

using the Hoesni velocity and density cross-plotting 

approach. The cross plot identified the low permeability 

15.0Ma MFS sequence (Bolivina 25 Maximum Flooding 

Surface) as the overpressure sequence. The pore pressure 

prediction using the offset well closest to the proposed 

Kulon XII well especially at depths less than 11,750ft 

(shallow depth) shows that Eaton’s model predicted pore 

pressure below hydrostatic gradient, while Bowers model 

at the same condition overestimated pore pressures. This 

uncertainty observed from Bower’s prediction model was 

not considered for pore pressure prediction of the proposed 

Kulon XII deep well. Also, uncertainties in Eaton and 

Bowers’s prediction model at the shallow interval were 

attributed to production depletion at shallow depth (less 

than 11,750ft) and better mud line velocity calibration with 

the mud weight at a depth above 11,750ft (deeper depth). 

At depths greater than 12,000ft, the Eaton and Bowers 

prediction model showed a closer match with the measured 

pore pressure as a result was used for pore pressure 

prediction at deeper intervals of the proposed well. The 

predicted pore pressure profile from the offset well 

indicated the well was mildly overpressured at depths 

greater than 11,900ft. Although the pressure regime and the 

onset of overpressure in the offset well are known, the 

Kulon XII deep well pressure was predicted at 13,000ft, 

higher mud weight will be required for optimum 

production and a safer drilling campaign at greater depth.  
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