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Abstract: Hydrocarbon exploration is a high-risk venture; therefore, pre-determining reservoirs'
capacities is pertinent, reducing associated uncertainties regarding hydrocarbon presence and production.
This study delineates hydrocarbon-bearing sands, determines the reservoir area extent, computes the
associated petrophysical parameters and presents the reserve volume estimation based on wireline logs
with integrated 3-D seismic surveys. It evaluates and indicates three (3) hydrocarbon-bearing reservoirs
sands (Nzr1), Nzrz) and Nzrgs) of varying thicknesses (h) across three (3) wells reservoirs Nzriy, Nzro)
and Nzws). The reservoir properties, including porosity (@), free fluid index (FFI), permeability (K), fluid
saturations and reservoir thickness (h), represent potentially viable hydrocarbon reservoir units across the
field. It presents the estimation of the recovery factor based on the FFI values. Across the reservoirs, @ is
0.28in NZ(Rl), 0.27in NZ(RZ) and 0.26 in Nz(Rg). FFlis0.26 in NZ(Rl), 0.25in NZ(RZ) and 0.26 in Nz(Rg). Kis
10388 mD in NZ1), 8304mD in Nzryz), and 6580 mD in Nzrs). Water saturation (Sy) is up to 0.4, 0.36
and 0.20 with the associated hydrocarbon saturation (Sy) of 0.60, 0.64 and 0.80 corresponding to Nzwy),
Nzr2 and Nzrs). Considering the delineated reservoir areas based on the prevailing fault assisted
structural style, the total volume of recoverable oil is 11.3<10°, while the gas capacity is 1.8 <10° cuft.
These findings will aid the field’s oil and gas reservoir developmental activities and serve as reference
points to related studies involving similar objectives.

Keywords: capacity estimation; moveable fluid; porosity; permeability; sandstone reservoir; free
fluid index; recovery factor
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1. Introduction

Hydrocarbon exploration activities, usually, are capital intensive. Therefore, predicting the in-
situ hydrocarbons reserves and recoverable volumes of oil and gas from a targeted hydrocarbon
reservoir is pertinent to proper production plans. The role of geophysics in the oil and gas industry is
immense and indispensable amongst the ranges of oil and gas exploration and exploitation
technologies. Previous works [1-8] involving hydrocarbon exploration or closely related findings
have showcased the relevance of petrophysics and seismic models in geophysical or geological
investigations.

Therefore, this study delineates hydrocarbon traps and predicts the associated reservoir volumes
in the Nz Oil and Gas field, offshore Niger Delta, based on petrophysics and seismic models. It aims
to indicate the percentage of the movable fluid, aiding to predict the reservoirs' hydrocarbon recovery
factor (RF). It also involves fluid contact delineations to show the presence of gas and oil and inform
the possibilities of concerning associated water production. Proliferous source rocks involving deeply
buried sediments, which can convert their original organic matter into hydrocarbons, are indispensable
concerning oil and gas formation. Oil and gas accumulation depends on the associated hydrocarbon
source rock viability and other geological parameters in commercial quantities. Porosity (®) networks,
permeability (K), relative fluid permeability, fluid viscosity, suitable trap configuration, considerable
depths of burial, amongst others [9-12], are pertinent to hydrocarbon availability and recoverability
within geological reservoirs. According to Wang Qin [13], a geologic trap consists of combined rock
structures that harbour hydrocarbon and prevent oil and gas lateral or vertical mobility. A
stratigraphic trap consists of unconformity, reef or a pinch out, while structural consists of folded or
faulted units; therefore, either or both may form the fluid (gas, oil and water) trap [14]. Thus, this
study defines the trap types associated with the Nz oil and gas field to predict the volumes of
hydrocarbons in place adequately and to minimise uncertainties concerning resource presence with
underestimation or exaggeration of reservoir capacities.

