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Abstract
Seismic interpretation and petrophysical assessment of borehole logs from seven wells were integrated with the aim of estab-
lishing the hydrocarbon reserves prior to field development which will involve huge monetary obligation. Four hydrocarbon-
bearing sands, namely Pennay 1, 2, 3 and 4 were delineated from borehole log data. Four horizons corresponding to near 
top of mapped hydrocarbon-bearing sands were used to produce time maps and then depth structural maps using checkshot 
data. Three major structure-building faults (F2, F3 and F5 which are normal, listric concave in nature) and two antithetic 
(F1 and F4) were identified. Structural closures identified as rollover anticlines and displayed on the time/depth structure 
maps suggest probable hydrocarbon accumulation at the upthrown side of the fault F4. Petrophysical analysis of the mapped 
reservoirs showed that the reservoirs are of good quality and are characterized with hydrocarbon saturation ranging from 
56 to 72%, volume of shale between 7 and 20% and porosity between 25 and 31%. Pennay 2 and 3 have a better relative 
petrophysical ranking compared to other mapped reservoirs in the study area. Dissimilarity in the petrophysical parameters 
and the uncertainty in the reservoir properties of the four reservoirs were considered in calculating range of values of gross 
rock volume (GRV) and oil in place volume. This research study revealed that the discovered hydrocarbon reserve resource 
accumulations in the Pennay field for the four-mapped reservoir sand bodies have a total proven (1P) reserve resource esti-
mate of 53.005MMBO at P90, 59.013MMBO at 2P/P50 and 65.898MMBO at 3P/P10. Reservoir C, the only interval with 
a gas cap, has a volume of 7737MMscf of free gas at 1P, 8893.2MMscf at 2P and 10185.2MMscf at 3P. These oil and gas 
volumetric values yield at 1P/ P90 total of 137.30MMBOE, 154.9MMBOE at 2P and 171.515MMBOE at 3P. Reservoirs 
B and D have the highest recoverable oil at 1P, 2P, and 3P values of 5.265MMBO and 10.70MMBO, 12.053MMBO and 
5.783MMBO, 13.557MMBO and 6.244MMBO, respectively.

Keywords Seismic · Hydrocarbon · Porosity · Reserve · Volumetric · Productivity.

Introduction

Qualitative evaluation of hydrocarbon resources involves 
the integration of seismic and well data interpretations 
(Aizebeokhai and Olayinka 2011). P-wave seismic dataset, 
whether 2-D or 3-D, could be analyzed for mapping geo-
logical structures, understanding subsurface stratigraphy 

as well as delineating areal distribution of reservoir sands 
and their fluid. 3-D seismic datasets offer more advantages 
than 2-D because their dense grid of lines makes it pos-
sible to develop an accurate interpretation of structural and 
stratigraphic details (Saeland and Simpson 1982). Though 
3-D surveys are relatively expensive, they are cost effec-
tive because they eliminate unnecessary development holes 
and increase recoverable hydrocarbon volumes through 
the discovery of isolated reservoir pools which otherwise 
might be missed (Sheriff and Geldart 1983). Niger Delta 
area is one of the most productive basins in Africa typified 
by six depobelts (OPEC 2017). This hydrocarbon-rich basin 
is ranked eighth amid the world’s hydrocarbon provinces 
with further auspicious reserves not yet discovered as search 
for petroleum proceeds into the deeper offshore. The Niger 
Delta hydrocarbon province has some verified recoverable 
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reserves of around 37,452 million barrels (mmbbl) of oil 
(OPEC 2017) and 5.1 trillion cubic metres of gas resources 
(BP 2014). Current massive oil discoveries in the deep-water 
zones of the Delta suggest that the province will continue to 
be a focus of exploration activities (Corredor et al. 2005). 
It has, therefore, become necessary to apply exploration 
and production technologies to harness these hydrocar-
bon resources. The ‘Pennay’ field is around the boundary 
between Coastal and Central Swamps, and has not been fully 
explored and exploited to its potential (Billoti and Shaw 
2005). Although, seven exploratory wells have been drilled 
(Fig. 1) to extract useful information about the field, there 
still exists some level of uncertainty regarding the reser-
voir structure and internal anisotropy, fluid properties and 
hydrocarbon volume. Qualitative evaluation of hydrocarbon 
resources involves the integration of seismic and well data 
interpretations. Conventional interpretation of seismic data 
includes horizon and fault picking on reflection seismic sec-
tions. A seismic interpreter integrates geology, geophysics, 
and engineering, and equally makes simplifying assumptions 
to get an interpretation job done. Nevertheless, properties 
of hydrocarbon-bearing reservoirs such as porosity, fluid 

