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ABSTRACT---- Comprehensive comparative analyses of 18 shaly sandstone zones in four wells of an Oil Field in the 

Niger Delta were carried using only the Archie Model with the appropriate cementation factor from a range of 1.3 to 2.0 

This was done to comprehensively analyze and statistically validate the need for the applicability of m = 1.3. Detailed 

statistical analysis of water saturation results of lower and upper 95% confidence intervals for the standard deviations 

gave the least range of 0.00415 to 0.00724 (m=1.3), 0.00660 to 0.1151 (m=1.65) and maximum of 0.00996 to 0.01747 

(m=2.0). This was however validated by the bias results of the standard deviation with -0.00025 for m=1.3, -0.00040 for 

m=1.65 and -0.00060 for m=2. Hydrocarbon saturation results of lower and upper 95% confidence intervals for the 

standard also gave the least values of 0.00427 to 0.00740 (m=1.3), 0.00680 to 0.01171 (m=1.65) and 0.01031 to 0.01773 

(m=2.0). The bias results of the standard deviation gave the least for m=1.3 as -0.0002, -0.00032 for m=1.65 and -

0.00048 for m=2.0. Hydrocarbon movability index results of lower and upper 95% confidence intervals for standard 

deviation gave the least range for m=1.3 of 0.00521 to 0.00934, 0.00793 to 0.01415 for m=1.65 and 0.01155 to 0.02049 

for m=2.0. The bias results of the standard deviation gave also the least for m=1.3 as -0.00031, -0.00047 for m=1.65 and 

-0.00068 for m=2. The study reveals that the Archie Model predictions was improved with cementation factor of 1.3 and 

has favourable petrophysical parameters indicating higher hydrocarbon potential than the Simandoux  and when 

m=1.65 and 2.0. This model is a valuable tool in a shaly sand environment after thorough validation using the pickett 

plot. 
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1. INTRODUCTION 

 
Detailed petrophysical evaluation involves a comprehensive qualitative and quantitative evaluation of the 

chemical and physical characteristics of rocks and fluids garnished by vigorous application of rock physics data and theory 

(Aigbediou and Iyayi, 2007 and Ilozobhie, et.al. 2009). It is however important to note that to thoroughly validate any 

petrophysical interpretation assertions, all dependent and independent variables related to all its critical models must be 

critically reassessed to improve estimation of fluid saturations (Ellis, 1987; Ellis, Singer, 2008 and Ilozobhie and Obi, 

2010). 

Archie’s law states that the rock matrix is non-conductive which means that for sandstone with clay minerals, this 

assumption is no longer valid in general due to the clay structure and cation ionic exchange capacity (Archie 1942, 1950 

and 1952). The Waxman Smits equation is one model that tries to correct for this anomaly (Lee and Collett, 2006). The 

cementation factor or rock matrix shape factor is not a constant but a variable depending on many physical parameters and 

lithological attributes of porous media (Ipek, 2002 and Ilozobhie, et. al 2015). The cementation factor (m) of the Archie’s 

equation is highly dependent on porosity, rock type, size, shape of grains and pore throats. This trend is more proactive in 

shaly sands where incursions of shales in sand reservoirs reduces porosities and increases degree of cementation. Archie 

(1947) experimentally quantified the degree of cementation of rock matrix using the factor ‘m’ where he concluded that 

for consolidated sandstones it has a range of 1.8 to 2.5 and decreased to 1.3 for unconsolidated sandstones as is the case in 

the Niger Delta, southern Nigeria (Chevron 1996).  Sequel to this, the unconsolidated shaly sand reservoirs of the Niger 
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Delta connotes that the appropriate cementation factor should be 1.3 and not the 2.0 currently applied by companies in 

Nigeria and most logging and petrophysical firms (Kumiawan, 2002 and Ilozobhie and Egu, 2019). Continuous application 

of cementation factor of 2.0 has given rise to errors in the estimation of critical petrophysical parameters such as the 

formation factor (F), water saturation (Sw), hydrocarbon saturation (Sh), water of flushed zone (Sxo), residual hydrocarbon 

saturation (shr), movable oil saturation (MOS), bulk volume water (BVW) and hydrocarbon movability index (HMI).  

