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Abstract
There are six depobelts in the Niger Delta – Northern Depobelt, Greater Ughelli Depobelt, Central
Swamp Depobelt, Coastal Swamp Depobelt, Offshore Depobelt and Deep Offshore Depobelt. With
the use of a computer simulator, herein referred to as Cross Correlation Expert, data on formation
resistivity factor at different depths for five depobelts out of the six were correlated. Also, using an
empirical correlation chart, the cementation factors of the five depobelts were compared. The Deep
Offshore Depobelt was not included in this study. It was observed that there was no correspondence
in formation resistivity factor between the Northern, the Greater Ughelli and the Central Swamp
depobelts. There was 20 percent correspondence between the Central Swamp and Coastal Swamp
depobelts, and a 23 percent correspondence between the Coastal Swamp and Offshore depobelts.
The results also confirmed the chronological sequence of deposition in the depobelts. From the
comparison of cementation factors of five depobelts, it was observed that the formations in the Niger
Delta are generally slightly cemented, which confirms the unconsolidated nature of Niger Delta
sands.
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INTRODUCTION
Estimating hydrocarbon reserves involves characterizing these sedimentary rocks, using rock
properties such as electrical resistivity. The electrical resistivity of a fluid-saturated rock is the ability
of the rock to impede the flow of electric current through it. Resistivity of most sedimentary
formations ranges from
to
.1The measurements depend on pore geometry,
formation stress, composition of the rock interstitial fluid, and temperature. The resistivity of a
reservoir rock is a function of the formation water, effective porosity, and quantity of hydrocarbons
trapped in the pore spaces. Resistivity decreases with increasing porosity and increases with
increasing hydrocarbon content.1 When the water saturation is determined, then the hydrocarbon
saturation can be calculated from equation (1):

In using electrical resistivity to characterize formations, several parameters are involved –
cementation exponent, saturation exponent, tortuosity factor and fluid saturation.2These parameters
depend on pore structures of the rock and the rate at which fluid transfers take place between the
rock interstices. The presence of hydrocarbons in a formation, estimates of hydrocarbon reserves and
the ease with which these reserves can be produced, can be obtained using electrical properties of
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rocks.3 Archie introduced equations to calculate water saturation, which relate resistivity index (
and formation resistivity factor ( ).

)

Based on certain given parameters, Archie’s equation for calculation of water saturation can be
determined from equations (4) and (5).4

Tortuosity is one of the key parameters describing the geometry and transport properties of porous
media. It is defined either as an average elongation of fluid paths or as a retardation factor that
measures the resistance of a porous medium to fluid flow.5 Tortuosity factor is a measure of the
departure of the porous system from being equivalent to a system made up of straight capillary
tubes.1 Although assumed to be
sometimes, the tortuosity factor can be higher than
for a rock
with low water saturation, especially if the rock is oil wet, or has mixed wettability. Factors that
affect tortuosity factor include connectivity of the pores within the porous medium, irregularity of
main grain surfaces, and volume and distribution of clays within the pores.6
Cementation exponent models how pores in rocks are connected, and increases with increasing
cementation in the rock matrix. For a brine-saturated rock, higher degrees of cementation lead to
increased number of disconnected and poorly connected pores, thereby increasing resistivity of the
rock. Usually, it is assumed to be
, but typically ranges from
to
for sandstones, but can be
7
as high as for carbonates. Cementation factor is affected by such factors as pore configuration and
size, compaction due to overburden pressure, type of pore system, presence of clay minerals and
reservoir temperature.1It also depends on tortuosity factor, and has various effects on the physical
behaviour of sediments.8

