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The 20S/(20S+20R) isomerisation in the C29 5α,14α,17α(H)-sterane at the C-20 and the 

ββ/(ββ+αα) isomerisation at the C-14 and C-17 in the C29 20S and 20R are known to be 

valid maturity indicators from the immature to mature range (Seifert & Moldowan, 1986), 

however a cross plot of the diasterane/sterane ratio (total C27-29 13β,17α(H) 20S+20R 

diasteranes/ total C27-29 5α,14β,17β(H) and 5α,14α,17α(H) 20S+20R) against the pregnane 

ratio (C21 +C22 regular sterane/ total C29 steranes) was used to further cross check this result 

to ascertain its validity in these samples as both these two ratios are regarded as valid even 

to early post mature (Peters et al., 2005).  

The abundance of the pregnanes increases with increased thermal maturity relative to the 

regular steranes (p:IGI geochemical manual 2004) and the diasteranes are more stable than 

the regular steranes (Peters et al., 2005), however these ratios are affected by lithology and 

depositional environment (Moldowan et al., 1991; McKirdy et al., 1985). Results shows 

that the Niger Delta oil samples appear to be low thermal maturity and the North Sea oil is 

of a higher thermal maturity (Figure 5.25). The two outlier sample (OE037, OE038) are 

biodegraded up to PM level 6.  

 
Figure 5.25: Plot of diasterane/sterane ratios against the pregnane ratios, showing that most 

of the Niger Delta oil samples appear of lower maturity than the thermally mature North 

Sea oil.  
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5.5.4 Sterane hydrocarbons summary 

Based on the results from sterane and hopane hydrocarbons it can be summarised that: 

1. The Niger Delta oil are mostly from marine depositional environment sources with 

some deltaic inputs 

2. The oil is sourced from mixed planktonic/bacterial/land plant material. 

3. The Niger Delta oils appear to be of low thermal maturity. 

 

5.6 Oil characterisation from hopane biomarkers 

 The terpanes are made up of the sesquiterpanes, diterpanes, triterpanes and tetraterpanes, 

and are mostly used as organic matter source indicators (e.g. Seifert & Moldowan 1978; 

Aquino Neto et al., 1983; ten Haven 1988; Ekweozor & Telnaes 1990; Killops et al., 1998; 

Peters et al., 2005), depositional environment indicators (e.g. Seifert & Moldowan 1978; 

Aquino Neto et al., 1983; ten Haven 1988; Mello et al., 1988; Blanc & Connan 1992; 

Ekweozor & Telnaes 1990; Killops et al., 1998; Peters et al., 2005), and as thermal maturity 

indicators (e.g. Seifert & Moldowan 1978, 86; Cornford et al., 1983) because of their 

ubiquitous nature in oils and source rocks (Peters et al., 2005).  

5.6.1 Source environment of deposition 

The ratio of the C35 regular hopane/ C34 regular hopane can help to indicate redox 

conditions during deposition, with high values indicating anoxia while low values indicate 

oxic deposition condition (Peters & Moldowan 1991). Oil samples with exceptionally high 

values greater than 0.8 are thought to be sourced from carbonates rather than shale source 

rocks (Peters et al., 2005). Based on the C35 regular hopane/ C34 regular hopane ratio it can 

be concluded that the Niger Delta oil samples were sourced from mainly dysoxic/oxic 

depositional environments with minor anoxia (Figure 5.26). However this ratio cannot be 

used as a standalone parameter when discussing paleo-environment of deposition as it is 

known to be influenced by high hydrogen index of the source rock which can be as a result 
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of source organic matter type and excellent preservation conditions (Rangel et al., 2000) 

and also it decreases with increase in thermal maturity (Peters & Moldowan, 1991). 

 

 
Figure 5.26: Source deposition environments inferred from C35/34 hopane ratios for the 

Niger Delta oil samples. The wide range of the ratio (0.1 to 0.6) reflects variable source 

rock depositional environments (e.g. ten Haven et al., 1988). Interpretational overlay is 

from IGI’s p:IGI-3.5 software. Note the North Sea oil enables comparison with a marine 

sourced oil. 