However, the aim of this study is to reevaluate all the petrophysical fluid properties of 18 different shaly sand 

zones in Four oil wells drilled on the same reservoir located in the Niger Delta, Nigeria by sensitizing different cementation 

factors for unconsolidated, mid-consolidated and consolidated shaly sands with very low amounts of shale incursions. The 

objective is actually to investigate the relationship between reservoir porosities and critical petrophysical properties using 

different cementation factors (m) of 1.3, 1.65 and 2. This was done to comprehensively analyze and statistically validate 

the need for the applicability of m = 1.3. 

 
2. ARCHIE’S MODEL 

In sedimentary rocks, the Archie’s model relates porosity and saturation of brine to in-situ electrical conductivity 

using the equation; 

 

𝑪𝒕 =
𝟏

𝒂
𝑪𝒘∅

𝒎𝑺𝒘
𝒏     (1) 

 

 Where Φ is the porosity, Ct is the electrical conductivity of the fluid saturated rock, Cw is the electrical conductivity of the 

brine, Sw is the saturation of brine, m is the cementation exponent of the rock (m = 1.8 to 2.0 for sand stones), n is the 

saturation exponent (n is approximately equal to 2.0) and a is the tortuosity. The reciprocal of the electrical conductivity 

gives; 

 

𝑹𝒕 = 𝒂∅−𝒎𝑺𝒘
−𝒏𝑹𝒘   (2) 

 

The Resistivity index is the ration of the true resistivity (Rt) to the resistivity of the rock filled with only water (Ro) and 

given as; 

 

𝑰 =
𝑹𝒕

𝑹𝒐
= 𝑺𝒘

−𝒏    (3)  

 

Archie’s law was developed as an empirical qualitative relationship between porosity, electrical conductivity and brine 

saturation of rocks. Consequently, modern well log interpretation foundation was laid and it encompasses borehole 

electrical conductivity and resistivity measurements to hydrocarbon saturations where for rocks saturated with fluids, So = 

1 – Sw (Dewan, 1982). 

 
2.1 Cementation exponent 

The cementation exponent describes or models the impact of the pore network increase with the resistivity as the 

rock while the matrix is assumed to be non-conductive. If the pore network are modeled as sets of parallel capillary tubes, 

a cross sectional area average of the rock’s resistivity would produce porosity dependence equivalent to a cementation of 

1.0 but the tortuosity of the rock increases this to a higher number than 1.0. This makes the rock permeability independent 

of the cementation exponent. 

The exponent is approximately 1.3 for unconsolidated sands and increases with degree of cementation to a range of 1.8 to 

2.0 in consolidated sandstones. However, in carbonate rocks, they show higher variance due to strong diagenetic affinity 

and complex pore structures to a range of 1.7 to 4.1 and the cementation does not depend on temperature. 

 
2.2 Saturation exponent 

The saturation exponent is approximately 2.0 and it models the dependency on the presence of non-conductive 

fluid (hydrocarbon) in the pore space and is related to the wettability of the rock. 

 
2.3 Tortuosity factor (a) 

The tortuosity factor also called the lithology coefficient, lithologic factor or cementation intercept is applied to 

correct variations in compaction, grain size and pore structure (Schlumberger, 1972). It is related to the current flow path 

length and its value is in the range of 0.5 to 1.5 and may vary in different reservoirs. 

 
2.4 Measurement of the exponents 

In petrophysics, the most accepted and reliable source for numerical value of m and n exponents is through 

experiments from sand plugs from cored wells. The brine conductivity and the cementation exponent can also be inferred 

from downhole electrical conductivity measurements across brine saturated intervals. Hence plotting the logarithm of the 
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measured in-situ electrical conductivity against the logarithm of the measured in-situ porosity (Pickett plot), according to 

Archie’s law, a straight line is produced of which the slope is equal to the cementation exponent and intercept equal to the 

logarithm of the in-situ brine conductivity (Rider 1999). 

 

3. MATERIALS AND METHOD 
The data used consist of four well log suites comprising of gamma ray, resistivity, neutron and density logs. 

Qualitative interpretation was done by identifying lithologies such as sands (low gamma readings) and shale zones (high 

gamma readings) using the gamma ray logs. Fluid identification for hydrocarbon and/or water bearing zones was identified 

within the sand zone using the resistivity logs where high and low resistivities denotes hydrocarbons and brine water zones 

(Schlumberger, 1972 and Hamada 1999). The neutron-density logs although used for natural gas identification but in the 

absence of gas was used for estimation of total porosities which was used to estimate the effective porosities. Quantitative 

evaluation of porosities in all the identified reservoir sand zones was done using the porosity evaluation guide shown in 

Table 1. The porosities for each sand zones identified was then used to estimate the formation factors using the Archie’s 

model as shown in equation 4 below. 