Saturation exponent models the impact of non-conducting fluids on the resistivity of a partially
brine-saturated rock. In other words, it models the effect on resistivity of a sample saturated with
brine, when the brine is increasingly replaced with a non-conducting fluid like hydrocarbons. It is
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related to the wettability of the rock, since the resistivity of a water-wet rock saturated with brine and
hydrocarbons will be different from the resistivity of a similarly saturated oil-wet rock.9Although
typically assigned a value of
, the saturation exponent can vary from
in strongly water-wet
rocks to
in strongly oil-wet rocks. Several factors affect the saturation exponent, such as:
formation wettability (degree and distribution), in-situ configuration of the hydrocarbons, degree of
electrical isolation due to oil-wetted portions of the reservoir rock10, and types and amounts of
conductive clays.1
Formation resistivity is used to identify hydrocarbon-bearing intervals, and to estimate net pay
thickness. The producibility of the formation can also be estimated by comparing the resistivity close
to the wellbore (flushed zone resistivity), where mud filtrate has invaded the formation, and
resistivity of the virgin portion of the formation (true resistivity).11
Sedimentary rocks are capable of transmitting electric current by means of the interstitial water they
contain. They would be non-conductive if they were entirely dry. Dissolved salts in the interstitial or
connate water constitute an electrolyte capable of conducting current, because these salts dissociate
into cations such as
and
, and anions such as
and
. These ions move under the
influence of an electric field and carry electric current through the solution. The greater the salt
concentration, the greater the conductivity of connate water. Fresh water for example has only small
amounts of dissolved salts and is therefore a poor conductor of electricity. Oil and gas are nonconductors of electricity.
The Niger Delta area of Nigeria in West Africa, is a geologic province and one of the world’s
prolific hydrocarbon basins. Onshore Niger Delta is situated on the continental margin of the Gulf of
Guinea, on the West Coast of Africa. There are three main lithostatic formations in the Niger Delta,
namely: the Benin Formation consisting of massive continental fluvial sands; the Agbada Formation
consisting of deltaic facies; and the Akata Formation consisting mainly of marine shales.12 The delta
is structured into six depobelts, namely: the Northern Depobelt; the Greater Ughelli Depobelt; the
Central Swamp Depobelt; the Coastal Swamp Depobelt; the Offshore Depobelt and the Deep
Offshore Depobelt (Figure 1).
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Figure 1: The geologic map of the Niger Delta depobelts12
METHODOLOGY
In this study, a computer simulator – Cross Correlation Expert – was used to correlate formation
resistivity factors at different depths in five depobelts in the Niger Delta. The Deep Offshore
depobelt was not included in this study due to non-availability of such data as – core data, seismic
data etc. which would have aided prediction of the possible environment of deposition. The analysis
was in two parts. First, data from different fields in each depobelt were correlated to determine points
of correspondence, which depict overlap of the field data. Subsequently, depobelts were crosscorrelated in order of their chronological proximity.
In using the software to assess the correlation of formation resistivity factors, the data input was any
two fields of interest, denoted as Y1 and Y2. The data points that can be input are limited to 20
(Figure 2). Clicking the “Calculate” button yields the correlation coefficient and the corresponding
Test of Hypothesis for the fields being analyzed. Subsequently, a comparison to test if the hypothesis
is significant or not, is carried out. This is done by clicking the “Next” button (Figure 2), leading to
the Comparison interface (Figure 3). Clicking “Compare” yields results on the test of significance of
the hypothesis.
Hypothesis or significance testing involves testing whether a claim or hypothesis regarding a
population is likely to be true, using data from the population.13 If the hypothesis is significant at a
given percentage, known as level of significance, the alternative of the hypothesis is accepted. If the
hypothesis is not significant, then the hypothesis is valid at that level of significance. In this study,
the hypothesis is that the correlation of the data is zero, meaning that the depobelts have different
geologic characteristics. The correlation plots – plot of correlation coefficient versus the match
Privitera, G. J. (2014). Statistics for the Behavioral Sciences (2nd ed.). Introduction to Hypothesis Testing (pp. 1-38).
SAGE Publications.
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positions – can be viewed by clicking the “View Plot” button (Figure 3). A sample of the correlation
plot is shown in Figure 4.

Figure 2: The interface in Cross Correlation Expert for data input and output.

Figure 3: The output interface for Test of Hypothesis, in Cross Correlation Expert.
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Figure 4: The interface of the plot of correlation coefficient versus number of matches.
Using an Empirical Correlation Chart (Figure 5), the degrees of cementation of the sands in the five
depobelts were obtained. Cementation factors of each field in each depobelt were analyzed and
compared to Archie’s correlation chart.

Figure 5: Empirical Correlation Chart1
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The data used to correlate the Niger Delta depobelts was obtained from a reputable multinational
company operating in the five depobelts of the Niger Delta. It contains the porosity, formation
resistivity factor, tortuosity factor and the cementation factor at different depths, in at least three
fields in each depobelt. The depobelts analyzed were the Northern Depobelt, Greater Ughelli
Depobelt, Central Swamp Depobelt, Coastal Swamp Depobelt and the Offshore Depobelt.
RESULTS AND DISCUSSION
There were two types of correlation analysis carried out – intradepobelt correlation and interdepobelt
correlation.
Intradepobelt Correlations
In the intradepobelt correlation, the correspondence or non-correspondence of different fields in each
depobelt was determined. Thereafter, the hypothesis “the fields in each depobelt are not
correlateable” was tested.
Cross-correlations of formation resistivity factor at different depths, for different fields in the
Northern depobelt were carried out and results presented in Figures 6 and 7. The results of test of
significance at
level of significance, for these fields, are presented in Table 1. In the crosscorrelograms of fields W1 and W2, and fields W2 and W3, there is an overlap of the data at match
position , for both comparisons. This means that only
of the analyzed data corresponded. It is
thus concluded that formation resistivity factor varies from one field to another in the Northern
depobelt. The tested hypothesis is not significant (Table 1), meaning that there is no correlation of
formation resistivity factor between fields in the Northern depobelt.