saturation and net to gross are derived from petrophysical 
interpretation of well log data. Integrating log-derived res-
ervoir properties with seismic data and structural interpre-
tation enable an interpretation team to quantify subsurface 
hydrocarbon accumulations, generate prospects and leads, 
classify petroleum resources, determine probability of suc-
cess, rank resources, plan future wells, reduce exploration 
and drilling risks, and also increase success rate for drillable 
prospects (Adeoye and Enikanselu 2009). This study aims to 
improve the understanding of the subsurface geology of the 
field with distinct attention in estimating the possible oil and 
gas initially in place considering range of reservoir proper-
ties and structural uncertainty. This was accomplished by 
integrating and interpreting the 3D seismic data to define the 
reservoir geometry, evaluating the petrophysical parameters 
of the reservoirs and determining the lateral extent of the 
hydrocarbon-bearing zone using the delineated fluid con-
tacts; this helped to estimate the gross rock volume (GRV) 
and hydrocarbon volume. Onayemi and Oladele (2014) 
have shown that when 3D seismic data are integrated with 
well log data, it provides a powerful tool to determine the 
structural frame work and estimation of reserves of a field 

Fig. 1  Base map of the study 
area 479200 480000 480800 481600 482400 483200 484000 484800 485600

479200 480000 480800 481600 482400 483200 484000 484800 485600

65
60

0
66

40
0

67
20

0
68

00
0

68
80

0
69

60
0

70
40

0
71

20
0

72
00

0
72

80
0

65600
66400

67200
68000

68800
69600

70400
71200

72000
72800

0 500 1000 1500 2000 2500m

1:50000

Map
NIGERIA Scale

1:50000
PENNAY 55km2

Petrel 2015.5 User name
fajana akindeji

Model name Date
03/20/2018

Pennay Field Signature

PENNAY-01

PENNAY-02

PENNAY-03

PENNAY-04PENNAY-06

PENNAY-07

PENNAY-05



1027Journal of Petroleum Exploration and Production Technology (2019) 9:1025–1040 

1 3

(Futalan et al. 2012; Oyedele et al. 2013; Ihianle et al. 2013; 
Amigun et al. 2014; Onayemi and Oladele 2014). Conse-
quently, this study comprises imaging the subsurface struc-
tures, determination of reservoir properties and estimation 
of volumes for hydrocarbons within reservoirs of the Pennay 
field using integrated approach of petrophysical, seismic and 
volumetric methods.

Geological framework

The study area is located in the Gulf of Guinea on the west 
coast of Central Africa (Fig. 2) and outspreads all over the 
Niger Delta area (Stacher 1994). During the Tertiary, the 
Niger Delta built out into the Atlantic Ocean at the mouth 
of the Niger Benue river system, an area of catchment that 
covers more than a million square kilometres of mainly 
savannah-covered plains. The delta with the sub-aerial por-
tion covers about 75,000 km2 and covers more than 300 km 
from climax to mouth. The tertiary sequence of Niger Delta 
is subdivided into three broad stratigraphic units (Fig. 3): 
Akata, Agbada and Benin Formations in ascending order of 
sedimentation. Akata Formation (Marine Shale) is a fully 
marine deposit, characterized by uniform shale development 
with lenses of siltstone and sandstone. It is generally over-
pressured (i.e., under-compacted). The boundaries between 
each formation are not always sharp, but gradual transition is 
common. This formation is believed to have been deposited 
in front of the advancing delta and has a maximum thickness 
of over 6100 m in the central part of the delta. Akata shale is 

thermally matured and is considered to be the main source 
rock where hydrocarbons are generated. Agbada Formation 
(Paralic clastics) overlies the Akata Formation and under-
lies the Benin Formation. Agbada Formation is a paralic 
sequence consisting of alternation of sands (sandstones) and 
shale which are the result of differential subsidence, varia-
tion in sediment supply and shift of the delta depositional 
axes which result in local transgression and regression. Con-
siderable problems arise with the definition of the top and 
base of the Agbada Formation. The top is usually defined by 
local geologist as the base of fresh-water invasion, whereas 
the base is often placed at the onset of hard over-pressures 
during drilling. This sequence is connected with sedimen-
tary growth faulting (Fig. 4) and contains the bulk of the 
hydrocarbon reservoirs. The Agbada Formation is divided 
into four members namely:

1. D-1: This is predominantly regressive, marine sand and 
shale that contains minor oil and gas reservoirs.

2. Qua-Iboe: It consists of thick piles of shale with thin 
intercalated sands that are possible oil and gas reservoirs 
in some places.

3. Rubble beds: It lies directly below the Qua-Iboe as trun-
cated beds.

4. Biafra member: It is predominantly sands and shale, and 
it consists of the principal oil and gas reservoir. It is 
divided into upper, middle and lower.

