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Abstract

The work is aimed at predicting shale pore pressures in order to identify the different pressure zones
and estimate fracture pressures in some wells in COBALT Field, Niger Delta. To achieve this,
geoscientific software was used to analyze the well log data. The data was quality checked and true
vertical depth computation was carried out to facilitate overburden stress estimation. The extrapolation
method was used to compute the overburden stress, through the merging of the bulk density log and
the synthetic bulk density that was generated. Using a gamma ray log, mechanical stratigraphy for
lithology delineation was carried out to delineate shales from sands. Normal compaction trendline was
applied to sonic and resistivity logs using Eaton's method together with Bower's sonic method to predict
pore pressures. The Mathews and Kelly’s empirical method was applied to vertical stress and pore
pressures obtained to estimate fracture pressures. Also, Petrel software was used for seismic
interpretation, after which time and depth maps were generated. The tops of overpressure ells were
incorporated into structural maps to show the distribution of the tops of overpressure wells. It was
observed that Wells Cobalt- 01 and 06 are normal pressure wells with the highest-pressure values of
8.61 and 8.67 ppg, respectively; while Wells Cobalt-02, 03, 04, and 05 were over-pressured with
values of 10.9, 9.5, 10.5, and 10.01 ppg respectively, with corresponding depths of 1288, 12057,
9674, and 1019 FTTVD, respectively. The fracture pressure for each well was also estimated from the
pore pressures. The main mechanisms responsible for overpressure in the COBALT field were identified
as loading and unloading, with a small contribution from fault-related lateral pressure transfer. The
results observed from the depth map show that the top of overpressure wells is distributed or
compartmentalized into different fault blocks. The outcome of this work could facilitate proper planning
and drilling of future wells in the field.

Keywords: Pore pressure; Fracture pressure; Overburden stress; Normal compaction trendline; Eaton's
method.

1. Introduction

Pore pressure is the pressure acting on fluids within the pores of a reservoir [, Pore pres-
sure is also referred to as formation pressure. Technology has facilitated a lot of things and
made it easier to achieve various ways of acquiring information on pore pressure before em-
barking on a journey of petroleum activities such as drilling and production, predicting any
sudden expectations and looking for ways to overcome such challenges either at high-or low-
pressure zones. Incomplete knowledge and information about Formation pressure while en-
gaging in drilling activities has led to a lot of devastating situations such as loss of lives,
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equipment, and uncontrollable flow of oil onto the surface. If high-pressure zones are accu-
rately predicted and detected, many accidents will be avoided and drilling time will be reduced.
Predicting the pore pressure of reservoirs in a field is a major component of exploration, ex-
ploitation, and development risk analysis [2-3]1, Knowledge of Formation pressure is very im-
portant in the development of oil and gas fields. Petroleum geologists' ability to determine
likely traps, seals, and map hydrocarbon pathways by accessing trap design and basin mod-
elling is dependent on their understanding of reservoir pore pressure [4-8],

Also, formation pressure prediction or pore pressure prediction is critical and very necessary
because it facilitates decision-making in well planning and operations, safety conditions for
personnel in charge, as well as equipment in use. The outcome from pore pressure prediction
determines casing design and drilling fluid to be used during drilling. Without information and
knowledge on pore pressure, certain problems are likely to occur, such as kicks, influx, and
blowouts. On the other hand, if this information is available, pre-preparations and better plan-
ning will be done to overcome such challenges.

1.1. Previous studies

Pore pressure prediction using shale parameters acquired from well log data was first in-
vestigated by [, They calculated overpressures by plotting acoustic velocity and resistivity
data from shale in Texas and Louisiana, USA. They showed that resistivity had a normal trend
with depth while sonic wave travel time gave a logarithmic relationship with depth in the
normally pressured interval. According to [19-12] this pressure-depth relationship measured
with a sonic and resistivity log is known as the normal compaction trend (NCT). Any deviation
in measured parameters from the usual trendline was used in this approach. Many researchers
have successfully predicted pore pressure using resistivity, sonic transit time porosity, and
other well log data. Pore pressure research is mostly predicated on the concept that any
change in normal pressure causes changes in petrophysical parameters like compaction, po-
rosity, and fluid motion. This indicates that observable metrics that can demonstrate these
changes can be used to interpret and quantify pore pressure [131, The pore pressure and the
fracture gradient define the mud weight that is required during drilling. Whereas [*4] provided
an equation that accounted for overburden stress and hydrostatic pressure in his work to
predict pore pressure using a normal compaction trend line and observed acoustic sonic wave
travel time. This equation also uses resistivity data, and this takes into consideration a single
NCT for the entire depth of the well and assumes one overpressure origin, which is disequilib-
rium compaction or undercompaction, but most times empirically modified to account for mul-
tiple mechanisms.