Figure 6: Cross-correlogram of fields W1 and W2 in the Northern Depobelt
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Figure 7: Cross-correlogram of fields W2 and W3 in the Northern Depobelt

Table 1: Test of correlation significance in the Northern Depobelt
Fields within Northern Depobelt

Test of Hypothesis at

ND-W1 and ND-W2

Not significant

ND-W2 and ND-W3

Not significant

Cross-correlations of formation resistivity factor at different depths, for different fields (W1, W2 and
E1) in the Greater Ughelli depobelt were carried out, and results presented in Figures 8 and 9. The
results of test of significance at
level of significance, for these fields, are presented in Table 2.
From Figure 8, it is observed that there is an overlap at match position . Based on the data used,
there is no correspondence between fields W2 and E1, and thus no correlation in formation resistivity
factor in the Greater Ughelli depobelt. The tested hypothesis is not significant (Table 2), confirming
the preceding result.

Figure 8: Cross-correlogram of fieldsW1 and W2 in the Greater Ughelli Depobelt
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Figure 9: Cross-correlogram of fields W2 and E1 in the Greater Ughelli Depobelt
Table 2: Test of correlation significance in the Greater Ughelli Depobelt

Fields within Greater Ughelli Depobelt

Test of Hypothesis at

UD-W1 and UD-W2

Not significant

UD-W2 and UD-E1

Not significant

The results of cross-correlations of formation resistivity factor at different depths, for different fields
(W1, E1, E2 and E3) in the Central Swamp depobelt, are presented in Figures 10, 11 and 12. In
Table 3, the results of test of significance at
level of significance are presented. In Figure 10, the
trend observed is similar to those of the Northern and Greater Ughelli depobelts. In Figure 11, there
are three overlaps out of eight matched positions, showing higher correspondence of formation
resistivity factor in the two fields. In Figure 12, there are two overlaps out of nine matched positions.
It can be deduced from Figures 10 to 12, that the distribution of the formation resistivity factor in the
Central Swamp depobelt is not “uniform”. The tested hypothesis is also not significant (Table 3).

Figure 10: Cross-correlogram of fields W1and E1 in the Central Swamp Depobelt
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Figure 11: Cross-correlogram of fields E2 and E3 in the Central Swamp Depobelt

Figure 12: Cross-correlogram of fields E4 and E5 in the Central Swamp Depobelt

Table 3: Test of correlation significance in the Central Swamp Depobelt
Fields within Central Swamp Depobelt

Test of Hypothesis at

Cent.SD-W1 and Cent.SD-E1

Not significant

Cent.SD-E2 and Cent.SD-E3

Not significant

Cent.SD-E4 and Cent.SD-E5

Not significant
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The results of cross-correlations of formation resistivity factor at different depths, for different fields
(W1, E2, E3, E4 and E5) in the Coastal Swamp depobelt, are presented in Figures 13, 14 and 15. In
Table 4, the results of test of significance at
level of significance are presented. In Figure 13,
there are overlaps at match positions 3 and 4. In Figure 14, there are overlaps at match position 3,
and between match positions 4 and 5. In Figure 15, there are overlaps at match positions 3 and 6.
These depict correspondence of the formation resistivity factor of the compared fields at these match
positions. However, the number of overlaps at each correlogram is small compared to the number of
non-corresponding points. Thus, there are variations of formation resistivity factor within this
depobelt.

Figure 13: Cross-correlogram of fields E2 and E3 in the Coastal Swamp Depobelt

Figure 14: Cross-correlogram of fields E4 and E5 in the Coastal Swamp Depobelt
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Figure 15: Cross-correlogram of fields E5 and W1 of the Coastal Swamp Depobelt
Table 4: Test of correlation significance in the Coastal Swamp Depobelt
Fields within Coastal Swamp Depobelt

Test of Hypothesis at

Coast.SD-E2 and Coast.SD-E3

Not significant

Coast.SD-E4 and Coast.SD-E5

Not significant

Coast.SD-E5 and Coast.SD-W1

Not significant

Cross-correlations of formation resistivity factor at different depths, for two fields in the Offshore
depobelt were carried out and results presented in Figures 16. The results of test of significance at
level of significance, for these fields, are presented in Table 5. Data on one of the fields was
limited. Thus, correlating the fields was ineffective, leading to the result shown in Figure 16.

