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Abstract
This study presents an alternative model for the prediction of possible over pressured reservoirs in a
well yet to be drilled in Zeta Field, onshore/shelf region of Niger Delta basin. The modified Eaton
prediction model (MEPM) basically accounts for both stress related (disequilibrium compaction) and
secondary overpressure mechanisms. The application of MEPM was aimed at predicting pore pressure
in the three wells and comparing it with the predicted pore pressure using Eaton Prediction model
(EPM) and the measured pressure using Return Formation Tester (RFT) data. In this study, three wells
from two fault blocks (A and B) were analyzed and plots of compressional velocity versus effective
stress were used to determine causative overpressure mechanisms and to predict pore pressures. The
result showed that the MEPM closely matched with the measured pressure for all the wells u nlike the
EPM. Disequilibrium compaction (under compaction) was identified as the main overpressure
mechanism in wells A and C while secondary overpressure mechanism (unloading by fluid expansion)
was identified as the potential cause of overpressure in We ll B. Results of the pressure-depth plot
showed that MEPM when compared with the results of EPM and measured pressure showed that the
MEPM predicted overpressures to within 5% error margin especially at depths of overpressure.
Therefore, this study has shown that pore pressure estimation using the modified Eaton prediction
model are safer for predicting pore pressures from other well logs in the Niger Delta Basin .
Keywords: Abnormal pore pressure; Eaton prediction model; Under-compaction; Disequilibrium compaction;
Secondary overpressure mechanisms; Modified Eaton’s prediction model.

1. Introduction
According to [1], pore pressure prediction is the ability to create models using numerical
f ormulas that mimic the subsurface pressure profile. Predicting subsurface pore pressure prof ile is important as it plays vital role during exploration planning and drilling campaigns. For
over a decade now, pore pressure prediction has been of interest to both the researchers and
industry stakeholders considering its adverse effects when wrongly predicted. It is believed
that increase or decrease in subsurf ace pressures can lead to abnormal pressures (under
pressure or over pressure) depending on the hydrostatic pressure of the f ormation. Abnormal
pore pressure exists when pressure in the f ormation is either signif icantly lower (under pressure) than the hydrostatic pressure or exceeds (over pressure) the hydrostatic pressure in the
f ormation. According to [2] stated that factors such as under compaction, fluid volume increase
or expansion, f luid migration and buoyancy, stress and compartmentalized lithology in an
aqueous environment are linked to the root causes of over pressure in f ormation. Before and
during drilling, occurrences of these factors poses great danger if not accurately predicted as
they are major causes of geologic hazards and drilling incidents like loss of rig, increa se in
drilling time, loss of drilling mud, kicks and well blowouts, weakening of f aults and attendant
consequences [3-5]. In other to accurately predict the subsurface pore pressure regime, basic
pressure concepts such as hydrostatic pressure, overburden pressure, f ormation pore pressure, mechanism of overpressure generation and ways in which dif ferent overpressure generating mechanism affect rock properties must be considered [6-8]. In the Niger Delta Basin,
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several authors have reported cases of overpressure and its effects on hydrocarbon production
[9-11]
. Achieving success in pore pressure prediction before drilling campaign begins should
depend on choosing appropriate models based on f undamental assumptions that changes in
normal pore pressure are due to either compaction porosity or f luid movement. Oftentimes,
these f undamental assumptions are based on Eaton prediction model [12], though, the choice
of these models vary based on areas and not the cause of abnormal pore pressure. In many
over-pressured fields, the Eaton prediction model is widely used and is believed to accurately
predicts overpressures caused by stress related mechanism (disequilibrium compaction or under-compaction) but overestimate or underestimate pore pressure when compared to measured values; it is also believed that the Eaton prediction model does not account f or the
changes in normal loading curve between primary and secondary over pressure mechanism [13-15].
In this article, we demonstrate steps involved towards better prediction of overpressure and
accounting f or secondary mechanism using modif ied Eaton’s model.
2. Geological background of the study area
The Zeta Field is located in the Greater Ughelli and Central Swamp depo belt of the Niger
Delta basin (Fig 1a and b).
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Fig 1a. A Niger Delta Basin view showing position of Zeta Field.
(b) Map of Zeta Field showing well
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This delta province contains only one identif ied petroleum system known as the AkataAgbada petroleum system [16-17]. The target of oil exploration/exploitations within the basin
is the Agbada Formation, which contains the best reservoirs. The three known lithostartigraphic units in the study area are f rom the bottom: the pro-delta f acies of Akata Formation,
parallic delta front facies of Agbada Formation and continental facies of Benin Formation (Fig. 1c).
The Akata Formation is known as the oldest of the three f ormations with age ranging from
Eocene to recent [18-19]. They occur as deep marine shale and serve as major source rock in
the basin [20]. The Akata shales are typically under-compacted and overpressured with low
density. The shales in some areas form diapiric structures including shale swells and ridges
which of ten intrude into overlying Agbada Formation (Fig. 1d). It extends to the inland, exposing in north-eastern part of Niger Delta as the Imo shale. The Agbada Formation overlies
the Akata Formation and constitutes the main reservoir and seal f or hydrocarbons accumulation in the basin. The f ormation occurs throughout Niger Delta clastic wedge and has a maximum thickness of about 13,000 f eet [21]. The lithologies consist of alternating sands, silts and
shales, arranged within 10 –100 f eet successions. They are def ined by progressive upward
changes in grain size and bed thickness.
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Fig 1c. Stratigraphy of the Niger Delta showing the
lithologic units of the three formations. Modified from [19]