Bowers presented a method different from Eaton that considers disequilibrium compaction
and an unloading effect that results from fluid expansion [*5], He showed that a drop in sonic
velocity without a decrease in bulk density could come from an unloading effect. He carried
out this work in many Formations using data from the Gulf of Mexico and derived effective
stress from pore pressure and overburden stress based on sonic log data.

Both Eaton and Bowers [14]1 and [15] methods are based on the fact that porosity decreases
with burial depth in a normally pressured Formation or hydrostatically pressured Formations.
Also, areas with overpressure usually reduce the tendency for porous rocks to compact, leav-
ing them with high porosity. Swarbrick conducted his research and provided some porosity
method lobe holes [16],

A lot of challenges are faced in the petroleum industry, such as increased nonproductive
time, stock pipe, formation fracture, wellbore instability, kicks, blowouts, loss of lives, and
damaged equipment. This is made worse because accurate information is not readily available
to petroleum drilling companies. Again, most problems also arise from the drilling fluid in
which mud weights are not accurately designed and also from the fact that casing designs do
not match the required depth or are not properly selected. Furthermore, most challenges are
not well managed due to inadequate risk preparation and poor incident response. Also, inad-
equate monitoring or attention, which sometimes results from the staff. Lastly, even though
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unavailability of data is often the problem, most of the time data is not available to do the
necessary checks required before embarking on an activity such as drilling.

In the report titled Loss of well control occurrence and size estimation by [*7] his report
showed that between 2000-2015, 45% of Loss Of Well Control (LOWC) reported in the SINTEF
Offshore blowout events occurred during drilling. And Nigeria recorded 2 exploration drilling
blowout events. This means that this problem is not just Nigeria's but a worldwide problem.
Therefore, this study will therefore provide the pressure distribution in this field "COBALT" and
the cause of the pressure, which will aid with information that would be of importance to the
drilling and production industry.

The aims and objectives of this study are to predict pore pressure and identify geopressured
zones from well logging and seismic data. That is to identify normal, subnormal, abnormal,
and overpressure zones. Also, an estimation of pore and fracture pressures were made to
determine the influence of pore and fracture pressure on wellbore stability and production of
maps for the top of overpressure wells to observe the effect of faults.

1.2. Geological setting

The Cobalt field is found in the offshore portion of the Niger Delta Basin (Figure 1). The
Niger Delta is a prolific basin that is ranked among the topmost producing basins in the world
and Africa at large. It is found at the apex of the Gulf of Guinea on the West African continent [18],
which is part of the triple junction formed in the Cretaceous during the continental breakup.

i g = The Niger Delta Basin is bounded

; in the west by the Dahomey ba-

sin, in the east by the Cameroun
volcanic line/Abakaliki fold belt, in
the north by the Anambra Basin,
and in the south by the Gulf of
Guinea 4000m bathymetric con-
tour. It is situated in the southern
part of Nigeria, between longi-
tudes 3-90E and latitudes 4-60N.
It is made up of depobelts that
form one of the largest regressive
sequences in the world and a
';:'I senorsoy | highly prolific hydrocarbon prov-

Basetiér Confler | ince delta with an area of about
_Mesans 300,000 km? [18-191 According to
[20] Hospers 1965, the Niger Delta
is comprised of 500,000 km?3 of
sediments, covers an area of
75000 km2 and consists of a 12
km thick sedimentary structure
that indicates a progradational
Figure 1. Location and distribution of wells in study area package [18-19.21-221 A |ot of studies

0 200 km |

have been carried out by many researchers concerning the evolution and stratigraphy of this
basin.

The geodynamics of the separation of the African and South American continents, as well
as the tectonics of the development of the Benue Trough during the Late Jurassic, are inti-
mately tied to the evolution of the Niger Delta.

2. Materials and methods

The following datasets were used: The dataset for this project was provided by a petroleum
company in Nigeria. The datasets provided were well logs for six wells (Cobalt 1 to 6), devia-
tions, checkshots for all six wells, and 3D seismic data in the Cobalt Field. Figure 2 shows the
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workflow adopted to achieve the objectives of this study. The methodology adopted to realize
the objectives of this work is described in Figure 2 and explained as follows.