Reservoir’s parameters, including porosity, permeability, fluid saturation, recovery factor and
oil volume factor, are essential inputs in reserve estimation [15-17]. Reserves include estimated
recoverable quantities of oil and gas from established accumulations and may be classified based on
the degree of certainty as proven, probable and possible [18]. Knowledge of reservoir dimensions
such as the thickness and area extent is essential in reservoir volumetric analysis. The volumetric
estimation of hydrocarbons is required early to plan development activities, such as the long-term
drilling sequence, platforms, pipelines, processing facilities [19]. In addition, the synthetic
seismogram, which is the link between particular lines of strata, defined in depths, and the seismic
expression of that sequence defined in time [20] is generated from the good logs of the field in
question and incorporated into the interpretation procedure to enhance better resolution work.
Therefore, this research seeks to integrate 3-D seismic surveys with well log data to reveal
subsurface geological structures responsible for oil and gas accumulation. It also looks forward to
estimating the recoverable hydrocarbon in reservoirs Nzr1), Nzre) and Nz s delineated across wells
Nzw1), Nzow2) and Nzws) in the Nz oil and gas field within Niger Delta.
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2. Study location and petroleum geology

Nz oil and gas field falls within the offshore continental margin of the Niger Delta, enclosed by
the latitude of 5.3N and 5.49N and longitude 5.9<E to 6.0<E (Figure 1). The three (3) wells, Nzwz),
Nzw2) and Nzws), are within the study area, and the seismic survey comprises 41 inlines and 23
crosslines. The study location forms part of the hydrocarbon-rich provinces within the southwest of
Nigeria’s geological formations consisting of sedimentary rocks associated with a series of the
Delta’s developmental events.
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Figure 1. Niger Delta hydrocarbon field and the index map, showing strike/deep lines
representing the study location. Modified from Abraham-A and Taoili [10].

The development extended from Eocene to Mid-Miocene sub-deltas to the growth of the post-
Mid-Miocene Delta. Niger Delta complex progressed along existing sedimentary axes from the
Eocene to the Mid-Miocene. The axes include the Anambra and its subsidiary basins, fed by the
Niger and Benue River, and the Afikpo syncline fed by the Cross River, which deposited some
materials during the Eocene to Late Oligocene [21]. After the mid-Miocene, the Niger-Benue and
Cross River Delta systems merged. From then, the rate of delta advances was determined by the
erosion rate of newly uplifted blocks in the hinterland, particularly of newly emergent ones in
Cameroon Mountain [21,22]. The Niger Delta consists of three (3) sedimentary depositional
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successions; Benin, Agbada and Akata Formations. The associated rocks are mainly interlayered
shale and sandstone beds across the three (3) geologic units. The Benin Formation consists of coarse-
grained, locally fine-grained, poorly sorted, subangular to well-rounded sandstones [23]. It has
thicknesses ranging from 0.2-100 m, and the sand and sandstone are coarse to fine and commonly
granular in texture. Very little hydrocarbon accumulation is associated with this highly porous and
generally freshwater-bearing Benin Formation [22].
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Figure 2. Stratigraphic successions of the Niger Delta. Modified from Doust and Omatsola [24].

The Agbada Formation consists of paralic, mainly shelf deposits of alternating sands and shales.
The sandy parts serve as the main hydrocarbon reservoir of the Delta and shale as the caprock. The
sequence is associated with synsedimentary growth faulting and is thickest at the centre of the Delta,
up to 457.2 m. The upper part is a predominantly sandy unit with minor shale intercalation, and a lower
shaly layer is thicker than the sandy upper unit [24-27]. Therefore, the depositional environment is
transitional, between the upper continental Benin Formation and the Marine underlying Akata
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Formation. Akata formation, the deepest stratigraphic unit, is chiefly represented by plastic, low
density, under-compacted and high-pressure shallow marine to deep water-shale; with only local inter-
beddings of sands and siltstones. In general, the shale is over-pressured, providing the mobile base for
subsequent growth faulting associated with the deposition of the overlaying paralic sequence. There are
several presentations on the source of the Niger Delta; some believe the Agbada Formation as the
source rock, others present the Agbada source, and some others present the combined Agabda and
Akata source [22,23,25,27-30]. According to Doust and Omatsola [24], the shale of both the paralic
and open marine sequences of the Agbada and Akata Formations are most likely the widely
disseminated source rock in the Niger Delta considering the organic matter content.

The ability of the reservoir units to trap and accumulate hydrocarbons over time within the
Niger Delta is significant, encouraging the immense exploration known with the region. Structures,
such as growth faults, rollover anticlines, and rock diapirs, define the prevailing hydrocarbon traps in
the Niger Delta Basin. Combined fault systems are the dominant structural features in the Niger
Delta [7,31,32]. The continental breakup with the African and South American plates rifting resulted
in the associated structural style of the Delta structures [33-37]. The associated rifting in the Delta
commenced from the Late Jurassic to Late Cretaceous. Gravity influenced tectonism emerged as a
significant force, controlling other structural deformations and contributing to the prevailing
structural style aiding the migration, accumulation and production of hydrocarbons within the
proliferous zones [34,38-41].