 

The ternary plot of percentage C29, C30 and C31 17α(H)-hopanes can be used to differentiate 

oils sourced from marine shales, lacustrine, coal and carbonate source origins. This ratio is 

useful for source/facies discrimination from the beginning of the oil window (Killops et al., 

1998). It can be concluded that the Niger Delta oil samples were sourced from a marine 

shale (Figure 5.28) although there exists some likelihood that some samples might have 

either been sourced from coal beds or lacustrine environments (Figure 5.27). 
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Figure 5.27: Ternary diagram showing the distribution of C28, C29 and C30 hopanes in the 

Niger Delta oil samples indicating that they were sourced from marine shales (c.f. Killops 

et al., 1998). Interpretational overlay from p:IGI 3.5. Note the North Sea oil enables 

comparison with a marine shale sourced oil. 

 

 

Samuel et al. (2010) identified novel tricyclic terpanes in Niger Delta oils and were able to 

use those terpanes to separate the Niger Delta oils into deep water (marine), shallow water 

(transitional) and onshore (terrigenous) source facies and they further show that parameters 

based on those compounds which he called the tricyclic terpane terrigenous indices (TTTI, 

X/X+C20, and Y/Y+C24) were not affected by thermal maturity, although this current 

project shows that oil maturity in the Niger Delta is dependent to a large extent on oil 

mixing ratios and how they affects the part/range of oil under investigation (i.e. gasoline 

range, diamondoids, aromatics, sterane and hopane biomarkers etc.) rather than just 

isomerisation of hopane and sterane biomarkers. 

The plot of X/X+C20 against Y/Y+C24 tricyclic terpanes terrigenous indices (Figure 5.28) 

shows that most of the samples were sourced from a transitional environment, with the 

Eastern Delta oils showing relatively more marine contribution and the Southern Delta oil 

showing relatively more terrigenous contribution (Figure 5.26). The CSIA of individual n-

alkanes (Figure 5.9) indicated that the Southern Delta oil has a substantial fluvio-deltaic 
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source influence, which is consistent with the interpretation from the novel tricyclic 

terpanes.  In further support of this, a plot of Y/Y+C24 tricyclic terpanes against oleanane 

index (Figure 5.29) shows a positive correlation and almost a mirror image of the TTTI 

plot, while the only difference seen with this plot is that the oleanane index can increases 

with biodegradation, whereas the TTTI does not because oleanane is more resistant to 

biodegradation than the C30 αβ hopane used in calculating this ratio.   

 

 
Figure 5.28: Plot of X/X+C20 against Y/Y+C24 tricyclic terpane terrigenous index (TTTI). 

X and Y are two unidentified tricyclic terpanes, while C20 and C24 are the well-known 

tricyclic terpanes containing 20 and 24 carbons (modified after Samuel et al., 2009).  
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Figure 5.29: Plot of oleanane index against Y/Y+C24 tricyclic terpane terrigenous index 

(TTTI). Y is the unknown C25 tricyclic terpanes, while C24 is the well-known tricyclic 

terpane containing 24 carbons (modified after Samuel et al., 2009). 

 

The presence of oleanane in crude oil has been attributed to higher plant input (Ekweozor 

& Udo 1988; Martin et al., 1989) from Cretaceous or younger age and the Niger Delta oil 

has been shown to be abundant in them (Ekweozor et al., 1979).  However, its absence in 

an oil sample does not necessarily mean that the oil was sourced from a source older than 

the Cretaceous age (Moldowan et al., 1994; Peters et al., 1999b), also oleanane preservation 

has been known to be enhanced if the precursors are deposited in deltaic environments and 

diagenesis takes place while the area is under some marine transgression (Murray et al., 

1997). This ratio increases towards the offshore in some basins because of the influence of 

the marine environment (e.g. Beaufort Sea, reported by McCaffrey et al., 1994; Mahakam 

Delta, reported by Peters et al., 2000). The oleanane index has been known to vary with 

thermal maturity and comparison of this ratio in samples of different maturity has been 

discouraged (Ekweozor & Telnaes, 1990). Therefore, this ratio can be used to ascertain the 

relative contribution from higher plants, deposition environment and possible age. 

