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ABSTRACT 

Well-log data were used to model permeability-porosity relationship in the 
north-western Niger Delta, Nigeria. Porosity was determined from well-log 
data, while permeability and overburden pressure were determined from 
empirical relations. The results of the work show that sandstone volume 
decreases with increase in depth while shale volume increases with increase in 
depth. There is a linear-increase relationship between overburden pressure with 
depth in both sandstone and shale strata. Overburden pressure and porosity have 
control over permeability of rocks in the subsurface in the area of study. Permeability 
decreases exponentially with decrease in porosity. There was also an 
exponential decrease of permeability with depth of burial of rock resulting 
from the higher confining overburden pressure causing lower porosity and 
permeability. High overburden pressure caused low permeability because of 
higher pressure resulting in reduction in porosity and permeability. In the 
absence of core and well-log data, porosity () and permeability (K) of subsurface 
formation could be estimated using the relation: 251.067.28 eK  in the study area. 
The results of this work could be applied in geophysics, structural engineering, 
reservoir engineering, sedimentary basin lithology and geodynamic evaluation. 

 
INTRODUCTION 

The two essential attributes of any reservoir are porosity and permeability. Permeability is a 
measure of the ability of a porous material to transmit fluid, (Nelson, 1994). Porosity and 
permeability can be measured in the laboratory from cores (Thompson and Callanan, 1981) 
and down the borehole using well logs (Wendt et al., 1986; Nicolaysen and Svensen, 1991). 
Some of these authors have presented models to predict permeability and porosity based on 
grain size, grain shape, cement, pore size, sorting, pore space geometries, surface area (Beard 
and Weyl, 1973).  
 
Porosity is a critical issue in the search for groundwater. Oil and gas explorers and producers 
are also interested in the porosity of a potential hydrocarbon reservoir rock. An attempt is here 
made to estimate porosity () and permeability (K) in reservoirs of wells where no core 
measurements are available. This objective is difficult to achieve because no log has yet been 
developed that directly measures permeability. Consequently, permeability must be estimated 
by indirect methods based on either core or logs or on some combination of the two. In this 
study, permeability-porosity data and algorithms relating them are presented. 
 

GEOLOGIC SETTING OF THE STUDY AREA 
The area of study lies within north-western Niger Delta with coordinates between longitudes 7o 
to 8oE and latitudes 4o to 4.5oN (Fig. 1). The onshore portion of the Niger Delta Province is 
delineated by the geology of southern Nigeria and south-western Cameroon. The northern 
boundary is the Benin flank, an east-northeast trending hinge line south of the West Africa 
basement massif. The north-eastern boundary is defined by outcrops of the Cretaceous on the 
Abakaliki High and further east-south-east by the Calabar flank - a hinge line bordering the 
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adjacent Precambrian. The offshore boundary of the province is defined by the Cameroon 
volcanic line to the east, the eastern boundary of the Dahomey basin (the eastern-most West 
African transform-fault passive margin) to the west, and the two-kilometre sediment thickness 
contour or the 4000-meter bathymetric contour in areas where sediment thickness is greater 
than two kilometres to the south and southwest. The province covers 300,000 km2 and includes 
the geologic extent of the Tertiary Niger Delta (Akata-Agbada) Petroleum System (Evamy et 
al., 1978; Klett et al., 1997; Petroconsultants, 1996a).  
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Map of Niger Delta showing the study area (Stacher, 1995) 

 
The stratigraphic sequence of the Niger Delta basin has been described by Avbovbo, (1978) and 
(Short  and Stauble, 1967). The Delta is composed of three major structural Formations, namely 
Akata, Agbada and Benin Formations (Fig. 2). The Niger Delta basin is divided into mainly 
three lithostratigraphic units, the Akata (Palocene to Recent), Agbada (Eocene to Recent) and 
the Benin (Oligocene to Recent) Formations which conforms with a lower pro-delta lithofacies, 
a middle delta front lithofacies and an upper delta top facies respectively (Aigbedion and 
Aigbedion, 2011; Ajaegwu et al., 2012). These researchers have shown that the Akata 
Formation which is comprised mainly of marine shale with sandy and silty beds laid down in 
turbidites and continental slope channel fills, about 7000 meters in thickness, serves as the 
source rock; Agbada Formation on the other hand which is over 3700 meters thick is the main 
hydrocarbon bearing unit consisting mainly of sandstone at the top with shaley intercalations 
and predominantly shale with sandstone intercalations at the lower part; finally the Benin 
Formation is about 2100 meters, is composed of continental sands and gravels is the main 
ground water bearing formation in the Niger Delta Basin.  
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 2: Akata, Agbada and Benin Formations. (Short and Stauble, 1967)
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MATERIALS AND METHODS 
Sonic and Gamma ray logs from Wells XX01 and XX02 were used for the study. The well logs 
quality was fair over the entire region of interest. 
 