3. Materials and methods

Petrophysical data consisting of gamma-ray (GR), neutron (NPHI), density (RHOB), water
saturation (Sy), and deep induction (ILD) with incorporated 3-D seismic data were engaged. While
GR and ILD aided to distinguish potential hydrocarbon-bearing reservoir sands from shale, NPHI
and RHOB aided fluid differentiation. Other qualitative evaluations include the determination of
porosity (®), free fluid index (FFI), permeability (K), volume of shale (Vs,), hydrocarbon saturation
(Sp), water saturation (S,) and reservoir thickness (h). The seismic interpretation includes horizons
and faults mappings, time-depth and conversion using the check-shot survey data, delineation of the
hydrocarbon zone with the reservoir area based on the structure map. Therefore, hydrocarbons in
place and recoverable volumes were estimated using appropriate equations.

The study evaluates and presents qualitative and quantitative parameters. The fundamental
parameter estimated from the wireline log and relevant expression is ®. The density-derived porosity
(@p) corrected for shale based on Equation (1) was engaged.

B, =LmaPb _ s [Pma"Psh 1
D Pma —Pf Sh[pma_pf] ()

Where; V, is the volume of shale in the form of Equation (2)
Ve, = 0.83(237*16R)_ 1 0) (2)

Pma = Matrix density of formation (2.65gcc for sandstone), p,= bulk density of the formation;
py = fluid density of formation (1.0gm/cc) and p;,= bulk density of adjacent shale.
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Free fluid index (FFI) defines the moveable fluid within the reservoir. Equation (3) is the FFI
expression redefined by Abraham-A and Taoili [11] for sandstone, based on Schlumberger [42]. The
expression follows a sensitivity analysis to verify the effects of the variation in the values of
tortuosity factor (a) and cementation exponent (m) on the irreducible water saturation (Syir) within
sandstone reservoirs.

FFI = ® — 0.02 ©)

Permeability (K) takes the form of Equation (4), also redefined for sandstone by Abraham-A
and Taoili [11], considering FFI and Coates and Denoo [43] expression.

_ 2
K = 104-(1)4 M (4)
0.0004

Oil in place (OIP) and gas in place (GIP) take the form of Equations (5 and 6) [17].
OIP = CcAqh®(1 - S,,)bbl (5)
GIP = CcAyjh®(1 - S,,)Cu.ft. (6)

Cc = conversion constant(7758 converts’ oil volume from acres to bbl and 43560 converts’
gas volume acres to cubic feet) [15, 44];
Recoverable volumes of oil and gas ( Vg, and Vg, ) take the form of Equations (7 and 8);
OIP

VRO = ﬁ X R.F (7)

_GIP P,
(VRg) —ﬁXRf Xp—fl. (8)
Such that, FVF is the formation volume factor expressed as Equation (9):

GOR

FVF = 1.05 + 0.5x —— 9)

R.F = recovery factor and GOR = gas to oil ratio and
Prp _ 043 xdepth
Pl = (10)

. 15

(P, = Reservoir pressure, P;, = surface Pressure (15 atm) and 0.43 = universal average pressure
gradient, and depth corresponding to the gas top).

4. Results

The research identifies lithologic units, delineates reservoirs, predicts fluid types, interprets
seismic structural maps, and estimates reservoir volume based on geophysical (seismic and
petrophysical) models. Three (3) hydrocarbon-bearing reservoirs, Nzri), Nzrz) and Nzgs), were
correlated across wells Nzuw1), Nzw2) and Nzuws) (Figure 3). Fluid type’s identification aided by the
combined NPHI and RHOB signatures reveals gas-oil and oil-water interfaces, confirming gas-oil-
water-bearing in Nzgrp) across Nzwe). A significant separation between the density and neutron
porosity signatures within the hydrocarbon-bearing zone indicates gas presence (Figure 4).
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Figure 3. Nzr1), Nzr2and Nzrs) correlation across Nzwi), Nzwz) and Nzowa).

Three (3) consecutive horizons (Figure 5), representing the tops of Nzri), Nzr2) and Nzgs)
across Nzwi), Nzwz) and Nzws), were mapped. The horizons encountered associated tectonic
faulting across the field considering two-way travel time (TWT) intervals between 2.40 and 2.90
seconds. The combination of the fault sets exemplifies a similar trend of structural closures with
potentials for hydrocarbon trapping.