Samuel (2008) used some unidentified terpanes to define a K index from five peaks visible 

in the m/z 414 mass chromatogram to calculate this ratio, i.e. (A1+A2+B1+B2)/C and this 
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ratio had a positive correlation with oleanane index. The same plot was used for the Niger 

Delta oils in this study and the result was similar to those from the tricyclic terpanes, except 

that the K index values for the Central Delta oils were generally lower than 4.The Southern 

Delta oil samples which have more terrigenous input are shown to have elevated oleanane 

and K index ratios (Figure 5.30) and those that generally have only elevated oleanane index 

are samples that have been highly biodegraded (Figure 5.30), therefore while the oleanane 

index can be influenced by biodegradation, the K index does not show any such influence. 

 
Figure 5.30: Cross plot of oleanane index against K index. Note the increase in 

biodegradation in the oil samples with elevated oleanane index whereas K index is not 

affected by biodegradation (Modified after Samuel 2008) 

 

 

Some novel C15 sesquiterpanes were identified in m/z 193 mass chromatograms of Niger 

Delta oils by Nytoft et al. (2009) and their structures are similar to the D and E ring part of 

oleanane, and the ratio (A+B/A+B+C+D) has a strong correlation with the oleanane index, 

but peaks A+B are absent in marine oils that are older than Jurassic age although they are 

present in oil of very high thermal maturity, e.g. condensates (Nytoft et al., 2009). A plot 

of these ratios (oleanane index against sesquiterpanes (A+B)/(A+B+C+D)) shows a 

positive correlation with these oils samples and both are susceptible to biodegradation, with 
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the oleanane index having a wider range (Figure 5.31). It was noted that the C15 

sesquiterpane distributions and show patterns and variations in the three peaks, i.e. A+B, C 

and D, therefore a ternary plot of these 3 peaks was made to help reveal how these C15 

sesquiterpanes vary in these Niger Delta oils. The plot broadly classifies the samples into 

two major groups i.e. the Southern Delta oils and the Central Delta oils (Figure 5.32a & 

5.32b) and a possibility that Western Delta oils forming a sub group (Figure 5.33b). These 

C15 sesquiterpanes are believed to indicate higher plant input, as peak A+B is absent in the 

North Sea oil (Figure 5.32a) but might also help correlate these samples into different 

families. However, peaks C and D are seen to be susceptible to biodegradation and with 

increase in biodegradation there is a corresponding increase in the relative percentage of 

the A+B peak. Oil samples that have less than 20% C and more than 55% A+B have been 

heavily biodegraded to at least PM level 5 (Figure 5.32a). 

 

 
Figure 5.31: Cross plot of oleanane index against sesquiterpanes (A+B)/(A+B+C+D), 

showing elevated values in highly biodegraded oil samples because of the high resistance 

of peak (A+B) to biodegradation (modified after Nytoft et al., 2009). Sesquiterpanes were 

measured from m/z 193 and oleanane from m/z 191 mass chromatograms. 

 



192 
 

 
Figure 5.32a: Ternary plot of % A+B, C, D sesquiterpanes from m/z 193 mass 

chromatograms showing the separation of the Southern Delta oil samples from the Central 

Delta oil samples. Note the North Sea oil does not contain the peak A+B. 