The strata are generally interpreted to
have been f ormed in f luvial–deltaic environment. The top of the f ormation is recent, and the base is def ined by the
youngest marine shale. Although, shallow parts of the f ormation are composed
entirely of non-marine sand deposited in
alluvial or upper coastal plain environments during progradation of the delta
[21]
. The Benin Formation is the youngest
and comprises the top part of the Niger
Delta clastic wedge, from the Benin–Onitsha area in the north to beyond the coast
line [20]. According to [22], the stratigraphic package of the study area is
f ormed f rom a major regressive cycle
that resulted in deposition of allocyclic
units of transgressive marine sand, marine shale, shoreface and f luvial back
swamp deposits. Structurally, the f ield is
controlled by macrostructures such as
simple rollover anticlines, multiple
growth f aults, antithetic and collapsed
crest f aults [22-24]. Locally, the deposited
sequences encountered in the study area
are characterized by proximal deltaic deposits and channel units that are separated by laterally extensive shale packages that represent flooding episodes, as

shown in Figs. 5. It has been reported [25] that well drilling in the f ield have had a series of
setbacks with several drillable prospects abandoned due to possible blowout problems which
as a consequence affected reserve estimation. This current study would help (i) highlight a
better approach to predicting overpressure and (ii) understand the mechanical mechanism
responsible f or pressure regimes/distribution in the Zeta f ield.

Fig 1d. Generalized dip section of the Niger Delta showing the structural provinces of the Delta. Modified
from [30]
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3. Pore pressure concepts and methods of prediction
Pore pressure concepts are based on the interaction between compaction process of sedimentary rocks and effective stress acting on the solid rock f rameworks. Pore pressure have
been attributed to dif f erent mechanism but the main ones are related to increase in ef f ective
stress and in-situ f luid generating mechanism [26], although the most commonly used pore
pressure models in industry are based on the theory of normal sediment compaction described
by [27]. Here the pore pressure models consider the behavior of porosity (or porosity indicators
such as sonic interval transit time, resistivity or interval velocity) with depth to def ine the
compaction disequilibrium a behavior known as Normal Compaction Trend (NCT). Sediment
compaction processes affects porosity and greatly impacts on the velocity, resistivity, density
prof iles and rock properties [12]. It is believed that as a rock compacts, the porosity is reduced
and the density increases, which also causes the bulk modulus and shear modulus to also
increase because of increase in grain contact area and grain contact stress [26]. Using well log
data, density, resistivity and sonic velocity data either continue to increase or remain constant
af ter they depart f rom their normal trends. Figure 2 shows a pressure-depth plot illustrating
the existence of other pore pressure mechanisms, which must be taken into account to improve pressure predictions.

