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Abstract: Herein the relationships between porosity (@) and permeability (K), reservoir quality index (RQI) and
flow zone indicator (FZI) were further verified and used to evaluate the selected reservoirs. This work is aimed
at presenting porosity dependent equations for formation evaluation, through; (a) modification of traditional
equations and (b) generation of curves/models for the estimation of K, RQI and FZI based on three fundamental
ideas to aid the evaluation of the reservoirs flow units. Two reservoirs (R-M and R-N) were correlated across
three wells (R-Da, R-Dy and R-D¢) in Ritchie’s Block, offshore Niger Delta. The equations (Tixier’s, Timur’s and
Coates’) for K determination and the expressions for RQI and FZI were modified and used for the evaluation of
hydrocarbon potential of the two reservoirs mapped across the selected wells. Three porosity dependent equations
suggested for use in sandstone units were presented for each of K, RQI and FZI. These equations were used to
evaluate and compare these parameters each in three different ways and suggest that the reservoirs have good
flow units. The estimated average porosity of the two reservoirs is 0.24, consequently, the values of averaged K
were estimated at 1721mD, 2343mD and 1969mD for Kmyx, Kmm and Kme respectively. Similarly, the
corresponding values of RQI and FZI were estimated at 2.66pum, 3.10um and 2.84um (RQlaa, RQla and RQlxc)
and 8.42um 9.82um and 9.01um (FZlaa, FZIlan and FZIyc) respectively. Models in form of curves that show the
relationships between the evaluated parameters and porosity were presented. In a way to combine the three
expressions for each of the parameters, the average of the values for RQlaa, RQla and RQlac and the average of
the corresponding values for FZla, FZIa, and FZI,c were determined. Hence, RQlaverage aNd FZlaverage Were plotted
against porosity to help generate a combined quick-look model for RQI and FZI prediction. With this model, the
porosity of 0.24 corresponds to RQI of 2.95um and FZI of 9.00um respectively. Overall, the evaluated reservoirs
were confirmed to have hydrocarbon with very good values of K, RQI and FZI. Significant rates of hydraulic
conductivity and hydrocarbon recoveries are anticipated within the reservoirs (R-M and R-N) across the three
wells and as such, hydrocarbon volumetric estimation is encouraged. A sensitivity analysis was carried out and
shows that the change in tortuosity factor does not seem to have a significant influence on the results. Therefore,
an averaged tortuosity factor of 0.8 was used in the equations. The expressions were also tested and compared
with the results computed using the traditional equations and similar values were obtained.
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I Introduction

The relationship between porosity and flow units in the sandstone reservoirs in Ritchie’s oil block, located in
the offshore part of the southern Niger Delta, Nigeria has been evaluated. Porosity is an influential parameter in
the petrophysical and volumetric evaluation and the majority of the reservoirs physical characteristics are not
completely expressed without the use of porosity. The relationship between porosity and reservoir’s flow units is
very effective for explaining reservoirs’ geological attributes such as grain sizes and sorting, shale content,
cementation, consolidation of rocks, pore sizes and interconnectivity among others [1; 2; 3]. In most cases
involving qualitative evaluations, a few other parameters such as formation factor (F), irreducible water saturation
(Swir) and free fluid index (FFI) are calculated first using porosity and a few other factors as inputs before
calculating permeability and other parameters.