 

𝑭 = 𝒂∅−𝒎 =
𝑹𝒐

𝑹𝒘
    (4) 

 

Where; a = tortuosity factor (a = 1); Ro is the resistivity of the rock filled with only water (Sw =1). 

m = cementation factor and m =1.3 for unconsolidated sands and  

m = 1.8 to 2.5 for consolidated sands. 

  

 

Table 1: Qualitative Evaluation of Porosity in Reservoir Rocks (Ulasi et al., 2012). 

Sand zones Percentage porosity 

(%) 

Qualitative 

evaluation 

1. 

0 -5 Negligible 

2. 

5 – 10 Poor 

3. 

15 – 20 Good 

4. 

20 – 30 Very good 

5. 

≥ 30 Excellent 

 

 

Water saturation analysis was calculated using water saturation from the Archie’s model (Archie, 1942) as shown in 

equation 5. 

𝑺𝒘 = √
𝑭×𝑹𝒘

𝑹𝒕
              (5) 

 

Where; Rw = resistivity of the formation water; Rt= true formation resistivity; F = formation factor. 

Bulk volume water (BVW) which is the product of the effective porosity (∅) and water saturation (Sw) was calculated 

using equation 6 (Asquith and Gibson 1982). 

  

𝑩𝑽𝑾 = ∅𝑺𝒘    (6) 
 

Hydrocarbon saturation (Sh) which is a function of the water saturation was calculated using equation 7 (Asquith and 

Gibson 1982). 

 

𝑺𝒉 = 𝟏 − 𝑺𝒘    (7) 
 

Water of flushed zone (Sxo) which is the square root of the water saturation was estimated by applying equation 8(Asquith 

and Gibson, 1982). 
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𝑺𝒙𝒐 = 𝑺𝒘
𝟎.𝟐                                                  (8)                                                     

 

Residual hydrocarbon saturation (Shr ) was obtained by using equation 9 (Asquith and Gibson, 1982). 

 

𝑺𝒉𝒓 = 𝟏 − 𝑺𝒙𝒐             (9) 

Movable oil saturation (MOS) was calculated from equation 10(Asquith and Gibson, 1982). 

𝑴𝑶𝑺 = 𝑺𝒙𝒐 − 𝑺𝒘          (10)         

  

Hydrocarbon Movability Index (HMI) which is the ratio of the water saturation to the water of flushed zone was calculated 

from equation 11(Asquith and Gibson, 1982). 

 

𝑯𝑴𝑰 =
𝑺𝒘

𝑺𝒙𝒐
         (11) 

 

Comprehensive computer programs was developed using Microsoft excel spread sheet using the average effective 

porosity estimation as input data for quick estimation of the formation factor (F), water saturation (Sw), bulk volume water 

(BVW), hydrocarbon saturation (Sh), water of flushed zone (Sxo), residual hydrocarbon saturation (Shr), movable oil 

saturation (MOS) and hydrocarbon movability index (HMI).  

 
4. RESULTS AND DISCUSSION 

Results of petrophysical evaluation for cementation factor of 1.3 and computed with average effective porosity 

range for wells A, B, C and D in the 18 sandy shale reservoirs of 0.24 to 0.34 and this was applied to obtain a range of 

4.06515779 to 6.39330445 for formation factor (F), 0.081709065 to 0.102469408 for water saturation (Sw), 0.024592658 

to 0.918290935 for hydrocarbon saturation (Sh), 0.60597408 to 0.634043195 for water of flushed zone (Sxo), 0.365956805 

to 0.39402592 for hydrocarbon saturation (Shr), 0.524265015 to 0.531573787 for movable oil saturation and 0.134839207 

to 0.161612662 for hydrocarbon movability index (HMI) as shown in Table 2 and figure 1. This estimation were also 

computed for the average cementation factors of 1.65 and a maximum index of 2 as shown in Table 3, Figure 2, Table 4 

and Figure 3. 

 

 

Table 2: Petrophysical results for m = 1.3 
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Fig. 1: Results of m =1.3 

 

 

Table 3: Petrophysical results for m = 1.65 

 
 

 

 
Fig. 2: Results of m =1.65 

 

 

 

 

 

 

 

Table 4: Petrophysical results for m = 2.0 
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Fig. 3: Results of m =2.0 

 

 

 

Comparative analytical evaluation of water saturation revealed that the results for cementation factors of 1.3, 1.65 and 2 

gave range of 0.081709065 to 0.102469408 (m =1.3), 0.0986873 to 0.1315398 (m =1.65) and 0.135085981 to 0.168857476 

(m = 2.0) revealing that cementation factor of 1.3 relationship of water saturation with porosity is appropriate and not as 

high as m =2.0 as shown in Figures 4 and 5. 