SIESMIC, WELL LOG,
CHECKSHOT AND
DEVIATION DATA

1

Data Quality
v check ~
Well log Seismic
data. Synthetic \ interpretation
Total - v
) — Seismogram
Vertical .

(seismic to

l well tie) Faults and Horizon
interpretation
Overburden Stress Mechanical stratigraphy P
computation from RHO == flag from GR Log
lna l

l

¥ istivi H Normal compaction trendline Generation of
Eaton’s Resistivity and Sonic, " pacti i time/depth maps
Bower’s Sonic using RESD and SONIC Log

Pore pressure Fracture Pressure Distribution of top
prediction prediction of overpressure.

Figure. 2. Workflow adopted to achieve the objectives of this study

2.1. True vertical depth (TVD) computation

The TVD computation is essential for conversion from measured depth (MD) to TVD since
the overburden stress needs to be calculated for the entire depth. This conversion was done
for each well. TVD computations are important in the determination of bottom hole pressures,
which are caused partly by the hydrostatic head of fluid in the wellbore.

2.2. Overburden stress or lithostatic pressure

The extrapolation method was used in this work to calculate overburden stress. The density
profile was built at depth with the logged bulk density, then the composite or synthetic bulk
density was built using the assumed salt density and densities of the formation. Seawater
density is considered at 1.03g/cm3, which is essential for the overburden stress calculation.
Therefore, by integrating this synthetic density with logged bulk density, overburden stress
(equation 1) and overburden gradient were obtained.

S =PrEZ e ieenie e (1)
where z, p; and g are the height of the column, the fluid density, and acceleration due to
gravity, respectively.

2.3. Mechanical stratigraphy and well correlation

The mechanical stratigraphy flag is done by using gamma Ray for lithology discrimination to
delineate between sands and shales. The Gamma Ray index (GRI) was used to calculate the
volume of shale (equation (2)). The Gammar Ray measures the natural radioactivity in the
formation and it is this property which helps to identify the lithologies.

_ GRlog—GRmin
IGR = (GRmax—GRmin) (2)

where: IGR = Gamma ray index ;GRlog = Gamma ray estimation from the GR log in the zone
of interest ;GRmin = Minimum gamma ray for the clean sand ;GRmax = Maximum gamma
ray for the shale.
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2.4. Pore pressure prediction

The Eaton Resistivity and Bowers method were used because the Niger Delta is a Tertiary
Basin and the main processes that lead to the generation of overpressure in these Tertiary
Basins (Gulf of Mexico, Niger Delta) are rapid deposition, subsidence, and burial in low per-
meable sediments [23-251 such as shales, causing mechanical disequilibrium compaction, which
is a function of effective stress.

2.4.1. Eaton’s sonic velocity method with depth-dependent normal compaction
trendline

Pore pressure gradient prediction from sonic compressional transit time (Atn) was achieved
based on [14] Eaton’s (1975) empirical equation (equation 3).

Atn\™
Ppg = 0BG — (0BG - Ph) (I) (3)
where At is the transit time in shales obtained from the well log; Atn is the transit time in
shales at the normal pressure; Ph is hydrostatic pressure; OBG is the overburden stress; m is
an exponent, and normally the exponent; m = 3 can be applied in case the overpressure was
generated by undercompaction without any secondary mechanism of pore pressure generation.

The transit time (Atn) is determined from the normal compaction trendline in normal pres-
sure conditions, and it is obtained by applying in Eaton’s sonic method.

2.4.2. Eaton'’s resistivity method with depth dependent normal compaction trendline

The same equation (Eaton’s equation) was used, and the same input parameters were
applied except that sonic wave travel time was replaced by resistivity log as shown in equation (4)

PPg = OBG - (OBG - PPN) (%)x (4)
where ‘PPg’ is the pore pressure gradient (ppg); ‘OBG’ is the Overburden gradient (ppg); ‘PPN’
is regarded as the normal pore pressure gradient (ppg); "R" is the observed resistivity (ohms-
m); "Rn" is the Normal Resistivity (ohms-m); and "x" is the Eaton exponent, which is 1.2 and
the Eaton Resistivity exponent of 1.
In Eaton’s equation, there is always a problem in determining the shale resistivity at hydro-
static pore pressure. This calls for the need for a compaction trendline for pore pressure pre-
diction. Rn, which is the normal resistivity function of burial depth, can be calculated from the
normal compaction trend line using equation 5.
Rn = Ryeb?...... (5)
where: ‘Rn’ is the shale resistivity in the normal compaction states; ‘Ro’ is the shale resistivity
in @a mudline; ‘b’ is the constant while ‘Z’ is the depth below the mud line.