This work presents modified expressions with which permeability (K), reservoir quality index (RQI) and flow
zone indication (FZI) were evaluated. Essential parameters for reservoirs qualitative evaluations are derivable
from wire-line logs [3; 4] and porosity is always incorporated with other information from the seismic analysis
for volumetric estimations [5; 6; 7]. Therefore, it is very important that porosity be carefully estimated before it
is optimised for formation evaluation. The determination of the reservoirs porosity was done with the aid of
density log (RHOB) and the values obtained were corrected for the influence of shale before they were used for
the evaluation of other dependent parameters. The correction for shale influence on the porosity of the reservoirs’
sand is very important [8; 9] because any error in the evaluation or computation of porosity could result in either
exaggeration or reduction of the actual value of the dependent parameters. Since whole lots of parameters use for
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formation evaluation are directly or indirectly dependent upon porosity, when it is well calculated and properly
harnessed, it will present a way of minimising risk. In volumetric estimations, for instance, every other parameter
been alright, 0.05 to 0.1 (5 — 10%) increase or decrease in porosity value could result in a notable increase or
decrease in the computed volumes of hydrocarbons in place. As such, the actual volume is either reduced or
exaggerated and could affect the final decision. Similarly, in qualitative evaluations, the expression for RQI [2] is
dependent upon K, K is dependent upon Swir and/or FFI, both Syirand FFI are dependent upon F while F is
dependent upon ®. If one must follow the computation in steps from the determination of F, ® will be
approximated over a range of equations, because most of these equations never give their results in whole figures.
Errors due to estimation are always undesirable, especially when it comes to volumetric analysis and other
decision dependent calculations, where overestimation or underestimation error as low as £0.05 can result in a
notable difference. This can bring about risk and uncertainty.

Therefore, this work tends to look at the use of equations that are involving direct computation of porosity
for the evaluation of some of the reservoirs intrinsic parameters in sandstone units. The possibility of using
porosity as the only variable in these expressions was fundamental because it assisted in drawing a direct
relationship between porosity and the evaluated parameters (K, RQI and FZI). Curves showing the relationship
between porosity and each of K, RQI and FZI based on the three different ideas (Tixier’s, Timur’s and Coates”)
were presented. A single model for the determination of RQI and FZI based on the modified expressions was also
presented. These curves are recommendable for use as quick-look models in the estimation of these parameters,
provided porosity values are available.

1. Study location and geology
The study location (Latitude 3.6°N and 3.8°N and longitude 7.1°E and 7.3°E) is within the offshore region
of the southern Niger Delta (Fig. 1). The offshore boundary of the Niger Delta province is bound by the Cameroon
volcanic line to the east, the Dahomey basin to the west and the 2km sediment thickness contour or the 4000m
bathymetric contour to the south and south-west [10; 11].
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Figure 1. Index map of study location and map of Niger Delta showing the petroleum
systems and oil and gas fields, modified from Petroconsultant [10]

Deep-sea landscapes and related structural alterations are believed to have emerged due to activities
involving erosion, sedimentation and gravity influenced tectonics [12; 13; 14; 15]. These events have assisted in
redefining the seabed bathymetry and the collective petroleum pattern of the region. The rollovers structures
collapsed crests, faults with back-to-back features and the marine shale diapers which provided the sealing
mechanism for the reservoirs are also linked with these structural deformations [16; 17; 18; 19]. Although,
stratigraphic traps are not impossible but most known traps in Niger Delta fields are structural and they believed
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to have developed during synsedimentary deformation of the Agbada parallel [17; 20]. The onshore Province is
delineated by the geology of southern Nigeria and southwestern Cameroon. The northern boundary is the Benin
flank, an east-northeast trending hinge line south of the West Africa basement massif [11]. The northeastern
boundary is defined by outcrops of the Cretaceous on the Abakaliki High and further southeast by the Calabar
flank. The province covers 300,000 km? and includes the geologic extent of the Tertiary Niger Delta (Akata-
Agbada) Petroleum System [11; 16].

The Niger Delta is characterised by three geologic formations; Benin, Agbada and Akata. Benin
Formation consists of highly porous continental sands and gravels with very little hydrocarbon. The abundance
of hydrocarbon in Niger Delta is mostly associated with the Agbada and Akata Formations. Aghada Formation is
between the Benin and the Akata Formations and consists of a sandy part, which serves as the main hydrocarbon
reservoir of the delta and shale as the cap rock. The Akata Formation is believed [16; 20; 21] to have the highest
field with the lowest gas to oil ratio. The Agbada Formation has intervals that contain organic carbon contents
sufficient to be considered good source rocks [22; 23]. But Evamy et al [20] and Starcher [17] believe that the
intervals, rarely reach thickness sufficient to produce a world-class oil province and are immature in various parts
of the delta. Similarly, the marine interbedded shale in the Agbada Formation, the marine Akata shale, and
Cretaceous shale are also suspected to be contributing source rocks [20; 24; 25; 26]. Evamy et al. [20] supported
the marine shale (Akata Formation) and the shale interbedded with paralic sandstone (lower Agbada Formation)
as the source rocks for the Niger Delta oils.