 

 
Figure 5.32b: Enlarged ternary plot of % A+B, C, D sesquiterpane data shown in figure 

7.33a, showing the separation of the Southern Delta oil samples from the Central Delta oil 

samples; the Eastern Delta  samples are possible a mixtures of  oils from both other regions. 
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An unknown C29 triterpane (Peak A) from the m/z 191 (Figure 4.25), which has the same 

retention time as a C29 25-norhopane, was seen to be present in all the Niger Delta oil 

samples and this peak can also be seen in the m/z 191 chromatograms shown in some earlier 

work (e.g. Eneogwe et al., 2002; Eneogwe & Ekundayo 2003; Sonibare et al., 2008; 

Samuel 2008; Samuel et al., 2009). The peak has not been identified, but has the same 

elution time C29 25-norhopane when compared with a West. Shetland oil containing a 25-

norhopanes (Figure 5.34a), and it was first thought was that it was a 25-norhopane, but 

when the m/z 177 was compared with the West. Shetland oil, those of the Niger Delta oils 

do not have the full series of 25-norhopanes peaks in the C30 to C34 range (Figure 5.33a). 

There are also small differences in the mass spectra of these two triterpanes (Figure 5.33b) 

and it is thought that the peak may be related to an oleanane-type triterpane. 

A cross plot of oleanane index against the unknown C29 hopane/unknown C29 hopane + 

C29αβ hopane shows an almost perfect correlation between these two parameters, although 

the Southern Delta oil samples form a separate group from the other Niger Delta oil samples 

(Figure 6.33c). This result follows the same trends as the K index (Figure 5.30) and also 

the tricyclic terpanes index (Figure 5.29), which were proposed as possible source, 

environment of deposition and angiosperm input indicators (Samuel 2008; Samuel et al., 

2009; Nytoft et al., 2009). 

A cross plot of the unknown C29 hopane/unknown C29 hopane + C29αβ hopane against the 

C15 sesquiterpanes (A+B)/(A+B+C+D) (Figure 5.34) shows a positive correlation but, with 

a clear indication that the unknown C29 hopane/ unknown C29 hopane + C29αβ hopane  ratio 

has a very high range of variation with level of biodegradation (Figure 5.34). This is also 

seen in figure (5.31) with the oleanane index and it is thought that these ratios can be used 

in biodegradation studies for unmixed oil especially the ternary plot of % A+B, C, D 

sesquiterpanes from m/z 193 mass chromatogram data (e.g. Figure 5.32). 
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Figure 5.33a: Representative m/z 191 and 177 mass chromatograms for W. Shetland  oil 

and Niger Delta oils showing a full range of 25norhopanes in the W. Shetland oil which 

are absent in the Niger Delta oil (OE083) in m/z 177. Note that peak A has the same elution 

time as the C29 25-norhopane in the West Shetland. 

 

 

 

 
 

Figure 5.33b: Mass spectra of C29 25-norhopane in West Shetland oil and an unidentified 

peak A from the Niger Delta oil OE083. The red arrow shows the only noticeable difference 

in the mass spectra 
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Figure 5.33c: Cross plot of oleanane index against (A)/(A+C29αβ hopane) showing a 

positive correlation between both parameters. Peak A is an unknown C29 hopane shown in 

m/z 191 mass chromatograms. Note the separation of the Southern Delta oils into a sub 

group. 

 

 
Figure 5.34: Cross plot of C15 sesquiterpanes (A+B)/(A+B+C+D) against A/A+C29αβ 

hopane ratios showing elevated values in highly biodegraded oil samples because of the 

relatively high resistance to biodegradation of peaks (A+B) from the m/z 193 and peak A 

from m/z 191 mass chromatograms, respectively. 
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5.6.2 Thermal maturity 

The thermal maturity parameters of oil samples calculated from molecular marker ratios 

have been shown to have several limitations, which include influence of limited ranges of 

validity, source/facies, deposition environment, mixing, effects etc., (Peters et al., 2005). It 

has also been noted that reduced concentrations of biomarker are an indication of high 

thermal maturity (e.g Mackenzie et al., 1985; Dahl et al., 1999). The 22S/(22S+22R) 

homohopane isomerisation maturity parameter is very popular and has been used for 

maturity interpretations in several Niger Delta studies (e.g Ekweozor & Udo 1987;  