One of the wells, Nzw»), has a sonic log and was combined with density logs to generate a
synthetic seismogram (Figure 6), aiding to tie seismic to well data and check the quality of the
reflection event on the seismic section. It is observable that the top of the different sand units
within coincided with the respective seismic horizon representing Nzr1), Nzr2), and Nzwrs) in times
and depths.
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Figure 5. Typical inline seismic section showing the selected fault planes and reservoir horizons.
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Figure 6. Synthetic seismogram indicating seismic to well logs ties.

Figure 7 shows the depth structure maps representing the selected seismic horizons. Nzr1)-
Horizon tracks between 2.096 s and 2.668 s TWT and 7759 ft. (2365 m) and 10589ft (32278 m).
Nzr2)-Horizon tracks between TWT of 2.217 s and 2.978 s, and 8322 ft. (2537 m) and 12031ft
(3667 m). Similarly, Nzrs-Horizon tracks between 2.309 s and 3.101 s TWT and 12930 ft.
(3941 m) and 8815 ft. (2687 m). The structure maps reveal that Nzr1) is composed of oil and water
with an oil zone of about 131acres. Nzr2 comprises a gas layer covering approximately 112 acres
and an oil layer of about 177 acres. Furthermore, Nzr3) has an oil layer covering a total area of 152
acres with a water layer beneath.
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Table 1 presents the average values obtained based on the petrophysical and volumetric
estimations. Nzwr1), Nzr2) and Nzrs) across Nzawiy, Nzwz) and Nzws). The average value for FFI is
approximately 0.25, and K values are also significantly high. FFI indicate the moveable fluid within
the reservoirs [11,42]; therefore, a recovery factor of 25% is adopted in the volumetric expression to
compute the recoverable volumes of gas and oil.

Tablel. Qualitative and quantitative estimates based on the reservoirs.

Parameters Nzr1 Nzr2) NzRr3)

The volume of shale (V) 0.059 0.029 0.111

Porosity (¢) 0.28 0.27 0.26

Free fluid index (FFI) 0.26 0.25 0.24
Permeability(K) 10388 mD 8304 mD 6580 mD

Oil thickness (h) 28 ft. (8.5 m) 62 ft. (18.9 m) 115 ft. (35.1 m)
Gas thickness (h) - 30 ft. (9.1 m) -

Water saturation S, 0.40 0.36 0.20
hydrocarbon saturation Sy, 0.60 0.64 0.80

Drainage area oil (acres) 131 acres 177 acres 152 acres
Drainage area gas (acres) - 112 acres -

oil in place (I10OP) 4,780,666 bbl 14,711,551 hbl 28,206,847 bbl
Recoverable oil reserve 1,129,113 bbl 3,474,622 bbl 6,661,986 bbl

gas in place (GIP) -
Recoverable gas reserve -

25, 291,285 cu,ft. -
1,797,986,922 cu.ft -

5. Discussion

The evaluation includes the correlation of three (3) reservoirs designated Nzwr1), Nzr2) and Nzwrs)
across wells Nzw1), Nzaw2) and Nzws). The three (3) wells are located within the depth of the Agbada
Formation stratigraphic column. The reservoir correlation panel shows that Nzw1) penetrates Nz
at 9520 ft (2901.696 m), Nzr-) at 10520 ft (3206.496 m), and Nzr3) at 11150 ft (3398.52 m). Nzw2)
reaches Nzry at 9560 ft (2913.888 m), Nzr2 at 10540 ft (3212.592 m), and Nzrs) at 11120 ft
(3389.376 m). Furthermore, Nzws) encounters Nzry at 9700 ft (2956.56 m), Nzrz) at 10660 ft
(3249.168 m), and Nzrs at 10000 ft (3048 m). The sandstone reservoirs occur consistently
interbedded with shale units described as the hydrocarbon source rocks of the Niger Delta. The
synthetic seismograph confirmed that the Nzgri, Nzre) and Nzrs) tied in times and depths
considering the wireline log information and seismic reservoir horizon. Nzgri-Horizon tracks
between 2.096 s and 2.668 s, Nzgro)-Horizon occurs between 2.217 s and 2.978 s, while Nzra)-
Horizon is between 2.309 s and 3.101s two-wat travel time (TWT).