 

 

 
 

                                                    Fig. 4: Water saturation and porosity results (a) 
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                                                        Fig. 5: Water saturation results of all zones (b) 

 

Hydrocarbon saturation (Sh) results gave a range of 0.897530592 to 0.918290935 (m = 1.3), 0.8684602 to 

0.9013127 (m =1.65) and 0.831142524 to 0.880806487 (m = 2.0) revealing also the choice of m = 1.3 as maximum 

hydrocarbon saturation with porosity as shown in Figures 6 and 7. Flushed zone water saturation (Sxo) result gave a range 

of 0.60597408 to 0.634043195 (m 1.3), 0.6292921 to 0.6665173 (m=1.65) and 0.670072903 to 0.700654731 (m = 2.0) 

revealing the least trend of m = 1.3 as flushed zone water saturation varies with porosity as shown in Figures 8 and 9. 

Residual hydrocarbon saturation (Shr) results gave a range of 0.365956805 to 0.39402592 (m 1.3), 0.3334827 to 0.3707079 

(m=1.65) and 0.299345269 to 0.346492579 (m = 2.0) revealing the same stable trend but of least linear increasing pattern 

with average effective porosities of m = 1.3 indicating better prediction of uncertainties as shown in Figures 10 and 11. 

Movable oil saturation (MOS) results gave a range of 0.524265015 to 0.531573787 (m=1.3), 0.5306048 to 0.5349775 

(m=1.65) and 0.531797255 to 0.534986922 (m=2.0) revealing appropriate least inverse trend for m=1.3 followed by 

m=1.65 but it was unusually an increasing polynomial functional trend for m=2.0 as shown in Figures 12 and 13. This 

means there is a direct impact of higher degree of cementation factor of the rock matrix on the movable oil saturation with 

respect to the porosity. Hydrocarbon movability index (HMI) results gave a range of 0.134839207 to 0.16162662 (m=1.3), 

0.1568228 to 0.1973539 (m=1.65) and 0.18239045 to 0.240999552 (m=2.0) validating the choice of the least inverse HMI 

trend with porosity for m=1.3 as shown in Table 2, Figures 14 and 15. 

 

 

 
                                                 Fig. 6: Hydrocarbon saturation and porosity results (a) 
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                                              Fig. 7: Hydrocarbon saturation results of all zones (b) 
 

 
                                         Fig. 8: Flushed zone water saturation and porosity results (a) 

 

 
                                           Fig. 9: Flushed zone water saturation results of all zones (b) 

 

 
                                 

                                          Fig. 10: Residual hydrocarbon saturation and porosity results (a) 
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                                            Fig. 11: Residual hydrocarbon saturation results of all zones (b) 
 

 

 
                                  

                                            Fig. 12: Moveable oil saturation and porosity results (a) 
 

 
                                      

                                             Fig. 13: Moveable oil saturation results of all zones (b) 
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                                         Fig. 14: Hydrocarbon movability index and porosity results (a) 
 

 
                                    Fig. 15: Hydrocarbon movability index results of all zones (b) 
 

However, a robust re-evaluation of the results was carried out again for water saturation, hydrocarbon saturation, 

movable oil saturation and hydrocarbon movability index with a view of technically establishing the degree of confidence 

of choice of m=1.3 for this study. Sequel to this, water saturation results of lower and upper 95% confidence intervals for 

the standard deviations gave the least range of 0.00415 to 0.00724 (m=1.3), 0.00660 to 0.1151 (m=1.65) and maximum of 

0.00996 to 0.01747 (m=2.0). This was however validated by the bias results of the standard deviation with -0.00025 for 

m=1.3, -0.00040 for m=1.65 and -0.00060 for m=2 as shown in Table 5. Hydrocarbon saturation results of lower and upper 

95% confidence intervals for the standard also gave the least values of 0.00427 to 0.00740 (m=1.3), 0.00680 to 0.01171 

(m=1.65) and 0.01031 to 0.01773 (m=2.0). The bias results of the standard deviation gave the least for m=1.3 as -0.0002, 

-0.00032 for m=1.65 and -0.00048 for m=2.0 as shown in Table 6. 