Sonibare et al., 2008; Samuel et al., 2009; Lehne & Dieckmann, 2010).  However, this 

index is only useful for immature to early mature oils (Peters et al., 2005) and the 

equilibrium has been known to occur at as low as 0.5% vitrinite reflectance in Mahakam 

Delta rocks (Schoell et al., 1983), though fully isomerised homohopanes have also been 

found in immature rocks (Moldowan et al., 1982).. Nevertheless,  values lower than 0.5 

have also been reported in crude oil from the Gippsland Basin in Australia (Philip 1982) 

The calculated 22S/(22S+22R) homohopane isomerisation ratios for the Niger Delta oil 

samples do not show any correlation with other terpane maturity parameters and this might 

be an indication of mixing of oils of different thermal maturities. 

The Ts/Ts+Tm ratio, although dependent on source, is valid from immature to post-mature 

maturity ranges (Moldowan et al., 1986) and is a generally reliable maturity indicator when 

dealing with same type of source e.g. shale facies or carbonate facies (McKirdy et al., 1983; 

Rullkotter et al., 1985; Peters et al., 2005). Based on this ratio it is indicated that the Niger 

Delta oil samples are of mid-mature (0.4 to 0.6 %VRo equivalent) and the North Sea oil 

plots in the same range (Figure 5.35). The C29(Ts/Ts+Tm) which is complementary to the 

Ts/Ts+Tm ratio, gives the same indications that the samples are of mid-maturity; it should 

also be noted that all samples that plot above the North Sea oil in Figure 5.36, have been 

biodegraded to at least PM level 6 especially the Central Delta oils. 



197 
 

 
Figure 5.35: Plot of Ts/Ts+Tm against 29Ts/29Ts+29Tm hopane maturity parameters, 

showing that the samples are of mid oil window maturity. Note that all the Central Delta 

oil samples with apparent elevated maturity are biodegraded to at least PM 6. The North 

Sea oil enables comparison with a thermally mature, marine sourced oil. Interpretation 

overlay is from p:IGI 3.5 software. 

 

 

While the Ts/Ts+Tm ratio indicates that the Niger Delta oil samples are of mid-maturity, 

with thermal maturities generally lower than the North Sea oil, the hopane/moretane and 

the diahopane/normoretane ratios, which are highly specific for immature to early oil 

generation (Seifert & Moldowan 1980; Mackenzie et al., 1980) shows that the Niger Delta 

oil samples are mainly of low thermal maturity and even lower than the North Sea oil 

(Figure 5.36). However, although these ratios have been shown to depend on source input/ 

depositional environment (Rullkotter & Marzi 1988), interpretations based on them 

correlate with other hopane and sterane thermal maturity ratios.  
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Figure 5.36: Plot of hopane/moretane against diahopane/normoretane hopane ratio maturity 

parameters.  These indicate that most of the samples are of low maturity. Note the North 

Sea oil enables comparison with a thermally mature, marine sourced oil. Interpretation 

overlay from p:IGI 3.5 software. 

 

5.6.3  Hopane hydrocarbon summary 

Based on the results from the analyses of the hopane hydrocarbons, it can be summarised 

that: 

1. The Niger Delta oil samples were sourced from a marine shale that was deposited 

in oxic/dysoxic environments. 

2. Relatively very high oleanane contents in some Niger Delta oils can be as a result 

of biodegradation, because of their selective preservation in biodegraded oil. 

3. Niger Delta oil samples that are late mature based on 29Ts/29Ts+29Tm hopane 

maturity parameter, are all biodegraded to about PM level 6. 

4. The Southern Delta oil have elevated higher plant inputs than those from the other 

regions. 

5. The Niger Delta oil sample analysed in this study are mainly of mid thermal 

maturity. 
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5.7 Conclusions 

The complexity of the Niger Delta basin cannot be over-emphasised, with differing 

interpretations arrived at, based on the different component parts of oil analysed (Table 

5.1).  Unlike the North Sea oil analysed that yields a fairly consistent source and maturity 

interpretation (Table 5.1) no matter what hydrocarbon component was analysed. 