Benin Formation (continental sands) occurs in the 
whole Niger Delta from Benin-Onitsha in the North and 

Fig. 2  Niger Delta concession 
map showing study area. Modi-
fied from Doust and Omatsola 
(1990) and Stacher (1994)
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extends beyond the present coastline. This is composed of 
entirely non-marine sand and it is the shallowest part of the 
sequence. It has massive continental (fluvative) grave, which 
consists of shale and sand with thickness up to 200 km. It 
was deposited in alluvial or upper coastal plain environ-
ments following a southward shift of deltaic deposition 
into a new depobelts. This is a terrestrial sequence. It is 
the uppermost and shallowest stratigraphic unit in the Niger 
Delta. It consists of poorly sorted, medium to fine grained, 
fresh water-bearing sands and conglomerates, with a few 

shale intercalations which become more abundant towards 
the base. The thickness of this formation is about 2100 m, 
and it traps non-commercial quantities of hydrocarbon and 
has sand percentage of over 80%. Corredor et al. (2005). The 
age of this formation is Oligocene (Short and Stauble 1967). 
The ‘Pennay’ field is situated offshore, southwestern Niger 
Delta and is complexly faulted within the basin. The topmost 
Benin sands, middle parallic Agbada Formation, and the 
marine shales of Akata Formation are well represented in 
the field. The field is characterized by only normal faults, 

Fig. 3  Stratigraphic column 
showing the three formations of 
the Niger Delta. Shannon and 
Naylor (1989) and Doust and 
Omatsola (1990)
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which indicate an extensional deformational phase during 
subsidence and uplift associated with instability of the over-
pressured shale in the Late Cretaceous.

Datasets and methodology

The datasets available for this study (Table 1) include a 
base map, 3-D seismic volume, suites of borehole logs 
for seven wells (Figs. 5, 6) and checkshot data. The 3D 
seismic data volume is a post-stack, zero-phase, migrated, 
58-folds, with dominant bandwidth of 65 Hz. It consists 
of 401 inlines and 201 crosslines. Lithologies in the field 
were identified via gamma ray log and this was possible 
by establishing shale baseline of 70API within gamma ray 

log. The negative deviation from the shale baseline indi-
cates that the lithology is sand and positive deviation to 
the right indicates that the lithology is shale. Hydrocar-
bon-bearing reservoirs in the seven wells were identified 
using area that has high resistivity values and low gamma 
ray which are an indication of hydrocarbon and sand unit, 
respectively; these areas were delineated and mapped as 
reservoirs. The 3D seismic data volume was used for fault 
interpretation and was quality checked using the 3D win-
dow. Identified faults were assigned names, colour coded 
(Fig. 7). Four key seismic horizons were tied to the seis-
mic section with the well tops which were defined from the 
gamma ray log. The resistivity logs were used to determine 
potential hydrocarbon-bearing zones. Qualities such as 
continuity, event strength, amplitude and coherency were 

Fig. 4  Principal Types of 
oilfield structures in the Niger 
Delta with schematic indica-
tions of common trapping 
configurations (after Tuttle et al. 
1999)

Table 1  Data available for 
interpretation

Data Pennay 1 Pennay 2 Pennay 3 Pennay 4 Pennay 5 Pennay 6 Pennay 7

Well headers • • • • • • •
Deviation surveys •
Gamma ray log • • • • • • •
Density log • • • • • • •
Sonic log • • • • • • •
Resistivity log • • • • • • •
Neutron log • • • • • • •
Spontaneous potential log • • • • • • •
Checkshot • • •
3D Seismic volume 

(inlines & crosslines)
•
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used as guides in mapping the continuity of the horizons. 
These analyses precede the interpretation of the seismic 
horizons. Five faults were map all through the field and it 
was found out that the major faults are growth fault.

Qualitative interpretation

This involves the use of the suite of logs, such as resistiv-
ity (ILD), gamma ray, neutron and density logs to identify 
lithology within the five wells, and the following gener-
alized formula were used to estimate the petrophysical 
parameters such as water saturation, hydrocarbon satura-
tion, porosity and permeability.

True formation resistivity (Rt)

This is the true resistivity of a formation. It is measured by a 
deep reading resistivity log such as deep induction log (ILD) 
or deep laterolog (LLD). The ILD log signature across each 
reservoir formation in each well is examined and sampled to 
obtain its average value in each of the hydrocarbon reservoir. 
This gives the true resistivity Rt of each reservoir.