The average volume of shale is 0.059 (5.9%) in Nzr1), 0.026 (2.6%) in Nzr2) and 0.113 (11.3%)
in Nzra), indicating relatively clean or reasonably shale free sandstone units. Nzr1) has an average
porosity (@) of 0.28 (28%), free fluid index (FFI) of 0.26 (26%), permeability (K) of 10388 mD, and
hydrocarbon saturation (Sy) of 0.6 (60%) with the corresponding water saturation (Sy) of 0.4 (40%).
For Nzr2), (D) is 0.27 (27%), FFI is 0.25 (25%), K is 8304 mD, Sy is 0.64 (64%), and S,, is 0.36
(36%). Also, for Nzrs), @ is 0.26 (26%), FFI is 0.24 (24%), K is 6580 mD, Sy, is 0.8 (80%), and Sy, is
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0.36 (36%). Nzr1) has an average thickness (h) of 28 ft. (8.5 m), Nzrp)is 62 ft. (18.9 m), and Nzs)
is 115 ft. (35.1 m). Further differentiation of hydrocarbons contacts using a combination of the
bulk density (RHOB) and neutron (NPHI) logs reveals a 30 ft. (9.1 m) thick gas layer at 10500 ft.
(3200.4 m) in Nz(wz).

Eight (8) fault planes were identified and mapped in the study area. While Fy represents growth
(major) faults, cutting across the entire N oil and gas field, f,, denotes minor fault planes which tend
to disappear after some distance across the area. Some fault sets are synthetic, trending east-west,
and dip southerly, while others are antithetic and in the northern direction. The fault set’s orientation
and combination aided in identifying structural highs and fault-dependent closures. Nzry) has an
estimated drainage area of 131 acres with oil in place (OIP) of 4,780,666 bbl and a corresponding
recoverable oil volume (Vro) of 1,129,113 bbl. Nz has a drainage area estimated at 177 acres for
OIP and 112 acres for gas in place (GIP) with corresponding OIP of 14,711,551 bbl and GIP of 25,
291,285 cu.ft.,, and Vgro of 4,780,666 bbl and the associated recoverable gas volume (Vgg) of
1,797,986,922 cu.ft. In the same vein, Nzrs) drainage area is 152 acres, having OIP estimated at
28,206,847 bbl with the corresponding Vo of 6,661,986 bbl.

Evaluations based on petrophysical and seismic models [11,12,45-50] have proven resourceful
in achieving related objectives in oil and gas fields worldwide and within the Niger Delta.
Quantitative and qualitative reservoir evaluations involving seismic and petrophysics-based attributes
are essential in reserve estimation. Therefore, as presented by this report, a detailed study involving
didactic images and avoiding exaggerating or underestimating the input parameters is dependable as
a decision-making tool for planning production activities. However, reservoir estimations involving
seismic and petrophysical models with the associated equations come with uncertainties. Regardless,
they are have been in use, recording successes for hydrocarbon exploration and production projects.
Nonetheless, to reduce the related risks involving computational errors, this work engaged repeated
readings and calculations, and multiple values recorded are averaged for the desired parameters

6. Conclusions

Reservoirs Nzgr1), Nzwre) and Nzrs), delineated across wells Nzwi), Nzwz) and Nzwsa), were
engaged to characterise the sandstone units and predict the hydrocarbon producibility in Nz Oil and
Gas Field, Offshore Niger Delta. The results show that the field has considerable hydrocarbon
reserves. The study indicates sites for viable production wells on the north-eastern and south-eastern
axis of the study area to capture hydrocarbons in a possible commercial quantity at the fault-assisted
closures. The availability of significant gas quantity at a depth below 10,500 ft at the central portion
of the field makes it suitable for exploitation. The central part of the field had structural highs
(anticlines) sandwiched between the growth faults, capable of harbouring hydrocarbons. The analysis
of the wireline logs revealed almost shale free and porous sandstone units with estimated
commercially favourable reserves. The values obtained for free fluid index (FFI) and permeability (k)
represent a field with significant transmissibility, indicating a considerable moveable hydrocarbon
volume; therefore, there should be reasonable rates of primary hydrocarbon recoveries from the
reservoirs. The total recoverable volume of oil (Vro) (11.3 % 10° and gas (VRrg) Of (1.8 =10 cu.ft.)
across the study location are significant. The study ensures seismic inputs, porosity, and the
dependent parameters are not exaggerated or underestimated, reducing the associated uncertainties.
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Future work should include 4D data and possibly, core samples for detailed study to improve the
seismic interpretation and compare the results obtained based on the wireline logs.
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