By substituting the equation (5) into equation (4), Eaton resistivity equations can be written:

R n
Ppg = 0BG - (0BG - Png) (ROT) (6)
where 'R’ is the shale resistivity measured at depth 'Z’; Ro is the normal compaction shale

resistivity in the mudline and ‘b’ is the logarithmic resistivity normal compaction line slope;
Png is the normal or hydrostatic pressure; OBG is overburden gradient.

2.5. Bower’s original method

Compressional velocity was determined in this work using Bower’s equation (equation.7)
Vp =VO0 + Acef ... ... ... (7)
where vp is the compressional velocity at a given depth; VO is the compressional velocity in
the mudline (i.e., the seafloor or the ground surface, normally V0! is approximately 5000 ft/s,
or 1520 m/s) so 5000m/s was used; A and B are the parameters calibrated with offset velocity
versus effective stress data, oe is effective stress.

2.6. Fracture pressure determination

In this work, Matthews and Kelly’s [26] method was used for the estimation of fracture
pressure (Figure.3.4.). That is fracture pressure (equation 8) gradient is given as
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FG=k;(S—P)+P...... (8)
where S is the overburden stress gradient; P is the pore pressure gradient, and k,is the matrix
stress or effective stress coefficient.

2.7. Well correlation and seismic section interpretation

The correlated reservoirs were used as the top of sand on the seismic section, which cor-
responded to a particular amplitude to be mapped. The 3D seismic data of the Cobalt field
was provided in SEY format and was loaded onto Petrel 2017 software. Before loading the
seismic data on petrel, the project setting was done to carry out coordinate referencing and
to set the data to correct units. After loading the data, it was confirmed to be fine through a
quality check. The loaded seismic was realized to reduce the volume for easy interpretation
or to see the structures well.

The structural interpretation, which consists of fault mapping to get a good understanding
of the structural framework of the Cobalt field, was carried out. Structural smoothening was
used to enhance the seismic reflections for better interpretations of the faults. The variance
attributes (displayed on a time slice) helped in the understanding of the fault trend. This
attribute helps increase the clarity of the seismic data for easy and accurate interpretation.

The seismic to well tie was performed using a corrected sonic log and well check shot data.
The Checkshot is used to calibrate the relationship between well depths and times calculated
from a sonic log. Well tie allows well data, which is in depth, to be compared to seismic data,
which is in time. This helps to generate a synthetic seismogram using a Ricker wavelet, which
has a good fit and further helps to pick the horizon on the seismic section. The horizons were
mapped across the inline and crossline to produce time and depth maps.

The horizons were neatly picked across inline and cross lines, after which they aided in the
production of fault polygons. Four horizons were picked, corresponding to the top and base of
each reservoir. From the fault polygons, boundaries were generated, which led to the produc-
tion of time-structural maps.

Time structural maps were generated for the four surfaces from the integration of the fault
polygons, boundary polygons, and each horizon. After that, time structure maps were con-
verted using the function to generate depth structural maps to show the distribution of top of
overpressures.

3. Results and discussion

From the analysis gotten from well log and seismic data, the overburden stress, the me-
chanical stratigraphy flag, pore pressure prediction, and fracture pressure together with seis-
mic interpretation are explained in detail.

3.1. Overburden stress

The overburden stress is increasing with an increase in depth. The overburden stress and
depth readings all begin with 0 ft, 0 psi, and the overburden stress ranges from a minimum
of 0 psi to 111130.1 psi as the maximum, which is in Well one. The table (Table 1) shows the
minimum and maximum overburden stress for each well and the minimum depths at which
the overburden stress value begins to change from zero psi (0 psi). Overburden stress was
found to increase with increasing depths into the subsurface.