Gamma ray index (IGR)

Determining the gamma ray index (IGR) is the first step needed 
to evaluate the volume of shale Vsh in porous reservoirs. They 
are applied in the analysis of shaly sands. The IGR is given by

 where  IGR: gamma ray index,  GRlog: gamma ray reading 
of formation,  GRmin: minimum gamma ray response in a 
clean sand or carbonate zone,  GRmax: maximum gamma ray 
response in a shaly formation, and  GRlog,  GRmin and  GRmax 
are measured in American Petroleum Institute (API) units.

Quantitative interpretation

This involves the estimation of petrophysical parameters such 
as porosity, water saturation, hydrocarbon saturation, perme-
ability, movable hydrocarbon index, bulk volume water, and 
residual oil saturation. Cross-plots of the estimated parameters 
were generated.

Volume of shale (Vsh)

The volume of shale Vsh was mathematically obtained from the 
following relationships (Eq. 3) using the  IGR using Microsoft 
excel package.

1. Dresser Atlas (1979) formulae:

2. Linear relationship: Vsh = IGR,

3. Steiber (1984) relationship:

4. Bateman (1977) formulae:

(1)IGR =
GRlog − GRmin

GRmax − GRmin
,

(2)
Vsh = 0.33

[

2(2×IGR) − 1.0
]

(For older and consolidated rocks),

(3)
Vsh = 0.083

[

2(3.7×IGR) − 1.0
]

(Tertiary and unconsolidated rocks).

(4)Vsh = 1.7
[

3.38 −
(

IGR + 0.7
)2
]1∕2

.

(5)Vsh =

(

0.5 × IGR
)

(

1.5 − IGR
) .

Fig. 5  Composite well logs and lithologic interpretation of well 1
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Porosity (Ø)

Based on the available data, density-derived porosity ØDEN 
was computed and corrected for shale effect using the 
Dresser Atlas, (1979) equation. The density-derived poros-
ity ØDEN is given by

(6)Vsh = IGR
(IGR+GR factor).

The corrected density porosity, after Dresser Atlas, (1979) 
is given by

(7)∅DEN =

(

ρma − ρb

ρma − ρf

)

.

(8)∅ =

(

ρma − ρb

ρma − ρf

)

− Vsh

(

ρma − ρsh

ρma − ρf

)

,

Fig. 6  Lithostratigraphic correlation section across the reservoirs



1032 Journal of Petroleum Exploration and Production Technology (2019) 9:1025–1040

1 3

where

Vsh  Volume of shale
ØDEN  Density-derived porosity
Ø  Corrected density porosity for shale effect
ℓma  Matrix density of formation. This is given as 2.68 g/

cc in the log header.
ℓb  Bulk density of formation. It is obtained as the log 

response in each reservoir.
ℓf  Fluid density. This is given as 1.0 g/cc in the log 

header.
ℓsh  Bulk density of adjacent shale. This is the density 

log response in the adjacent shale zone to each res-
ervoir formation.

Criteria of the ø grades

Ø < 5%: negligible.
5% < Ø < 10%: poor.
10% < Ø < 15%: fair.
15% < Ø < 25%: good.
Ø > 25%: Excellent.

Formation factor (F) estimation

This fundamentally expresses the ratio of the resistivity of 
a formation to the resistivity of the water with which it is 
saturated. In borehole geophysics, the formation factor F is 
given by

(9)F =
a

m
,

where

a  Tortuosity factor
m  Cementation factor
Ø  Porosity

where a = 1 and m = 1.8.

Water saturation estimation (Sw)

The water saturation in each of the reservoir formation was 
computed using the Archie (1942) formula. It is given by the 
following equation:

where

F  Formation factor
Rw  Formation water resistivity at formation temperature
Rt  True formation resistivity
n  Saturation exponent. This was given as 2.0. This was 

obtained from the log header.

Hydrocarbon saturation (Sh)

The hydrocarbon saturation was computed using Eq. 3.11. 
 Sh is given by

(10)Sw =

(

F ×
Rw

Rt

)1∕n

,

(11)Sh = 1 − SW.

Fig. 7  Typical interpreted seismic section (Inline 6190)
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Irreducible water saturation (Swirr) :n

Water saturation at irreducible water Swirr was given by

Absolute permeability (K)

Absolute permeability is the ability of a rock to transmit a 
single fluid when it is 100% saturated with that fluid. It is 
measured in millidarcy (md).

The absolute permeability K is given by

This is called the Timur (1968) relationship.

This is the Tixier (1956) relationship. This is applied in 
this study to compute the permeability for each reservoir 
rock.

Ø is the porosity. Swirr is the irreducible water saturation.

Relative permeability (Kr)

The relative permeability Kr is the ratio between effective 
permeability of fluid at partial saturation, and the perme-
ability at 100% saturation (absolute permeability). It follows 
that when the relative permeability of a formation water is 
zero, then the formation will produce water-free hydrocar-
bons (i.e, when Krw = 0 then Kro = 100%). With increasing 
relative permeability to water Krw, the formation will pro-
duce increasing amounts of water relative to hydrocarbons 
(Asquith 2004).