Figure 2. Pore pressure occur as combination of several mechanisms. Modified from

[6]

According to [12], the causes of abnormal pore pressure are related to the loading and
unloading process. It is believed that during the loading process, porosity decreases as the
ef fective stress increases, so the interval transit time reduces and the f ormation density goes
up. The relationship between the causes of over pressure, interval transit time, f ormation
density and mechanical mechanism (loading and unloading process) are summarized in Table 1.
In a case the f ormation has been compacted before the unloading process, the porosity cannot
completely recover because the rock is elastic-plastic even as the ef fective stress decreases.
Therefore, the interval transit time which is related to the rock conductive property would
increase slowly and the formation density which is affected by the rock bulk property nearly
remains unchanged with the assumption that the porosity and the acoustic velocity do not
change if the rock is perf ectly plastic as shown in Figure 3.
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Table 1. Relationship between the causes of over pressure, mechanical mechanism interval transit time,
formation density and prediction model. Modified after [12]
Cause of abnormal overpressure
The change of
pore volume

Interval
transit time

Formation
density

Loading

Decrease

Decrease

Prediction
model
Eaton Model

Under compaction
Compression from in-situ stress

Structural tectonic movement

The change of
formation pore
fluid volume

Mechanical
mechanism

Shear from in-situ stress
Uplift of the formation
Aquathermal expansion
Clay diagenesis
Hydrocarbon Generation
Fluids migration
Permeation
Hydraulic head

Bowers loading
model
Modified Eaton
Model

Unloading

Decrease

Remain Unchanged

Figure 3. Response of logging data during loading and unloading. After

Bowers unloading model

[12]

3.1. The Eaton’s pore pressure prediction model and it’s modification

Fig. 4. Illustration of Terzaghi’s Model of overburden
stress distribution in rock-grains and fluid. Adopted
from [15]

The methodology f or generating any
pore pressure prediction model is based
on the relationship between porosity and
ef fective stress or velocity and ef fective
stress. Once effective stress (intergranular contact stress) and the vertical overburden stress is determined (Fig 4), pore
pressure is calculated f ollowing the [28]
model. The Terzaghi model states that if
the vertical overburden stress, S increases with depth, Z and there is compaction disequilibrium at certain depth,
the pore pressure, P P must also increase
starting in that depth as shown in Fig.
(3). Theref ore, pore pressure, P P is def ined as
PP = S – 𝜎
(1)
where: PP = Pore fluid pressure; S = Vertical
overburden stress; 𝜎=Effective stress.
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The overburden stress which is the combined weight of the rock matrix and f luids in the
pore spaces overlying the f ormation at a specif ic depth; therefore it may be determined by
means integral of bulk density of the sediments by:
𝑛
𝑧
S = g∫0 𝜌𝑏 (𝑧) 𝑑𝑧 = ∑𝑖 𝜌𝑏 𝑔[𝑍𝑖 − 𝑍𝑖−1 ]
(2)
where: ρb= Depth dependent bulk density due to mechanical compaction; Zi =Specific depth; Zi-1 =
Specif ic depth before I; g= Acceleration due to gravity.
It is known that the [29] prediction model f or pore pressure prediction is an ef fective stress
approach where effective stress 𝜎 is obtained f rom the Equation (3)

𝜎 = 𝜎𝑛 (

𝑉 𝑜𝑏(𝑠ℎ) 𝑛

(3)

)

𝑉 𝑛(𝑠ℎ)

where: Vob = Measured or observed shale velocity; Vn = Normal compacted shale velocity;
𝜎 n= Normal ef fective stress; n= Eaton’s exponent (describes the sensitivity of velocity to eff ective stress).
Substituting Equation (3) into (1), according to [28] equation and Eaton prediction model,
pore pressure is estimated as:
𝑉 𝑜𝑏(𝑠ℎ) 3

𝑃 = 𝑆 − (𝑆 − 𝑃𝑛 ) × ( 𝑉

(4)

)

𝑛(𝑠ℎ)

where: 𝜎 n = (S – Pn); Pn=Normal hydrostatic pressure.
Equation (4) is known as the Eaton’s model equation which is popularly used to accounts
f or overpressure due to disequilibrium compaction.
In other to account f or secondary mechanism such as f luid expansion and chemical compaction, a modif ied Eaton’s model was thus generated to account f or overpressure caused by
unloading mechanisms. These mechanisms capture compaction process by tracing a different
path f rom the normal compaction trend (NCT). In reality, effective stress controls com paction,
and when used in Eaton’s model is of no signif icance to secondary mechanisms of overpressure. To account f or secondary overpressure mechanism using the modif ied Eaton’s model,
the ef fective stress is computed by determining a maximum effective str ess f rom a virgin or
loading curve (the highest reached before the occurrence of secondary mechanism) and substituting it f or the normal effective stress in Eaton’s model as f ollows:
𝑉

𝜎 = 𝜎𝑚𝑎𝑥 ( 𝑉𝑜𝑏)

5.5

(5)