Table 1 Minimum and maximum values o overburden stress

Well Name Depth(ft) Overburden Depth(ft) Overburden
stress min (psi) stress max (psi)
Cobalt_01 69.5 0.22 11117.5 11130.1
Cobalt_02 74.5 0.22 12336 1089.02
Cobalt_03 72.5 0.22 12120 11119.50
Cobalt_04 95.5 0.22 10300 8815.95
Cobalt_05 116 0.22 10160 9126.63
Cobalt_06 108 0.22 1167 8898.45
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Table 2. Results of pore pressures shows top of overpressure wells for overpressured wells and maximum

pressures of each well

Well name Top of over- Start pres- Max pressure.
prepssure(ft) sure(gpg) Max depth(ft) (%pg) State
Cobalt_01 7.73 11117.5 8.61 Normal pressured
Cobalt_02 11140 8.61 1288 10.9 Over pressured
Cobalt_03 11437 8.61 12057 9.5 Over pressured
Cobalt_04 9663.5 8.57 9674 10.5 Over pressured
Cobalt_05 9555 8.55 1019 10.01 Over pressured
Cobalt_06 7.73 1067 8.57 Normal pressured
Table.3. Minimum and maximum fracture pressures
Minimum fracture Maximum fracture
Well Name Depths(ft) pressure(ppg) Max(ft) pressure(ppg)
Cobalt-01 3119 13.27 1081 16.61
Cobalt-02 4585.5 12.27 12307 16.61
Cobalt-03 3441 11.3 12057 15.6
Cobalt-04 4774 12.86 10025 15.01
Cobalt-05 4887 13.50 10144 15.43
Cobalt-06 7606.5 14.08 10778.5 15.06

3.2. Mechanical stratigraphy

The mechanical stratigraphy shale flag is shown below (Figure.3.1a-f) for all the wells,
respectively, showing the lithologies for each well. Their results showed that thicker sequences
of sand are at shallower depths up to 5000 ft and above are intercalations of sands and shales,
up to 9000 ft and above 9000 ft are made of thicker sequences of shales, thin clays, and small
pockets of sand. This reflects the stratigraphy of the Niger Delta, where the youngest is the
Benin Formation consisting of continental sands and gravel, the Agbada Formation, which is a
paralic sequence of interbedded sandstones and shales, and lastly, the Akata Formation, which
is predominantly shales and clays with some turbidites and small sand bodies.
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Figure. 3.a-f. Display of lithologies for the six wells respectively
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3.3. Pore and fracture pressure prediction

In Cobalt_01 and Cobalt_06, pressure values begin at 7.73ppg and increase with depth,
with the normal pressure of 8.61ppg and an Eaton resistivity value of 8.61ppg for Cobalt_01.
These pressure values are within the normal pressure of 0.433 psi/ft or 8.5 ppg and wells with
predicted pore pressure values are considered normal pressure wells or hydraulically pres-
sured wells. Eaton’s Resistivity obtained values for shallow depths were as high as 8.7 ppg
but were not considered because the shallow depths contain fresh water and fresh water has
high resistivity. The resistivity log is not good to be used alone since the resistivity log is
affected by many factors such as salinity, anisotropy, borehole diameter, drilling fluid, lithol-
ogy, and temperature. Therefore, corrections are needed when these effects are profound.
Also, according to [27]1, pore pressure near the wellbore is affected by the induced stresses
and, therefore, deep resistivity is used for calculating pore pressure. The pore pressure within
this range of 8.61 ppg shows that this well is a normal pressure (Table 2) as this is illustrated
in the line plot (Figure. 4a) and the normal trend is shown in the cross plot (Figure. 4b).

Line-plot: Cobalt-01.Cobalt-01 Line-plot: Cobalt-06.Cobalt-06
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Figure 4 a-b Line plots displaying overburden pressure with Eaton’s resistivity pore pressure, normal
pressures and fracture pressures with depth showing normal pressure for Cobalt_01 and Cobalt_06 re-
spectively

The fracture pressure ranges from 13.27 ppg at 3119 ft. and 16.61 ppg at 10981 ft. and it
is also shown in Table 3. The fracture pressure is normally considered as the upper or maxi-
mum bound of the drilling mud weight. If the drilling mud weight exceeds the formation, it
will crack and the drilling fluid will get lost into the formation. Information about fracture
pressure also important to select the casing design for wells.

Cobalt_06 has the same characteristics as Cobalt_01. The pressure values start at 7.73
ppg and increase hydrostatically up to 11067 ft with a pressure of 8.57 ppg for Eaton resistivity
obtained value (Figure. 4b). This pressure is within the normal pressure range which is about
8.5 ppg or 0.433 psi/ft. There is a Sonic log present for this well, but it is not good enough to
be used and the sonic log is incomplete as it is difficult to draw a normal compaction trendline.
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Pore pressure values including those of Cobalt-06 are presented on Table 2 while those of
fracture pressure are presented on Table 3. The fracture pressure values range from 14.08
ppg at 7666.5ft to 15.06 ppg at 10778.5ft. As mentioned earlier, the fracture pressure, which
is considered the upper or maximum bound of drilling mud weight. these values will help to
design the maximum mud weight and casing setting here. Line plots are displayed (Figures
4a and 4b) to show pressure plots for normally pressured or hydrostatic wells.