Figure 16: Cross-correlogram of fields E1 and W1 of the Offshore Depobelt
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Table 5: Test of correlation significance in the Offshore Depobelt
Fields within Coastal Swamp Depobelt
Offshore-E1 and Offshore-W1

Test of Hypothesis at
Not significant

The variations in the conditions of deposition in the five depobelts, can be inferred from the results
on trends of electrical resistivity factor. For instance, a correspondence of
was observed in
formation resistivity factor in different fields – fields W and E – in the Northern depobelt. This
means that the geological processes of sedimentation, subsidence, compaction, cementation, uplift,
and other structural changes – which affect the physical properties of the rocks as well as the
migration and accumulation of hydrocarbons – are
similar in fields W and E. This is applicable
to Greater Ughelli, Central Swamp, Coastal Swamp and Offshore depobelts, as shown in the results
presented.
Interdepobelt Correlations
In the interdepobelt correlation, the correspondence or non-correspondence of different depobelts
following the chronological order, were determined. Thus, the Northern depobelt was correlated with
the Greater Ughelli depobelt (Figure 17). The Greater Ughelli depobelt was correlated with the
Central Swamp depobelt (Figure 18). The Central Swamp depobelt was correlated with the Coastal
Swamp depobelt (Figure 19). The Coastal Swamp depobelt was correlated with the Offshore
depobelt (Figure 20). Subsequently, the results of the test of hypothesis “the depobelts are not
correlateable” are presented (Table 6).

(a)
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(b)

Figure 17 (a & b): Cross-correlograms of Northern and Greater Ughelli depobelts

(a)

(b)
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(c)

Figure 18 (a, b & c): Cross-correlograms of Greater Ughelli and Central Swamp depobelts

Figure 19: Cross-correlogram of Central Swamp and Coastal Swamp depobelts
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Figure 20: Cross-correlogram of Coastal Swamp and Offshore depobelts
Table 6: Test of correlation significance of the interdepobelts
Depobelts correlated

Test of Hypothesis at

Northern and Greater Ughelli depobelts

Not significant

Greater Ughelli and Central Swamp depobelts

Not significant

Central Swamp and Coastal Swamp depobelts

Not significant

Coastal Swamp and Offshore depobelts

Not significant

It was observed in Figures 17 and 18 that there is no overlap of formation resistivity factor in the
different depobelts correlated. Thus, there is no correspondence between the Northern and Greater
Ughelli depobelts, and between the Greater Ughelli and Central Swamp depobelts. In Figure 19 there
are three points of overlap out of fifteen match positions – match points 5, 6 and 10. This means that
there is some correspondence in formation resistivity factor between the Central Swamp and Coastal
Swamp depobelts. In Figure 20, there are also three points of overlap of the correlated data – match
points 3, 7 and 10. Thus, there is some correspondence between the Coastal Swamp and Offshore
depobelts. However, considering the number of match positions that corresponded, there is
correspondence in Figure 19 and
correspondence in Figure 20.
At
level of significance, the test of hypothesis is not significant, for all interdepobelts analyzed.
Thus, the formation resistivity factors of the five depobelts are not correlatable – they differ from
depobelt to depobelt. However, there were some similarities observed at some depths – areas of
overlap in the analyses. Water saturation, and thus hydrocarbon saturation, depends on formation
resistivity factor. Thus, we can conclude that the hydrocarbon saturations in different fields within
each depobelt, and in different depobelts, vary.
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Characterizing the Niger Delta Depobelts using Archie’s Equation
Table 7: Classification of the Degree of Cementation in the Northern Depobelt

Northern Fields

Cementation Factor
Range

Field W1

to

Slightly cemented to highly cemented

Field W2

to

Slightly cemented

Field W3

to

Not cemented to slightly cemented

Archie’s Classification

Table 8: Classification of the Degree of Cementation in the Greater Ughelli Depobelt
Greater Ughelli
Fields

Cementation Factor
Range

Field W1

to

Very slightly cemented

Field W2

to

Not cemented to slightly cemented

Field E1

to

Moderately cemented

Archie’s Classification

Table 9: Classification of the Degree of Cementation in the Central Swamp Depobelt
Central Swamp
Fields