Conclusions based on the Niger Delta oil analyses are therefore also described and 

discussed under the following subheadings in order to give overviews of the oil 

geochemistry in this complex and dynamic basin.  

Source kerogen type 

The kerogen type of the Niger Delta oil varies and the results indicate the possibility of 

different kerogen types from Type II organic matter (based on diamondoid analyses) to 

Type II, II/III and III organic matter (based on gasoline range hydrocarbons and n-alkanes). 

Since high concentrations of diamondoids in hydrocarbon can only be sourced from 

thermally cracked oils, we can infer that the Niger Delta must have been charged multiple 

times, with at least one of the sources being from a relatively pure Type II organic matter, 

and the other sources being of variable kerogen compositions with possibilities of Type II, 

II/III and Type III organic matter.  

Source environment of deposition    

The variable environments of deposition present in the Niger Delta shows the dynamic 

nature of a paralic basin that has undergone multiple transgression and regression phases 

in its build-up. The Niger Delta oil samples shows that their sources were either deposited 

under relatively pure marine environments (based on diamondoid analyses) or 

marine/transition/terrigenous environments (based on light hydrocarbons, n-alkanes, 

aromatics, steranes and hopanes) in an oxic/dysoxic depositional environment. The 

incursion of ocean water into a transition/deltaic environment is known to always yields 

mixed kerogen Types, similar to what is observed in these results but the overwhelming 
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indications are that our initial Type II charge was sourced from only a marine facies. This 

implies that there was minimal influence of fresh water input when this formation was 

deposited and that it was at a period at the onset of formation of the delta. 

It is therefore suggested that a Type II marine formation was deposited before the delta (sub 

delta), that it has its own petroleum system and that the present day Niger Delta just serves 

as an overburden to give the right burial depth/maturation conditions for petroleum 

generation and also contains reservoirs for the expelled oil. This Type II system is clearly 

different from the present under-compacted and over-pressured Akata formation/the lean 

Agbada petroleum systems, where the marine/transition/terrigenous deposition 

environment can be clearly seen.       

Thermal maturity, cracking and reservoir mixing 

Mixed thermal maturity signals from various hydrocarbon component parts of an oil 

generally points to mixing and sometimes to migration contamination. It is useful to 

compare the very good level of consistency in the North Sea oil hydrocarbon component 

results which is different from that seen in the Niger Delta oils. The apparent thermal 

maturity of the Niger Delta oils varies greatly based on the compound class and carbon 

number range of the parameters used for interpretation i.e. hopanes/steranes (low to mid 

maturity), alkylated naphthalene and phenanthrene aromatics (peak to late oil window), 

diamondoids (late oil window to early gas window), n-alkanes (early to mid-mature) and 

gasoline range (mid- mature). 

In the case of a highly mature cracked oil mixed with a low maturity oil, it is expected that 

the highly mature cracked hydrocarbon will contribute a relatively higher percentage to the 

gasoline range hydrocarbons, light n-alkanes and two and three ringed aromatic 

hydrocarbon and minimal percentage to the higher weight n-alkanes (>C25) including the 

biomarkers. Therefore results from the analyses of the higher molecular weight parts of the 

mixed oil will indicate that the oil is of low thermal maturity. Wilhelms & Larter (2004) 
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pointed out that biomarkers in a mixture of low and high maturity oils, a low mature oil 

comprising only 10% by volume of the mixture, will effectively mask the biomarkers in 

the mature oil which comprises 90% by volume, and it is believed that a similar effect is 

seen in the Niger Delta oil samples. However, in the Niger Delta oils, it is expected that the 

mature source contributes mainly to the gasoline range (normal mature to mature), 

aromatics (peak to late oil window) and nearly 100% contribution to the diamondoids 

hydrocarbon (late oil to early gas window) components.   