Wells with high pressures are shown as the Eaton Resistivity and Eaton Sonic methods
together with the Bowers method, are tracking each other and have higher values that are
greater than hydrostatic pressure (Cobalt_02, Cobalt_03, and Cobalt_04). While for wells that
have only Resistivity log (Eaton's resistivity method), the pore pressure values are high for
overpressure wells as seen in Cobalt_05.

In Cobalt_02, the pressure values increase hydrostatically with depth. It starts with normal
pressures of 8.52 ppg and pressure values start to increase at the depth of 11140 ft and
pressure values of 8.60 ppg (2025.641 psi) (Figure 5a) as the top of overpressure. A maxi-
mum pressure value of 10 ppg is reached as shown in Figure (5b) at a depth of 11288.5 ft
with pressure values of 9.61 ppg (5633.9psi) for Bowers' original, 10.90 ppg (6423.484psi)
for Eaton's Resistivity, and 10.17 ppg (5963.343psi) for Eaton's Sonic, also shown in Table 2.

Line-plot: Cobalt-02.Cobalt-02
e s
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Figure 5a shows predicted pore and facture pressure profiles while 5a line plot shows pressure variations
with depths and indication top of overpressure and drilling margin

These pressure values are all greater than 8.60 ppg for normal pressure values. Overpres-
sure is observed as the Eaton's sonic and resistivity methods, as well as the Bowers method,
track each other. This is seen as a deviation from the normal pressure. The well appears to
have been compacting normally up to a depth of 11140 ft and later had some disturbance
which led to a deviation from the normal compaction trend. There is a small reduction in bulk
density down to 2.15g/cm?3, a reduction of resistivity to 1.37ohms, and a small increment in
the sonic log as well, with intercalation of shales and sands. An increase in pore pressure at
this depth could be due to fluid expansion as a result of hydrocarbon generation, while further
down, as the pore pressure values increase, it is due to an increase in bulk density of up to
2.6g/cm? resulting from undercompaction or compaction disequilibrium where sediments com-
pact and the surfaces seal off such that pore fluid cannot be expelled or is expelled at a slower
rate. This situation leads to higher pressure values than normal. Figure 5c is a cross plot of
derived acoustic velocity (Vp) against Density log which shows the trend representing the
different mechanisms causing the overpressure 281, Cross plot has also been used to show
the mechanisms responsible for overpressure in Niger Delta. In addition, the fracture pressure,
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which is considered the upper or maximum bound of drilling mud weight for this well. The
fracture pressure for this well ranges from 12.27 ppg to 16.61 ppg at 45855 ft to 1230 ft
respectively, as presented in Table 3.
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Figure 6a shows predicted pore and facture pressure profiles while 6b line plot shows pressure variations
with depths and indication top of overpressure and drilling margin
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Figure 5c and 6c. Cross plots showing the trends of different overpressure mechanisms for Well 02 and
Well 03 respectively.

Also, Cobalt_03 has similar characteristics as Cobalt_02 and has the same mechanism
causing overpressure. In Wells 03, the pressure begins with a normal hydrostatic pressure of
8.4 ppg and the pressure starts increasing at a depth of 11437 ft. This is seen by Eaton
Resistivity pressure value of (8.6ppg or 5114.227psi) and Eaton Sonic pressure value (8.6ppg
or 5114.227psi) tracking each other together with the Bowers sonic (8.6ppg or 5114.227psi)
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method (Figure 6a). The pressure values increase to 9.0 ppg (5618.858 psi), 10.5 ppg
(6567.645 psi), and 9.53 ppg (5937.675 psi) at 12025 ft, respectively, and the maximum
pressure value is shown in Table 2. This overpressure is indicated on the line plot (Figure 6b)
as top of overpressure (11437 ft), which is the depth at which the pressure starts to increase
above normal. These pressure values are greater than the values for a normal pressure well.
This well is therefore considered an overpressure well as the pressure at this depth deviates
from the normal pressure values of 8.5 ppg. Figure 6¢c shows a cross plot of derived acoustic
velocity (vp) against density log, indicating the trends causing the overpressure in Well 03.
The fracture pressure for this well ranges from11.3ppg to15.6ppg at 3441ft to 1205ft respec-
tively as shown on Table 3, and is considered as the upper or maximum bound of drilling mud
weight for the well.