The relative permeability to water Krw is given by

The relative permeability to oil Kro is given by

Effective permeability (Kw and Ko)

Effective permeability describes a situation where there are 
two fluids in a rock. The ability of the rock to transmit one 

(12)Swirr =

√

F

2000
.

(13)K1∕2 =
100 × �2.25

Sw irr

.

(14)K1∕2 =
250 × �3

Sw irr

.

(15)Krw =

[ (

Sw−Sw irr

)

(

1 − Sw irr

)

]3

.

(16)Kro =

[

Sh
(

1 − Sw irr

)

]2.1

.

of the fluids in the presence of the other, when the two fluids 
are immiscible is a function of the effective permeability of 
the rock.

The effective permeability to water Kw is given by

The effective permeability to oil Ko is given thus as

Hydrocarbon pore volume (Hcpv)

This is the fraction or the percentage of bulk reservoir vol-
ume that is occupied by hydrocarbon. It is given by

where

Ø  is the porosity
Sw  Water saturation
Sh  Hydrocarbon saturation.

Also in this study, volumetric estimation of hydrocarbon 
was carried out with varying degrees of uncertainty using a 
deterministic approach. The original oil in place (OOIP) was 
estimated using the gross rock volume (GRV) as well as net 
to gross (NTG), porosity (Ø) and water saturation  (Sw) data 
deduced from the formation evaluation results. The OOIP in 
Acre-ft was converted to million barrels (MMB) using the 
formulae stated below:

 where

7758/106  Conversion factor: million barrels per Acre-ft
0.04356  Conversion factor: million standard cubic feet 

per Acre-ft
GRV  Gross rock volume in acre-ft
NTG  Net to gross
Ø  Porosity
Sw  Water saturation
OOIP  Original oil in place
GIIP  Gas initially in place
STOIIP  Stock tank oil initially in place

(17)Kw=Krw × K.

(18)Ko = Kro × K.

(19)Hcpv = � ×
(

1 − SW
)

= � × Sh,

(20)
OOIP=[GRV × NTG × � × (1 − SW) × 7758.38] ÷ 106,

(21)
Stock Tank Oil Initially In Place (STOIIP) = OOIP ÷ Boi,

(22)GIIP = GRV × NTG × � × (1 − SW) × 0.04356,

(23)
Stock Tank Gas Initially In Place (STGIIP) = GIIP ÷ Bgi,

(24)Estimated Ultimate Recovery = STOIIP ÷ RF,
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STGIIP  Stock tank gas initially in place
Boi  Formation volume factor for oil
Bgi  Formation volume factor for gas
RF  Recovery factor

Results and discussion

Seismic structural analysis

Structural interpretation was performed to identify and 
assign faults found in the 3-D seismic volume. Time and 
depth structure maps in combination with well logs were 
used to produce for four horizons, namely H1–H4. Three 
major growth faults (F2, F3 and F5 which are normal, listric 
concave in nature) and two antithetic (F1 and F4) were iden-
tified. Structural closures identified as rollover anticlines and 
displayed on the time/depth structure maps suggest prob-
able hydrocarbon accumulation at the upthrown side of the 
fault F4. Structural time maps where values are in two-way 
seismic travel time were generated for the mapped horizons 
using fault polygons, boundary polygons and the interpreted 
horizon. Structural depth maps were also generated and 
they show the true position of structures and mapped faults 
within the study area as shown in Fig. 8a–d.

The depth structural map of sand A is shown in Fig. 8a; 
the contour lines vary from − 2260 to − 2380 m. The lowest 
point on this map is at the north-western part with depth 
values from − 2200 to − 2260 m. On this map, there are five 
faults; the two main faults (F3 and F5) are responsible for 
the hydrocarbon accumulation. The crest of the structure is 
structurally high; hence it suggests hydrocarbon prospect. It 
can be observed that the existing wells are situated close to 
and on the flank of the mapped structural high. The depth 
structural map of sand B is shown in Fig. 8b; the contour 
lines vary from − 2450 to − 2900 m. The lowest point on this 
map is at southwestern part with depth values of − 2375 to 
− 2450 m. There are five faults on the map; the major faults 
(F3 and F5) are responsible for the hydrocarbon accumula-
tion. The crest of the structure is structurally high; hence it is 
a hydrocarbon prospect. It can be observed that the existing 
wells are situated close to and on the flank of the mapped 
structural high. This also confirms the validity of the exist-
ing interpretation. The depth structural map of sand C is 
shown in Fig. 8c; the contour lines vary from − 2450 to 
− 2900 m. The lowest point on this map is at the south-
western part with depth values from − 2375 to − 2900 m. 
One major fault was mapped which is the main fault that 
is responsible for the hydrocarbon accumulation. The crest 
of the structure is structurally high; hence it is a region of 
interest for hydrocarbon exploration. It can be observed that 
the existing wells are situated close to and on the flank of the 
mapped structural high.