1. Materials and Methods
Gamma-ray log (GR), deep laterolog (LLD), water saturation log (SW), neutron porosity log (NPHI) and density
tool (ROHB) were engaged in this work. The basic methods herein are:
(@ modification of traditional (Timur’s Tixier’s and Coates') permeability (K) equations to help
provide alternative expressions in sandstone units;
(b)  sensitivity analysis on the expressions in (a) above using different values of tortuosity factor to
help verify the influence of its change on permeability;
(c) redefinition of the permeability (K) equations using the idea derived from (b) above and
modification of reservoir quality index (RQI) and flow zone indicator (FZI);
(d) determination of porosity from well logs to aid the computation of K, RQI and FZI of the selected
reservoirs with the aid of the equations as in (c) above;
(e) generation of curves showing permeability/porosity, reservoir quality index/porosity and flow
zone indicator/porosity relationships based on the results as in (d) above and
(f)  determination of RQlaverage aNd FZlaverage based on the three expressions for each of them, to help
generate a combined model for the estimation of the reservoirs flow units.

3.1 Modification of Timur’s, Tixier’s and Coates' permeability (K) expressions for use in

sandstone units

The normal expression for irreducible water saturation is given by equation 1.
F

(Swirr)z = 2000 (1)
Where; 2000 = formation constant and F = formation factor which is expressed by equation 2.
F=-— )
(Dm

[a = tortuosity factor (usually within the range of 0.6 to 1), ® = porosity and m = porosity exponent]
Hence, the expression for irreducible water saturation can be written as equation 3.

(Swirr)z = 200z®m (3)
But porosity exponent (m) is usually taken as 2 in sandstone units. Therefore;
a
(Swirr)z = 200002 (4)
Such that irreducible water saturation in sandstone units can be expressed by equation 5.
ao.S
Swirr = 4720 (5)

Where 44.72 is the square root of 2000.
This equation was then used to modify Tixier’s, Timur’s and Coates' equations for permeability.

The Tixier’s equation [1] for permeability is given by equation 6.
(1)3

K°® =250 — (6)
S.irr 18 SUbstituted in equation 6 using equation 5 such that, the expression becomes;
3 0.5
KOs =250 & + [-2 | @)
1 44.720
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Hence,
K°5 = 250 ‘%3 x [2222] ®)
Therefore, the Tixier’s permeability expression is modified for use in sandstone units as equation 9.
(Kpa)?S = 122" ©)
[Kpner 1S permeability modified from Tixier’s expression].
The expression for permeability [1] given by Timur is written as;
K°5 =100 :’:25 (10)

Similarly, s, is substituted such that, the Timur’s permeability expression is modified for use in sandstone
units as equation 11.
44729325

(Kmtm)o's T (11)
[Kpmem 18 permeability modified from Timur’s expression].

Schlumberger [1] stated Coates' expression for permeability as equation 12.

201_g .
KO.S =70 @ (; t“err) (12)
wirr
and
KO.S _ 70 q)z [1 _ ao.s ] . [ ao.S ] 13
- 44.720] * laa720 (13)
Such that
05 _ 2 44_72¢,_a0.5 . aO.S
K™ =700 [ 44.720 ] ’ [4-4-.72c1>] (14)
Consequently, s
0.5 _ 5 [44.720—a® 44,720
K*==709 [ 44720 ] X [ @05 ] (15)

Hence, the Coates’ permeability expression is modified for use in sandstone units as equation 16.
3130403 -7092q05

(K)*® = 2o (16)
[K is permeability modified from Coates' expression].