In Cobalt_04, the pressure also begins with a normal pressure value of 8.47 ppg and an
increased pressure as from 9663.5 ft with pressure values of 8.66 ppg (4084.401 psi) for
Bowers' original, 8.7 ppg (4109.501) for Eaton's Resistivity, and 9.23(4351.695psi) for Eaton's
Sonic, which shows a deviation from the normal hydrostatic pressure (Figure 7a). This is also
referred to as the top of overpressure (Figure 7a-b).
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Figure 7a Shows predicted pore and facture pressure profiles while 7b is line plot of pressure variations
with depths and indication top of overpressure and drilling margin
The pressure values reach a maximum (Figure
7b) at 9674 ft with pressure values of 8.89 ppg
: (4201.614psi), 9.94 ppg (4695.166psi) and 9.4
‘ ppg (4470.188psi) respectively for Bowers origi-
nal, Eaton's Resistivity, and Eaton's Sonic, the
304800 highest pressure value is presented in Table 2.
The predicted pore pressure for this well is
greater than normal pressure values of 8.5 ppg,
therefore well 04 is considered overpressured.
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The fracture pressure for Cobalt_04 ranges from 12.86 ppg at 4774 ft up to 15.43 ppg at a
depth of 10025 ft, respectively. The fracture pressure, which is considered the upper or max-
imum bound of drilling mud weight for this well, shown in Table 3. igure 7a Shows predicted
pore and facture pressure profiles while 7b is line plot of pressure variations with depths and
indication top of overpressure and drilling margin

In addition, in Cobalt_05, the pressure begins with a pressure that is hydrostatic; that is,
pressures of 8.44 ppg, and the pressure increases normally with depth up to 9555 ft with the
pressure of 8.61(414.24 psi) for Eaton Resistivity and normal pressure (Figure 8a). It then
increases to 10.2 ppg (5075.749 psi) at 10019 ft. The predicted pressure is more than the
normal pressure of 8.5 ppg (Figure 8b). This implies that this well is overpressured even
though the Sonic log is absent for this well. It would have facilitated the confirmation the
pressure values because, as earlier mentioned, the Resistivity log on its own is usually affected
by many factors such as hole diameter, fluids, and salinity. It also reads high values for shallow
depth as it contains fresh water. This high resistivity at shallow depth is not considered. A
cross plot of density log against resistivity log (Figure 8b) shows two trends for the overpres-
sure mechanism, which means that there are two mechanisms that cause overpressure in well
05 (similar Cobalt_02 and Cobalt_03). These are undercompaction and fluid expansion. The
fracture pressure for Well 05 ranges from 13.50 ppg at 4887 ft up to 15.43 ppg at a depth of
10144 ft, respectively. The fracture pressure, which is considered as the upper or maximum
bound of drilling mud weight for this well, is shown in Table 3.
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Figure. 8a. Predicted pore pressure profiles, and 8b. Line plot shows pressure variations with depths and
indication top of overpressure and drilling margin
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3.4. Well correlation

Four identified (hydrocarbon bearing) reservoirs were correlated across from the reading
of Gamma ray and Resistivity logs. This correlation helps to better access the continuity and
lateral extent of the reservoir (Figure 9).
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3.5. Seismic interpretation
3.5.1. Structural interpretation

Fault mapping was the only structural interpretation carried out in the Cobalt Field. The
main structures in the cobalt area are the growth fault and rollover anticline, which could be
synthetic or antithetic faults that are listric in nature as the fault flattens with depth, as this
is typical of the Niger Delta. The major and minor faults were mapped. This was observed by
the abrupt discontinuities in reflection horizons and by the sudden change in the vertical dis-
placement of the reflection horizons. One major fault together with 32 minor faults were
picked. It is also observed that the hydrocarbon accumulation is around the rollover anticline,
which favors the accumulation [*8], as most wells are found between them (Figure 10).

3.5.2. Seismic to well tie

Seismic to well tie was achieved with the help of checkshot data for each well. Here, the
wells, which were in depth, were tied to the seismic in time such that the well tops were
superimposed on the seismic section (Figure 11). Each reservoir top corresponds to the peaks
and troughs on the seismic section as observed from the main reflectors. These tops were
mapped as horizons.