In all cases the log data were edited, normalized, and interpreted before they were used in a 
reservoir study. Several specific analysis steps were followed (Weber, 1987): 
a) De-spike and filter to remove or correct anomalous data points. 
b) Normalize logs from all of the selected wells to determine the appropriate ranges and 

cut-offs for porosity, sandstone and shale contents. 
c) Compute the volumetric curves such as total porosity, Vclay, and Sw. 
All available logs in the field were validated in terms of checking and confirming that they are 
depth-matched. The choice of wells for this study was narrowed down to Wells XX01 and 
XX02 that had both Sonic and Gamma ray logs. 
 
Determination of Lithology and Volume of Mineralogy 
A composite log comprising Gamma-ray log (Fig. 3) was used to delineate the lithologies at the 
pre-determined depth intervals. The American Petroleum Institute (API) values ranges from 
sandstone line 0 to shale line 150. As the signature of the log move towards the higher values, 
the formation becomes shalier. The delineation approach enabled us to estimate and establish 
the lithological sequence of the formation of the study area. 
 
To determine the ratio of sand to shale of the subsurface geology of the study area, Gamma ray 
log run for the different wells were delineated into sections with two litho faces, namely, 
sandstones and shale. The gamma ray log reflects the shale content of sedimentary formations. 
Clean sandstones and carbonates normally exhibit a low level of natural radioactivity, while 
clay minerals and fluid particles in shales show higher levels of radioactivity due to adsorption 
of the heavy radioactive elements. Basically gamma ray log is useful for location of shales and 
non-shaly beds and most importantly, for general correlation (Schlumberger, 1987). 
 
Clean sandstones were delineated as with log signatures increasing towards the sand-line that is 
low API unit ranging between 0 and 20 API units. For sandy-shales it ranges from 20 to 100 
API units. While shales have API unit values of 100 and above with log signatures moving 
towards the shale line showing decrease in rate of sedimentation and overall decrease in 
energy; identified as fluvial environments and transgress sequences. 
 
The amount of each lithofacies was then estimated by counting the interval of a particular 
lithofacies and then assign a fraction of this to the total interval within the sand-shale lines 
which then expressed as a percentage. Checking the quality of the gamma ray log with the 
response of the density log, it was observed that the gamma ray adequately separates sands 
from shale as shown in Figure 3. The percentages of sandstones and shales were estimated 
using Gamma ray logs. The API values indicate sand and shale domains. From the Header of 
the log, the API values ranges from 0 to 150. As the values increases, the formation lithology 
becomes shalier. 
 
Determination of Porosity 
The time-average equation was used to determine the porosity: 

     %100x
tt
tt

maf

ma




      (1) 

Where t = Transit time from the log; tma = Transit time of matrix; tf = Transit time of fluid 
(= 620s/m for fresh water). 
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Fig. 3: Panel used for Lithology and  Porosity estimation, example. 

 
In the Niger Delta, formation materials are mostly unconsolidated because the Niger Delta is 
geologically of younger formation.  Using the time average equation at some points produces 
spurious high porosity values than the true porosity which requires corrections (Schlumberger, 
1987). To eliminate the need for the correction factor and yield porosity directly, an empirical 
transform equation is used. It is given as  

   









t

ttC ma       (2) 

Where C is the correction factor given as 0.67. 
 
Determination of Permeability (k) 
Formation Factor for shaly sands (Berg, 1970; Jose and Xu-Dong, 2002) 
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33.1

65.1


F       (3) 

Permeability (K) relates to Formation Factor (Rider, 1996) 

5.4

8 )100.7(
F

xk       (4) 
 
Determination of Overburden Pressure 
Overburden pressure, S, is calculated using the relation: 

10xZS b  (gcm-2)       (5) 
where b = formation average bulk density (gcm-3); Z = vertical thickness of the overlying 
sediments (metres) 
 

RESULTS AND DISSCUSSION 
Depth-Sandstone-Shale Relation 
Sandstone volume decreases with increase in depth while shale volume increases with increase 
in depth (Figure 4). As already reviewed, the Niger Delta basin has three major subsurface 
stratigraphic units. The topmost Benin formation is sandy, Agbda formation underlying Benin 
is intercalated with sandstone and shale, while Akata formation which is at the base of the 
formations is mostly shale.   
 
Depth-Porosity Relation 
The plots of porosity data against depth are shown in Figure 5. Figures 5a to 5d show a normal 
porosity decrease with depth. However it was observed that there was an increase in porosity in 
Well XX01 (Figures 5a and 5b) at depth 3500m (circled) for both sandstone and shale beds, 
which can be attributed to the undercompaction of the sediments in this formation. In an 
undercompacted formation, primarily due to the increased porosity, the overburden pressures 
can no longer bear down solely on the matrix but on the interstitial fluids. Consequently there is 
an increase in formation overburden pressure beyond normal, which indicates an over pressured 
zone.  
 