 

Table 5: Statistical water saturation results 
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Table 6: Statistical hydrocarbon saturation results 

 
 

 

 

Movable oil saturation (MOS) results of lower and upper 95% confidence intervals for the standard deviation however 

gave the least range for m=1.65 of 0.00066 to 0.00155, 0.00075 to 0.00144 (m=2.0) and maximum of 0.00137 to 0.00252 

for m=1.3 while the bias results of the standard deviation gave the least for m=2.0 as -0.00004, -0.00007 for m=1.65 and 

maximum of -0.00009 for m=1.3 as shown in Table 7. Hydrocarbon movability index results of lower and upper 95% 

confidence intervals for standard deviation gave the least range for m=1.3 of 0.00521 to 0.00934, 0.00793 to 0.01415 for 

m=1.65 and 0.01155 to 0.02049 for m=2.0 as shown in Table 8. The bias results of the standard deviation gave also the 

least for m=1.3 as -0.00031, -0.00047 for m=1.65 and -0.00068 for m=2. 

 

Table 7: Statistical movable oil saturation results 

 
 

Table 8: Statistical hydrocarbon movability index results 
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5. CONCLUSION 
 

This study has clearly shown that the formation factor, water saturation, water of flushed zone, movable oil 

saturation and hydrocarbon movable index have the same lower and upper limits in sand zones AA2 (well B) to maximum 

sand zones AA4 (well A), AA5 (well B) and AA1 (well D) for m=1.3 while this trend was similar to results of m=1.65 but 

different for m=2.0 where the lower limits occurred in sand zones AA1 (well A), AA3 (well B), AA2 (well C) and AA4 

(well D) but only for formation factor (F), water saturation (Sw) and water of flushed zone saturation (Sxo). Bulk volume 

water (BVW), hydrocarbon saturation (Sh) and residual hydrocarbon saturation (Shr) depicts lower and upper limits in sand 

zones for m=1.3 and 1.65 from AA4 (well A), AA5 (well B) and AA1 (well D) to a maximum of AA2 (well B). When 

m=2.0, the trend was similar for hydrocarbon saturation (Sh) and residual hydrocarbon saturation (Shr) but the bulk volume 

water (BVW) was relatively constant revealing the degree of degrading confidence. Furthermore, with m=2.0, the movable 

oil saturation (MOS) and hydrocarbon movability index (HMI) deviated from the usual trends of m=1.3 and 1.65. For the 

movable oil saturation (MOS), the least values changed from  sand zone AA2 (well B) in m=1.3 and 1.65 to three zones of 

AA4 (well A), AA5 (well B) and AA1 (well D) while the three earlier maximum values of AA4 (well A), AA5 (well B) 

and AA1 (well D) varied to four maximum values from sand zones AA1 (well A), AA3 (well B), AA2 (well C) and AA4 

(well D). These remarkable heterogeneous disparities in the increased degree of hydrocarbon movability are an indication 

of uncertainties technically hinged on fluctuations in the degree of cementation of the rock matrix. The results were 

however of the same trend with hydrocarbon movability index but relatively higher. This means that the most sensitive 

shaly sand reservoirs in this study for m=1.3 and 1.65 are AA4 (well A), AA2 (well B), AA5 (well B) and AA1 (well D) 

but with m=2.0, additional zones were AA1 (well A), AA3 (well B), AA2 (well C) and AA4 (well D) while the bulk 

volume water (BVW) is constant for all values of porosity and water saturation meaning that for cementation factors higher 

than 1.65, the formation factor becomes independent of the cementation factor with adverse effects on the hydrocarbon 

movability index (HMI) and movable oil saturation (MOS). 

 

6. GEOPHYSICAL IMPLICATION 
This study has clearly shown the impact of the pliability of cementation in shaly sand reservoir for vigorous plausibility of 

hydrocarbon potentials particularly for m=2.0 which is initially intended for consolidated reservoirs and the possible 

infusions of shales should not be used as a criteria for its applicability for petrophysical analytics. Cementation factors of 

m=1.3 should be applied for unconsolidated shaly sand reservoirs and care should be taken to increase it depending on the 

field data available. Earlier publications such as Adeoti et al (2015) should be reviewed and re-evaluated using m=1.3 and 

reevaluating the shale content and volume before considering the application of the Waxman Smits equation and validating 

the vigorous comparisons, this would virtually enhance the sense of value of the research findings as depicted by the results 

of this research. 
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