The depth structural map of sand D is shown in Fig. 8d; 
the contour lines vary from − 3000 to − 3500 m. The lowest 
point on this map is at the southwestern part with depth val-
ues from − 3000 to − 3125 m. On this map, one major fault 
was mapped which is the main fault that is likely responsible 
for the hydrocarbon accumulation. The crest of the structure 
is structurally high; hence it is a hydrocarbon prospect. It 
can be observed that the existing wells are situated close 
to and on the flank of the mapped structural high. This also 
confirms the validity of the existing interpretation.

Results of petrophysical evaluation

The petrophysical evaluation of the reservoir units forms a 
qualitative approach of interpreting the well logs. All com-
putations were done using relevant equations and typical 
results obtained are presented in Tables 2, 3 and 4. Res-
ervoir A is located within a depth range of 2294–2440 m 
and extends across all the wells. It has an average porosity 
of 28%, hydrocarbon saturation of 60%, permeability of 
721md, volume of shale of 12%, net to gross sand ratio 
of 0.99 and water saturation of 39.7%. The reservoir has 
an average porosity of 28%, which is a good and signifi-
cant characteristic of prolific reservoir according to cri-
teria of the porosity (ø) grades by Bateman and Konen 
1977. The reservoir in sand B was penetrated at depths 
2459–2563 m for Pennay 1, 2458–2727 m for Pennay 2, 
2477–2691 m for Pennay 3, 2478–2684 for Pennay 4 and 
2456–2747 m for Pennay 5. Gross reservoir thickness is 
108 m, 269 m, 28 m, 372 m, 133 m and 110 m in Pennay 
1–5, respectively. It was characterized by gross thickness 
of 120 ft, 103 ft, and 112 ft; net to gross ratio is 100% in 
Pennay 1, 2, 3 and 4, respectively. The average volume of 
shale is 8%; as a result of this, the reservoir has a maxi-
mum porosity of 28% which is a clear indication that the 
reservoir has a large volume of sand deposit than shale, 
therefore, hydrocarbon saturated. The hydrocarbon satura-
tion in the reservoir is 70%, 72%, 70%, 72% and 70% for 
Pennay 1–5, respectively. The estimation of effective and 
relative permeability to oil hydrocarbon of Pennay 2, 1, 4, 
3 and 5 are 0.559, 0.61, 0.56, 0.61 and 0.56, respectively. 
Reservoir in sand C with thickness ranging from depths 
of 2778–3126 m for Pennay 1, 2783–3155 m for Pennay 2, 
2870–3203 m for Pennay 3, and 2798–3159 m for Pennay 
4 and 2779–3130m for Pennay 5. Gross reservoir thickness 
is 122 m, 214 m, 333 m, 250 m and 214 m in Pennay 2, 1, 
4, 3 and 5, respectively. It is characterized by an average 
gross thickness of 230 m, with net to gross ratio of 84% in 
Pennay 1, 2, 3, 4 and 5, respectively. In Pennay 3 and 4, the 
resistivity log gives a little increase with combination of 
neutron and density logs crossover which might be an indi-
cation of gas and oil contact, while in Pennay 3 the resis-
tivity log yields a minute increase which is an indication 
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of an oil and water contact. The average volume of shale in 
reservoir C is 15%. Reservoir in sand D was penetrated by 
the wells at depth ranging from 3206 to 3501 m for Pennay 
1, 3256–3389 m for Pennay 2, 3246–3496 m for Pennay 3, 
3210–3320 m for Pennay 4 and 3209–3509 m for Pennay 
5. Gross reservoir thickness is 66 m, 32 m, 27 m, 36 m in 

Pennay 2, 1, 4 and 3, respectively. It was characterized 
by an average volume of shale of 18%. The reservoir is 
thin in the SE and thickens toward the NW; this probably 
could be attributed to deformation or tectonic activities in 
the area of study.