3.2 Sensitivity analysis
A simulation was carried out by doing a sensitivity analysis on K,,,;,,, Kt @nd K, considering the
possible range (0.6 to 1.0) of tortuosity factor (a) and a porosity range of 0.05 to 0.75. The results of K using each
0f 0.6, 0.7, 0.8, 0.9 and 1.0 with the three equations herein were plotted against porosity to help verify the influence
of the change in the factor of tortuosity on permeability. The three expressions show approximately the same
results as shown in Figure 2.
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Figure 2: Curves showing the influence of the change in tortuosity factor (a) on
permeability (k)
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The evaluation shows that change in tortuosity factor seems not to have a significant influence on the
permeability values. Therefore, the average (0.8) of the range (0.6 to 1) of tortuosity factor was used to redefine
the equations for the reservoirs, such that only porosity dependent expressions were presented as shown in
equations 15 to 18.

111800*
(Kmtx)o's = W (17)
(Ke)"S = 22200 (18)
0.894
Similarly,
44720325
; (Kmtm)o's = T osor (19)
an
3130.403-62.5802
(Ke)°® = Z222200 (20)
3.3 Modification of equations for reservoir quality index (RQI) and flow zone indicator
(FZ1) for the reservoirs sandstone units
The equation for RQI [2] is given by equation 21.
0.5

RQI = 0.0314 (g) (21)

This equation was redefined by substituting the value of K using equations 18, 19 and 20 respectively, such that;
3510%

RQlo = 5055 (22)

Hence;
140.4®3-25

RQlay = 4 5oap0s &

and
3_ 2
RQIaC - 98.299°-1.9650 (24)

0.89490-5

Where; RQI,,, RQI,, and RQI,, are alternative expressions a, b and ¢ for RQI, modified with K,,.,., K,;,t:-, @nd
K, respectively.

In the same vein, FZI was redefined in three different ways by using the three alternative expressions
for RQI in equations 22, 23 and 24. The expression for FZI [2] is given by equation 25.

FZl = =% (25)
Such that
3510*
FZlaq = (0.89400:5)D,. (26)
Similarly,
140.4®3-25
Fzly = (0.894095),. @7)
FZl,, = (98.2993-1.96502) (28)

(0.894D05) D,

Where; FZ1,,, FZ1,, and FZ1,, are alternative expressions a, b and ¢ for FZI, modified with RQI,,, RQI,;, and
RQI,, respectively. @, is the ratio of the derived porosity and the difference between the maximum derivable
value (100%) of porosity and the derived porosity, it is expressed by equation 29.

®, = (29)

[}
1-0
3.4 Determination of porosity and computation of parameters (K, RQI and FZI) across the
selected reservoirs
This aspect started with log interpretation to help determine the average porosity of each of the reservoirs.
Two reservoirs (R-M and R-N) were correlated across the three wells (R-D,, R-Dp and R-D¢) (Fig.3). Gamma-ray
log (GR) was used to identify sandstone units while deep laterolog (LLD) was used to delineate hydrocarbon units
within the sandstone reservoirs. Well R-Da does not have porosity tool but the signatures of GR, LLD and water
saturation (SW) within the reservoirs in this well are in similar patterns with those in other selected wells (R-Dy
and R-D¢). Similarly, NPHI and RHOB also show similar responses within each of the correlated reservoirs in
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wells R-Dy and R-D (Fig.3) as such, it is assumed that the porosity values within the reservoir R-M and R-N in
R-D, should be within the same range as the other wells. In addition, the reservoirs in each of the wells are
correlated across the same formation.
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SW SW
R-D, R-Dy 00 1.0 R-D. 00 10
® o NPHI ' NPHI
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Correlated Reservoirs (Sands)

GR = Gamma-ray log, LLD = Deep laterolog, NPHI = Neutron Porosity log, ROHB = Density tool, and
SW = Water Saturation Log.