𝑛

Rather than Eq. 4, an ef fective stress for modified Eaton’s model consists of two parts as
shown:
𝑉

𝜎 = 𝜎𝑛 ( 𝑉𝑜𝑏)

5.5

𝑛

𝑉

− 𝜎𝑚𝑎𝑥 ( 𝑉𝑜𝑏)

5.5

(6)

𝑛

In this paper, Eq. 6 is used to predict pore pressure f or both loading and unloading cases
and the boundary conditions observed are:
(i) When undercompaction (loading) is the cause of overpressure, the second part of the equation vanishes because maximum effective stress has not yet been reached, so, the equation
becomes

𝜎 = 𝜎𝑛 (
(ii)

𝑉𝑜𝑏 5.5
𝑉𝑛

(7)

)

When secondary mechanisms are the cause of overpressure, the f irst part vanishes because compaction has cease. This also shows that the rock has taken a trend different from
the normal compaction trend. The equation then becomes
5.5.

𝑉

(8)

𝜎 = 𝜎𝑚𝑎𝑥 [ 𝑉𝑜𝑏]
𝑛

Pore pressure is then calculated by substituting either Eq. (7) and (8) into Eq. (1) depending
on the overpressure mechanism as f ollows:
𝑉𝑜𝑏

P = S -𝜎𝑛 ( 𝑉 )

5.5

𝑛

f or under compaction
5.5.

𝑉

𝑃 = 𝑆 − 𝜎𝑚𝑎𝑥 [ 𝑉𝑜𝑏 ]

f or secondary mechanism

(9)
(10)

𝑛
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3.2. Normal compaction trend (NCT)
The sonic velocity log were used to analyze the relationship between shale velocities and
pressure, and to construct appropriate normal compaction trend. Shale velocity were generated along with vertical overburden stress. This was f ollowed by generation of overburden
stress and normal compaction trends f rom density log and sonic velocity log (Figs. 5). Formation hydrostatic pressure were calculated by multiplying the hydrostatic gradient (0.433
psi/f t) with the vertical depth. Velocity and vertical ef fective stress cross plot were used to
determine the overpressure mechanisms in the selected wells. Pore pressure was calculated
using equations (9) and (10) with prediction points picked f rom clean shale intervals because
they are more responsive to overpressure than most clastic rock types. The predicted pressures were strictly compared with measured pressure from Repeat Formation Test (RFT) data
and pressures predicted using Eaton’s model.

Figure 5a. Log suites with picked pressure points (black points in track 2) showing Normal Compaction
Trend (NCT) in Well A

Figure 5b. Log suites with picked pressure points (black points in track 2) showing Normal Compaction
Trend (NCT) in Well B
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4. Results
The quantitative workflow stated above is implemented on real data set taken f rom three
wells. In this section, pore pressure mechanisms, Eaton method and modif ied Eaton method
of pore pressure prediction were utilized to characterize pressure conditions of wells in Zeta
Field, onshore-shelf, Niger Delta Basin (Fig 1).
4.1. Determination of overpressure mechanism

Fig. 6a. Velocity versus Effective stress cross plot
for Well A

The results obtained f rom cross-plots of
velocity and ef f ective stress f rom three selected wells (A, B, and C) revealed that disequilibrium compaction or under-compaction
is the source of overpressure in Wells A and
C (Figs. 6a and 6c) with unloading (secondary mechanism) causing over pressure in
Well B (Fig 6b). Observation showed that velocity, density and ef fective stress in wells A
and C were lower than expected at normal
pressure conditions at a given depth of burial. A sharp reversal was observed in Well B
at depth of 15,200f t due to reduction in both
velocity and ef fective stress which is an indication of secondary mechanism (unloading)

in the system. These results was confirmed f ollowing the f act that overpressure due to unloading cause rock or sediment properties to plot above and away f rom normal compaction
curve while disequilibrium compaction scenarios plot on the normal compaction trend.