Cementation Factor
Range

Field W1

to

Slightly cemented

Field E1

to

Slightly cemented

Field E2

to

Not cemented to highly cemented

Field E3

to

Slightly cemented to moderately cemented

Field E4

to

Very slightly cemented to moderately
cemented

Field E5

to

Very slightly cemented to highly cemented

Archie’s Classification
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Table 10: Classification of the Degree of Cementation in the Coastal Swamp Depobelt
Coastal Swamp
Fields

Cementation Factor
Range

Field W1

to

Slightly cemented

Field E1

to

Not cemented to slightly cemented

Field E2

to

Slightly cemented to highly cemented

Field E3

to

Slightly cemented to moderately cemented

Field E4

to

Slightly cemented to moderately cemented

Field E5

to

Not cemented to very slightly cemented

Archie’s Classification

Table 11: Classification of the Degree of Cementation in the Offshore Depobelt
Coastal Swamp
Fields

Cementation Factor
Range

Field W1

to

Not cemented to very slightly cemented

Field E1

to

Not cemented

Archie’s Classification

It was observed that the Niger Delta depobelts are predominantly slightly cemented sands. Thus, the
Niger Delta sands are largely unconsolidated. Following the chronological sequence of deposition, it
was observed that the depobelts are independent of each other. For instance, the Greater Ughelli
depobelt (late Eocene to middle Oligocene) is independent of the prior deposited Northern depobelt
(middle to late Eocene). Also, the Central Swamp depobelt (middle to late Miocene) is independent
of the preceding Greater Ughelli depobelt. As a result, the formation resistivity factors in these
depobelts differ.
The partial correspondence of the formation resistivity factors of the Central Swamp and the Coastal
Swamp depobelts, confirms the age of deposition of these depobelts. The active Central Swamp
depobelt and the northern sector of the Coastal Swamp Depobelt were deposited at the middle-late
Miocene. Also, the partial correspondence of the Coastal Swamp and Offshore depobelts indicates
that they were deposited at the same epoch (late Miocene to Pliocene). It should be noted that,
variations in geologic processes during deposition will impact the electrical properties of the rocks in
these depobelts. Concurrent development of two depobelts means similar conditions of deposition
and geologic processes, thereby leading to formation of sedimentary rocks with similar electrical
properties.
The overall difference in electrical properties in the depobelts indicates the different phases of
development of the depobelts through time. The depositional patterns, the rate of deposition, the
particle sizes of the clastics, chemical composition of the clastics as well as the properties of the
basin vary from depobelt to depobelt. It was also observed, from the results of the comparison of the
cementation factors of the five depobelts with the empirical correlation chart, that the fields in these
depobelts are generally slightly cemented, consistent with the unconsolidated nature of the Niger
Delta sands.
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CONCLUSION
The distribution of electrical rock properties of fields in five depobelts in the Niger Delta was
assessed. Also, the degree of cementation of the Niger Delta sands was also classified. Both
electrical properties of the rocks and degree of cementation lead to inferences on the porosity, as well
as hydrocarbon accumulations, in fields in these depobelts. Having analyzed the data using Cross
Correlation Expert, the following conclusions were made:
1. There was no correspondence in formation resistivity factor between the Northern and
Greater Ughelli depobelts, and the Greater Ughelli and Central Swamp depobelts. This
confirms the theory that these depobelts, having been developed in different geologic epochs
and have different sequence stratigraphic sequences, have different characteristics.
2. There was
correspondence in formation resistivity factors of the Central Swamp and
Coastal Swamp depobelts. Also, there was
correspondence in formation resistivity
factors of the Coastal Swamp and Offshore depobelts. This confirms the theory that the active
Central Swamp depobelt was deposited in the same epoch as the northern sector of the
Coastal Swamp depobelt. It also confirms that the Coastal Swamp depobelt developed in the
same epoch as the Offshore depobelt.
3. The general observation on the distribution of formation resistivity factor in the Niger Delta,
is that it varies from depobelt to depobelt. This confirms the theory that the Niger Delta basin
is heterogeneous.
4. Using an Empirical Correlation Chart, the cementation factors of fields in the depobelts were
assessed. The Niger Delta sands are generally slightly cemented. This confirms that the Niger
Delta basin is made up of unconsolidated sands.
NOMENCLATURE
Hydrocarbon saturation;
Water saturation;
Resistivity Index;
Formation Resistivity Factor;
Resistivity of formation water;
Total or True Resistivity, considering formation water and hydrocarbons;
Resistivity of formation

saturated with formation water;

Saturation Exponent;
Tortuosity Factor;
Porosity;
Cementation Factor.
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