Figure 3. Well logs with correlated reservoirs

——Reservoir Base =——Reservoir Top

Therefore, porosity (@) values were obtained directly from density log (RHOB) at intervals of 10 feet

and corrected for shale influence within each of the reservoirs using equation 30.
_ Pma—Pb Pma—Psh
CDD N Pma—Pf VSh[Pma_Pf] (30)

[Vin, = volume of shale, @, = density derived porosity corrected for shale, p,,, = matrix density of formation
(2.65gcc for sandstone), p,= bulk density of formation, p.= fluid density of formation (1.0gm/cc) and p,= bulk
density of adjacent shale].
Averaged porosity values within each reservoir were used as inputs to compute the reservoir permeability (K),
reservoir quality index (RQI) and Flow Zone Indicator (FZI).

3.5 Permeability (K)/Porosity (@), Reservoir Quality Index (RQI)/Porosity (®) and Flow

Zone Indicator (FZI)/ Porosity (®) Curves

With the aid of the expressions herein a range of values from 0 to 50% (0 to 0.50) was used for porosity
to compute K, RQI and FZI. The averaged values of these parameters across the selected reservoirs were extracted
from the results, considering the averaged porosity values calculated for each reservoir. Based on the results,
curves were generated by plotting each of the evaluated parameters against porosity. Similarly, the values of
RQlz, RQIlx and RQls were averaged with the corresponding values FZla, FZIlp and FZly. RQlaverage and
FZlaerage Were plotted against porosity to help generate curves that can serve as a combined model for RQI and
FZI estimations within sandstone units.
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V. Results
The results obtained for K, RQI and FZI using averaged porosity within each of the reservoirs are
presented in Tables 1 and 2.

Table 1: Results of the evaluated parameters across reservoir R-M
Wells | & | a Kimexy | Kanemy | Kme | RQlaa | RQlyy | RQlye | FZIyy | FZI4y, | FZI4,

(mD) | (mD) | mD) | (pm) | (pm) | (pm) | (pm) | (pm) | (pm)
R-D, | 0240801721 [ 2343 [1969 | 266 [3.10 |[284 |842 9.82 [ 9.01

R-Dp | 0.23 | 0.80 | 1225 | 1776 1513 | 2.29 2.76 255 | 767 |924 |853
R-D. | 0.24 | 0.80 | 1721 | 2343 1969 | 2.66 3.10 2.84 | 842 9.82 | 9.01

Table 2: Results of the evaluated parameters across reservoir R-N

Wells| @ [a Komexy | Komtm) | Kme | RQlaq | RQIay | RQIe | FZ1gy | FZ1y, | FZI,,
(mD) | (mD) | (mD) | (pm) | (pm) | (um) | (pm) | (pm) | (pm)
R-D. | 0240801721 [2343 [1969 |[266 |3.10 |2.84 |8.42 9.82 | 9.01

R-Dy | 0.24 | 0.80 | 1721 | 2343 1969 | 2.66 3.10 2.84 | 842 9.82 | 9.01
R-D. | 0.25| 0.80 | 2386 | 3054 2534 | 3.07 3.47 3.16 |9.20 |10.41 | 9.48

The curves generated according to the equations herein are as shown in Figures 4, 5 and 6.
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Figure 4: Permeability (K)/Porosity (@) curves
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The combined model for the estimation of reservoir quality index (RQI) and flow zone indicator (FZI)
to aid the evaluation of the reservoirs flow units is as shown in Figure 7.
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RQlaverage = Average of the values of RQlz, RQlab and RQIlx¢
FZlaverage = Average of the values of FZ1,,, FZI1,, and FZI,.
Figure 7: Combined quick-look model for the prediction of RQI and FZI.