Fig. 6b. Velocity versus Effective stress cross plot
for Well B

Fig. 6c. Velocity versus Effective stress cross plot
for Well C

4.2. Pore pressure prediction
Pore pressures was predicted using the Eaton method and the modif ied Eaton’s model.
Equation (9) was employed f or pore pressure prediction where disequilibrium compaction is
the cause of overpressure while equation (10) was used where secondary mechanism is the
cause of overpressure. The result of the analysis of pressure-depth plot f or well A (Fig 7a)
showed that the depth to top of overpressure started f rom 7800f t with pressure gradient
ranging f rom 0.64 psi/f t to 0.7 psi/f t (mild to hard overpressure). The result of the modified
Eaton predicted pressure and the measured pressure revealed good matching before the top
of overpressure as shown in Fig. 7a. At depths less than 7,800f t (top of overpressure), pressure variations between the modified Eaton predicted pressure, Eaton predicted pressures and
measured pressures were observed to have an average error dif ference of about 3%. At
depths greater than 7,800ft, the Eaton predicted pressures showed closer consistency with
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the modif ied Eaton predicted pressure but
varies greatly at depths greater than 9,000ft
especially when compared with the measured pressure. From Fig 7a, the average error dif f erence between the Eaton predicted
pressure with measured pressure and modif ied Eaton predicted pressure with measured
pressure is about 14% and 9% respectively.
This shows that consistent matching exists
between modif ied Eaton prediction and
measured pressure at depths greater than
9,000f t.
In Well B, pressure versus depth analyses
showed that hydrostatic pressure was maintained with pressure gradient ranging from
0.433 psi/f t - 0.46 psi/f t between depths of
9000f t – 14,300f t. Top of mild overpressure
(0.48psi/f t) was observed at depths between
Fig. 7a. Pressure versus Depth Plot for Well A. 14,500f t - 15,000f t (Fig 7b). This was f olMPP= measured pressure, PPP = Predicted Pore lowed by hard overpressure (0.7- 0.72psi/ft)
Pressure, P hydro = Hydrostatic pressure, P litho = f rom the depth of 15,300ft to the stop depth.
Lithostatic pressure
Observation showed that modi f ied Eaton’s
prediction pressure matched perfectly well with the measured pressures at all depth as shown
in Fig 7b. Result conf irmed close match of Eaton’s prediction pressure with the predicted pressures of the modif ied Eaton f rom depth range of 9,000f t-15,000ft. At depths above 15,000ft,
variations sets in with average error dif ference of about 9% between the modif ied Eaton and
the Eaton predicted pressures. Similar trend was observed in Well C. The hydrostatic pressure
gradient (0.43 - 0.46 psi/f t) was maintained to depth of 12,050f t which is the onset of overpressure as shown in Fig. 7c. Af ter depth 12,050f t the measured pressure increased to the
f inal depth with pressure gradient ranging between 0.65 and 0.68 psi/f t. During this time, the
modif ied Eaton prediction pressure were matching consistently with the measured pressures
while the Eaton prediction pressure showed non consistent trend with the modif ied Eaton
prediction pressure and measured pressure with an average error difference of about 7% and 11%.

Fig. 7b. Pressure versus Depth Plot for Well B.
MPP= measured pressure, PPP = Predicted Pore
Pressure, P hydro = Hydrostatic pressure, P litho =
Lithostatic pressure

Fig. 7c. Pressure versus Depth Plot for Well C.
MPP= measured pressure, PPP = Predicted Pore
Pressure, P hydro = Hydrostatic pressure, P litho =
Lithostatic pressure
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5. Conclusion
Understanding pressure behaviour before any drilling campaign is very crucial in any petroleum exploration business. Based on this study, pressure prediction was done using modif ied Eaton and Eaton prediction models. The results of the models were compared with the
measured pressure model to understand which model has better matching consistency with
the measured pressure data. Detailed analysis has conf irmed that the onset of overpressure
in wells A, B and C are 7,800f t, 14,500ft and 12,050ft respectively with over pressure ranging
f rom mild to hard stage. Observation show that the mechanical mechanism responsible for
over pressure in the field ranges from disequilibrium compaction (loading) to secondary mechanism (unloading). The result of cross plots between velocity and ef fective stres s show disequilibrium compaction as the major source of overpressure in wells A and C, while secondary
mechanism of overpressure was responsible f or overpressure in well B. The results of the
Eaton prediction model showed matching consistency with the results of the modified Eaton
prediction model at depths of mild overpressure, while at deeper depths they vary greatly. It
was observed that the modified Eaton prediction model for unloading (secondary mechanism)
case, gave a better prediction than the Eaton’s prediction model (disequilibrium compaction).
This was conf irmed by the result of error differences between the modified Eaton prediction
model and measured pressure data and Eaton prediction model and measured pressure data.
However, pore pressure estimation using the modif ied Eaton prediction model are safer for
predicting pore pressure f rom other well logs in the Niger Delta Basin f or optimum production
and saf er drilling campaign.
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