Fig. 8  a Depth structure map of horizon sand A. b Depth structure map of horizon sand B. c Depth structure map of horizon sand C. d Depth 
structure map of horizon sand D
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Proven reserve estimation (1P/P90)

The reserve resource accumulations in the Pennay field 
for the four-mapped reservoir sand-bodies have a total 
proven (1P) reserve estimate of 53.005MMBO at 1P/P90 

(Fig. 9a) (Table 2). C-unit, the only interval with a gas 
cap, has a 1P volume of 7737MMscf of free gas (Table 2). 
These oil and gas volumetric values yield a 1P/P90 total 
of 137.30MMBOE (Table 2). Reservoirs B and D have 
the highest recoverable oil (Fig.  9b) with 1P values of 

Fig. 8  (continued)
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Table 2  Proven Reserve Resources Estimate at 1-P/P90 for ROI 1

1-P @ P90 OIL GAS

Reservoir GRV Area NTG Ф S
w OOIP

Bo/
Bg STOIIP GIIP RF Reserve GOR DG FG

Acre-
ft Acres Frac Frac Frac MMB MMBO MMscf MMBO scf/bbl MMscf MMscf

A 6980 357 0.705 0.310 0.560 5.207 1.800 2.893 0.35 1.013 37500 37971.3

B 31198 676 0.490 0.240 0.400 27.079 1.800 15.044 0.35 5.265 37500 124532.3

C 14955 418 0.840 0.270 0.380 0.004 10315.8 0.75 7736.8

C 13880 589 0.840 0.270 0.380 7.373 1.800 4.096 0.35 1.434 37500 53757.9

D 78786 1027 0.545 0.237 0.303 55.030 1.800 30.572 0.35 10.700 37500 401257.7

94.689 53.005 10315.8 18.412 617519.3 7736.8

TOTAL MMBOE 137.30

Table 3  Proven Reserve Resources Estimate at 2-P/P50 for ROI 1

@2P/ P50 OIL GAS

Reservoir GRV Area NTG Ф S
w OOIP Bo/Bg STOIIP GIIP RF Reserve GOR DG FG

Acre-
ft Acres Frac Frac Frac MMB MMBO MMscf MMBO scf/bbl MMscf MMscf

A 6980 354 0.740 0.326 0.532 6.107 1.800 3.393 0.35 1.187 37500 44527.4

B 31198 646 0.515 0.252 0.380 29.577 1.800 16.432 0.35 5.783 37500 141873.4

C 14955 413 0.599 0.221 0.437 0.004 11857.5 0.75 8893.2

C 13880 578 0.599 0.221 0.437 7.335 1.800 4.750 0.35 1.426 37500 53481.2

D 78786 1027 0.572 0.249 0.288 61.989 1.800 34.438 0.35 12.053 37500 452002.4

105.008 59.013 11857.5 20.655 700070.8 8893.2

TOTAL MMBOE 154.90

Table 4  Proven Reserve Resources Estimate at 3-P/P10 for ROI 1

3C/ 3P@ P10 OIL

OIL

GAS

GAS

Reservoir GRV Area NTG Ф S
w OOIP Bo/Bg STOIIP GIIP RF Reserve GOR DG FG

Acre-ft Acres Frac Frac Frac MMB MMBO MMscf MMBO scf/bbl MMscf MMscf

A 6980 354 0.777 0.342 0.505 7.115 1.800 3.953 0.35 1.384 37500 51881.7

B 31198 646 0.540 0.265 0.361 32.109 1.800 17.838 0.35 6.244 37500 161208.8

C 14655 413 0.628 0.232 0.415 0.004 13580.3 0.75 10185.2

C 13880 578 0.628 0.232 0.415 9.669 1.800 5.3711 0.35 1.880 37500 53481.2

D 78786 1027 0.601 0.261 0.273 69.724 1.800 38.736 0.35 13.557 37500 508403.9

118.617 65.898 13580.3 23.064 791996.1 10185.2

TOTAL MMBOE 171.51
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5.265MMBO and 10.70MMBO, respectively (Table 2). This 
proven reserve estimation is also referred to as low estimate.

Probable reserve estimation (2P/P50)

Probable reserve estimation (2P/P50) is also called the best 
estimate of petroleum reserve accumulations at Pennay field; 
the four-mapped reservoir sand bodies have a total probable 
reserve estimate of 59.013MMBO at 2P (Fig. 10a) (Table 3). 
C-unit, the only interval with a gas cap, has a 2P volume of 
8893.2MMscf of free gas (Table 3). These oil and gas volu-
metric values yield a 2C/2P at P50 total of 154.9MMBOE 
(Table 3). Reservoirs D and B have the highest recover-
able oil (Fig. 10b) with 2P values of 12.053MMBO and 
5.783MMBO, respectively (Table 3).

Possible reserve resource estimation (3P/P10)

The petroleum reserve accumulations in the Pennay field 
for the four-mapped reservoir sand bodies have a total pos-
sible (1P) reserve resource estimate of 65.898MMBO at 3P 
(Fig. 11a) (Table 4). C-unit, the only interval with a gas cap, 
has a 1P volume of 10185.2MMscf of free gas (Table 4). 
These oil and gas volumetric values yield a 3C/3P at P10 
total of 171.515MMBOE (Table 4). Reservoirs D and B 
have the highest recoverable oil (Fig. 11b) with 1P values 
of 13.557MMBO and 6.244MMBO, respectively (Table 4). 