According to Sheriff (2000), depth of burial is the vertical distance from the surface or datum to 
a stratigraphic horizon which is measured in feet, metres or kilometres. The deeper the 
formation, the more the pressure from the overburden that will cause compaction of formation 
materials and reduce porosity (Telford et al., 1976).  
 
Permeability-Porosity Relation 
Permeability decreases exponentially with decrease in porosity as demonstrated in Figures 6 
and 7 for both pure sandstone and pure shale strata in Wells XX01and XX02. The same pattern 
follows in rock matrix made up of intercalation of sandstone and shale in both Wells XX01and 
XX02 as shown in Figure 8 with the modelled Equation: 
    251.067.28 eK        (6) 
This implies that in the absence of core and well-log data, permeability can be estimated using 
only porosity information. 
 
Permeability-Overburden Pressure Relation 
Figure 9 shows that there is a linear-increase relationship between overburden pressure with 
depth in both sandstone and shale strata. This is expected since the deeper a rock is buried, the 
higher the confining overburden pressure. There is an exponential decrease of permeability 
with depth of burial of rock resulting from the same reason of higher confining overburden 
pressure causing a low porosity and permeability. From Figure 10, it is observed that the higher 
the overburden pressure the lower the permeability by reason of higher pressure causing 
reduction in porosity, and hence reduction in permeability.  
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(a) Well XX01 Sandstone Bed    (b) Well XX01 Shale Bed 

 
 
 
 
 
 
 
 
 
 
 
 
(c) Well XX02 Sandstone Bed   (d) Well XX02 Shale Bed 

 
Fig. 4: Depth-sandstone/shale volume plot of Wells XX01 and XX02 

 
 
 
 
 
 
 
 
 
 
 
(a) Well XX03 Sandstone Bed   (b) Well XX03 Shale Bed 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Well XX04 Sandstone Bed    (d) Well XX04 Shale Bed 
 

Fig. 5: Depth-porosity cross-plot for Sandstone beds of Wells XX01 and XX02
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(a) Well XX01 Sandstone Bed   (b) Well XX01 Shale Bed 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Well XX02 Sandstone Bed    (d) Well XX02 Shale Bed 

 
Fig. 6: Permeability-Porosity plot for Sandstone/Shale beds of Wells XX01 and XX02 

 
 
 
 
 
 
 
 
 
 
 
 
(a) Combined Sandstone beds: Wells XX01 and XX02   (b) Combined Shale beds: Wells XX01 and XX02  
 

Fig. 7: Permeability-porosity plot for combined sandstone/shale beds of Wells XX01 and XX02 
 
 
 
 
 
 
 
 
 
 

Fig. 8: Permeability-Porosity plot for intercalated sandstone-shale beds of  Wells XX01 and 
XX02
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(a) Well XX01 Sandstone Bed   (b) Well XX01 Shale Bed 
 
 
 
 
 
 
 
 
 
 
 

   
(c) Well XX02 Sandstone Bed   (d) Well XX02 Shale Bed 

 
Fig. 9: Depth-Permeability/Overburden Pressure plot for sandstone/shale beds of Wells XX01 and XX02 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Well XX01 Sandstone Bed    (b) Well XX01 Shale Bed 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Well XX02 Sandstone Bed    (d) Well XX02 Shale Bed 

Fig. 10: Permeability-Overburden Pressure plot for sandstone/shale beds of Wells XX01 and XX02
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CONCLUSION 
The following conclusions are drawn from the work: 

i. Sand volume decreases with increase in depth while shale volume increases with 
increase in depth. 

ii. Porosity decreases with increase in depth in normal compacted sandstone and shale 
strata. 

iii. Porosity increases at depth 3500m where sandstone and shale sediments are 
undercompacted.  

iv. There is a linear-increase relationship between overburden pressure with depth in both 
sandstone and shale strata. 

v. Overburden pressure and porosity have control over permeability of rocks in the subsurface. 
vi. Permeability decreases exponentially with decrease in porosity. 
vii. There is an exponential decrease of permeability with depth of burial of rock resulting 

in higher confining overburden pressure causing lower porosity and permeability. 
viii. Higher overburden pressure causes lower permeability by reason of higher pressure 

causing reduction in porosity, hence reduction in permeability.  
ix. In the absence of core and well-log data, porosity () and permeability (K) of subsurface formation 

can be estimated using the relation: 
   251.067.28 eK        

The results of this work can be applied in geophysics, structural engineering, reservoir 
engineering, sedimentary basin lithology and geodynamic evaluation. 
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