3.5.3. Horizon mapping

The horizons were mapped across inline and cross-line and the faults were respected (Figure 10)
as it further facilitated the production of subsurface maps.

3.5.4. Time and depths maps, Distribution of top of overpressures

Time maps were generated from the mapped horizons, polygons, and boundaries. These
time maps were converted using the plot on (Figure 12) to generate depth maps for each sand
unit (Figures 12a, 12b, and 12c) as the wells are penetrating the surfaces, while Figure 13
shows the distribution of all the wells on the combined horizon maps. A majority of the wells
are seen to penetrate different fault blocks. The mechanism causing overpressure could be as
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a result of lateral transfer from one well to another through the faults. The tops of overpres-
sure wells were found penetrating the different faults (Figure 12d). This shows that the top of
overpressured wells is compartmentalized into the different fault blocks (12a-c and Figure 12d).
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Figure 11. Calibration plate showing synthetic seismogram

Pet Coal (2022); 64(31017-1035
ISSN 1337-7027 an open access journal

1030



Petroleum and Coal

2400 2200 2000 1800 1600 1400 1200 1000 800 500 400 200 0

g L&
=
=
Mn‘ 5
= T B R e B3 &
TWT picked, [ms]
Symbol legend

TWT picked vs. Z (Cobalt-02.txt)

Figure 12. Time - depth relationship used for the conversion of time maps to depth maps

Figure. 12a. Distribution of wells on the depth map for sand top 1

Figure. 12b. Distribution of wells on the depth map for sand top 2
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Figure 12c. Distribution of wells on the depth map for sand top 3

Possible spatial distribution
of top of abnormal pressures
due to fault
compartmentalization

Figure 12d. Distribution of Top of overpressure wells on the top of overpressure map.
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Figure 13 Distribution of all the wells on the combine depth maps

3.6. Implication of predicted pore and fracture pressure on wellbore stability

Pore pressure prediction using Eaton’s depth-dependent resistivity and sonic with an ap-
plied compaction trendline and Bower’s method gave excellent pore pressure prediction. This
is because the pore pressures reported in other fields in Niger Delta have proven that over-
pressure mechanism is a result of disequilibrium compaction(loading) and fluid expansion(un-
loading) especially being Tertiary Basin [22-33]1, From the results obtained for pore pressure
prediction and the estimated fracture pressures for each, each well has a minimum and upper
bound mud weight that is required to penetrate the formation. The pore pressures predicted
for wells 01, 02, 03, 04, 05, and 06 are listed below. The predicted pore pressure gives the
drillers the minimum mud weight required to drill the formation. That is, the mud weight
should be designed not to be below the predicted pore pressure. If the well is drilled below
this pressure, it could lead to well influx, kicks, which if not handled well, would lead to blow-
outs, and if the well is drilled above the predicted pressure, it could cause sticking of pipes.
The predicted fracture pressure is the upper limit or bound for which if the drilling fluid goes
above it, it will fracture the formation, and lost circulation will occur. It can also cause the
formation to collapse. That is, the fracture pressure also aids in the selection of the casing
that would be required to be placed in the well, because the fracture pressure selects the
correct casing to fit a specific depth. This prevents the formation from collapsing, damage
(cracks), and gives the borehole stability. Figure 6 depicts the workflow for each well as well
as the drilling margin.

4. Conclusion

The pore pressure predicted for the six wells in the Cobalt fields shows that four wells were
overpressured (Cobalt-02, 03, 04, and 05) while two were normal pressure wells (Cobalt-01
and 06). This means that wells Cobalt-01 and Cobalt-06 will require the drilling mud (fluid)
weight to remain between the hydrostatic pressure and not go below or higher than the hy-
drostatic pressure. For the overpressure wells, Cobalt-02, Cobalt-03, Cobalt-04, and Cobalt-
05 the drilling fluid weight should be added to 10.9ppg, 10.5ppg, 9.94ppg, and 10ppg accord-
ing to the wells respectively to meet these pressure values needed to balance the formation
pressure. Their fracture pressures would also help to select the correct casing that will hold
the formation to prevent it from instability or lost circulations. Structural interpretation with
seismic volume has been able to show the distribution of top of abnormal pressure in the
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overpressured wells, hence it can be concluded that these tops of abnormal pressure is com-
partmentalized within different fault blocks. It can be concluded that, pore and fracture pres-
sures were predicted for COBALT field in Niger Delta Nigeria using well log and seismic data.
This information can facilitate proper planning and drilling of future wells in the field.
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