Fig. 9  a P90/1P STOIIP pie chart of reservoirs A–D at ROI 1. b 
P90/1P recoverable oil chart of reservoirs A–D at ROI 1 Fig. 10  a P50/2P STOIIP pie chart of reservoirs A–D at ROI 1. b 

P50/2P recoverable oil chart of reservoirs A–D at ROI 1

Fig. 11  a P10/3P STOIIP pie chart of reservoirs A–D at ROI 1. b 
P10/3P recoverable oil chart of reservoirs A–D at ROI 1



1039Journal of Petroleum Exploration and Production Technology (2019) 9:1025–1040 

1 3

This proven reserve estimation is also referred to as high 
estimate.

Conclusions

The study has shown the effectiveness of integrating well 
log and seismic data in estimation of reservoir petrophysical 
properties and evaluation of hydrocarbon latent of reser-
voirs, and also to influence development choices. Results of 
this study also revealed the efficiency of integrating petro-
physical appraisal and seismic interpretation in evaluating 
hydrocarbon resource potential of reservoirs and also to 
reach development verdicts. The necessity to enhance pro-
duction from the field of study has led to comprehensive 
description of the reservoirs in terms of structure and hydro-
carbon volume. The detailed characterization of the reser-
voirs in relations to structure and petrophysical properties 
will bring about the needed production optimization in this 
field. Moreover, the results will help to plan the develop-
ment method and guesstimate production, and also helpful 
in providing effective reservoir management approach. Four 
hydrocarbon-bearing sands, namely Pennay 1, 2, 3 and 4 
were delineated from the study area. The area is character-
ized by the following petrophysical properties: gross ranges 
between 108 and 361 m, net/gross: 78–96%, Ø: 27–31%, 
Vsh: 7–20%, Sh: 56–72%, Sw: 28–44%, Hcpv: 13–21% and 
K: 300–1097 md. Reservoirs B and D rank higher than other 
mapped reservoirs in the study area. They are characterized 
with high hydrocarbon saturation 72%, low water saturation 
28% and excellent porosity 31%. These reservoirs are good 
reservoir with high oil saturation at irreducible water satura-
tion, because water saturation values are low from 7.07 to 
20%, which means that the sand body in all the reservoirs is 
high and there will be high rate of free flow of hydrocarbon 
in all the reservoirs as corroborated by their permeability 
values. Four horizons corresponding to near top of deline-
ated hydrocarbon-bearing sands were mapped after well to 
seismic tie and subsequently used to produce time maps and 
then depth structural maps using appropriate checkshot data. 
Three major faults (F2, F3 and F5 which are normal, listric 
concave in nature) and two antithetic (F1and F4) were iden-
tified. Structural closures identified as rollover anticlines and 
it also describe as four-way dip closure was displayed on the 
time/depth structure map. These structural closure hydro-
carbon traps in the study area are found at the upthrown 
side of the fault F4. This study shows that the results of 
estimated petroleum reserve accumulations in the Pennay 
field for the four-mapped reservoir sand bodies have a total 
proven (1P) reserve resource estimate of 53.005MMBO at 
P90, 59.013MMBO at 2P/P50 and 65.898MMBO at 3P/P10. 
Reservoir C, the only interval with a gas cap, has a volume 
of 7737MMscf of free gas at 1P, 8893.2MMscf at 2P and 

10185.2MMscf at 3P. These oil and gas volumetric values 
yield at 1P/P90 total of 137.30MMBOE, 154.9MMBOE 
at 2P and 171.515MMBOE at 3P. Reservoirs B and D 
have the highest recoverable oil at 1P, 2P, and 3P values 
of 5.265MMBO and 10.70MMBO, 12.053MMBO and 
5.783MMBO, 13.557MMBO and 6.244MMBO, respec-
tively. The result will help to plan the development approach 
and forecast production, and also helpful in providing very 
effective reservoir management strategy throughout the life 
of the field. Further fault seal analysis should be carried 
out on the two major faults accumulating these hydrocarbon 
quantities to check efficiency of these faults in trapping the 
hydrocarbon. It is recommended that further studies should 
include with biostratigraphy data of all the wells. This will 
provide more reliable data for further interpretation of the 
field. Integrated studies such as drill stem test, repeat forma-
tion test results and engineering data should be added to the 
results of this study to further ascertain the fluid types identi-
fied in the wells and also give evidence that reservoir fluid is 
actually recoverable. These will contribute significantly to 
the efficient development of the hydrocarbon in Pennay field.
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