V. Discussion

Two hydrocarbon-bearing reservoirs (R-M and R-N), were identified and correlated across three wells
(R-Da, R-Db and R-Dc). This study presents porosity dependent expressions for permeability (K), reservoir
quality index (RQI) and flow zone indicator (FZI). Curves were generated based on these expressions and were
used for the estimation of RQI and FZI to help predict flow units across the selected reservoirs. R-M shows
averaged porosity of 0.24, 0.23 and 0.24 in R-D,, R-Dy and R-D¢, while R-N shows 0.24, 0.24 and 0.25 in R-D,,
R-Dy and R-Dc respectively. Such that, the average porosity of the two reservoirs across the three wells is 24%.
Based on this value, the average permeability values of the two reservoirs are 1721mD, 2343mD and 1969mD for
Kmix, Kmtm and K respectively. Permeability above 1000mD (1Darcy) is very good and indicative of a formation
with good flow units. Averaged values for reservoir quality index across the two reservoirs are 2.66um, 3.10um
and 2.84um for RQl., RQla and RQIyc respectively. Similarly, average values for the flow zone indicator are
8.42um 9.82um and 9.01um for FZI.a, FZ1ap and FZI, respectively. However, with the aid of the combined model,
at the porosity of 0.24 RQI is 2.95um while FZI is 9.00um.

FZI is directly proportional to RQI; therefore, significant values of RQI indicate good values of FZI. This
implies that the sandstone reservoirs can be considered coarse-grained and well sorted with little volumes of
shales. Consequently, the reservoirs are expected to present good pore throats. From the curves, the increase in
porosity corresponds to increase in K, RQI and FZI, considering all the scenarios. Reservoirs with very good RQI
and/or FZI usually seem to have significant hydraulic conductivity and very good recovery rates. The curves for
the three expressions (Kmx, Kmm and Kmnc) show similar trends. Kmm and K trend very close to each other and
are almost the same until at about the porosity value of 30% where the curves start separating from each other but
consistently maintaining the same trend with each other and Kmix. Reservoir quality index/porosity curves with
the three expressions show the same trend for RQlza, RQla and RQIlxc. The three variables show almost the same
pattern up to about 30% of porosity value where separation began, but still maintain the same trend. Similarly,
flow zone indicator/porosity curves show almost exactly the same response like their corresponding permeability
values. FZI., and FZI4 trend very close to each other and are almost the same at the lower limits of the curves and
consistently maintaining the same trend with the corresponding Kmix. Most important of all are that the three
expressions, each for the parameters (K, RQI and FZI) follow similar trends and within the same range up to
porosity of above 35%. Porosity range in sandstones is usually between 0.1 and 0.4 (10 to 40%) [27].
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VI Conclusion and Recommendations

The study involving maximising porosity in sandstone units (A Case Study of Ritchie’s Block, Offshore
Niger Delta), has been carried out. This work has presented alternative expressions for K, RQI and FZI, modified
for use mainly in sandstone units. The evaluated reservoirs (R-M and R-N), were correlated across three wells (R-
Da, R-Db and R-Dc) and are confirmed to contain hydrocarbon. An average porosity of 0.24 was estimated for
the reservoirs and it can be considered as a good value. From the combined quick-look model, the porosity of 0.24
corresponds to RQI value of 2.95um and FZI value of 9.00um. Hence, the evaluated reservoirs can be said to
have good values of RQI and FZI. This suggests that the sandstone reservoirs are well-sorted, coarse-grained with
little shale contents and present good pore throats. Therefore, the pores are expected to be interconnected within
these reservoirs and as such, good hydraulic conductivity and significant recovery factors are anticipated within
the studied wells. Porosity range of sandstones is usually within the limits of the RQI and FZI curves presented
herein. This work has showcased a way to maximise porosity based on the modified expressions.

The expressions and curves can be recommended for use in formation evaluation. The combined model
can be used for the estimations of the values of RQI and FZI in sandstone units, provided porosity values derived
from logs or core data are available. Similarly, if in any case, someone is interested in the use of any of the Tixier's,
Timur's or Coates' idea alone, the respectively modified expressions (Kmix, Kmim and Kmc) with their corresponding
equations for RQI and FZI and the curves are recommendable. The study has showcased porosity dependent
expressions for the evaluated parameters and also provided a way of avoiding the approximation of porosity over
a range of equations before the parameters herein are fully expressed. This work has emphasised the relevance of
the use of the direct relationship between porosity and the evaluated parameters in the prediction of reservoirs
flow units. Maximising porosity for formation evaluation as presented herein can help to minimise risk and reduce
uncertainty in the evaluations of sandstone hydrocarbon reservoirs.
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