It can be concluded that the Niger Delta oils studied must have had a least two pulses of 

charge, which were from a very mature Type II marine source rock that generated oil that 

was cracked and this mixed with a thermally mature oil of Type II/III source rock deposited 

in a paralic environment. Based on diamondoid concentrations, the highly mature cracked 

oil may have contributed up to 90% of the volume of hydrocarbons in some Central Delta 

fields and generally contributed more than 50% of the volume of hydrocarbons in many of 

the other fields around the Niger Delta that were analysed. 

Biomarkers and n-alkanes in the mixed Niger Delta oil can show several orders of 

magnitude in concentration variation depending on the thermal maturity of the mixed oils 

and this can have an enormous influence on the interpretations made. However, light 

hydrocarbons and aromatics hydrocarbons may provide a better interpretation of the overall 

mixed oil, since they will be volumetrically important components of the mixed oil, 

whereas the diamondoids will mostly provide information on the highly matured cracked 

hydrocarbon component of the mixed oils.  
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Table 5.1: Summary of compound class parameter interpretations for the Niger Delta oil samples 

 

Note: North Sea Oil-1 interpretation is in red 

 

Compound class 

parameters 

Kerogen type Deposition environment Maturity Mixing Cracking 

Light Hydrocarbon 

 

 

Type II and II/III 

Type II 

Mostly marine + 

terrigenous 

Marine 

Mid-mature to mature 

Mature 

  

n-alkane/ isoprenoid 

 

 

 

Type III with some II/III 

Type II/III 

Mainly oxic paralic delta 

Dysoxic 

Immature to mature 

Mature 

  

Diamondoids 

 

 

 

Type II 

Type II 

Marine shale 

Marine 

Late oil window to early 

gas window 

Peak oil window 

Lightly to severely 

mixed  

no 

Lightly to severely 

cracked 

no 

Aromatics 

 

 

 

 Mainly marine with some 

terrigenous and possible 

lacustrine 

Marine 

Peak to late oil window 

Peak oil window 

 

Yes and very prevalent 

no 

 

 

Sterane 

 

 

 

 Open to shallow marine + 

Deltaic environment 

Open marine 

Low maturity 

Mature 

  

Hopane 

 

 

 

 Marine shale 

Marine shale 

Low maturity 

Mature 

  



203 
 

CHAPTER SIX 

SECONDARY MIGRATION AND RESERVOIR ALTERATION    

6.0 Introduction 

Petroleum can only accumulate in a trap (stratigraphic or structural) after a deeply buried 

source rock that as attained sufficient burial depth and temperature, has generated and 

expelled hydrocarbons, which then migrate into a reservoir (Magoon & Dow, 1994). The 

essential elements of a petroleum system, which are source, reservoir, seal and overburden, 

have to be in place during trap formation and before the 

generation/expulsion/migration/accumulation of hydrocarbons (Peters et al., 2009). 

Magoon & Beaumont (2000) divided the level of certainty of a petroleum system into 3 

possible subdivisions; [1] known (positive oil-source rock correlation), [2] hypothetical 

(absence of positive oil-source correlation) and [3] speculative (only limited 

geological/geophysical evidence). Several authors have tried to argue in favour of either 

one or combination of two or three possible level of certainty for the petroleum systems of 

the Niger Delta basin (Bustin, 1988; Haack et al., 2000; Eneogwe, 2004; Akinlua et al., 

2006; Samuel et al., 2009).   

This chapter investigates the possibilities of establishing the secondary migration pathway 

distance and the probable alteration processes that affected the Niger Delta oils either 

during migration or within the reservoir environment. 

 

6.1 Secondary migration distance 

Alkylated carbazoles and benzocarbazoles are two types of neutral nitrogen containing 

compounds which are often present in source rocks and crude oil (Li et al., 1995; Larter et 

al., 1996; Huang, 2003). Although in the previous chapter, the oil samples from the Niger 

Delta have been shown to be potentially mixtures of different oils with different thermal 

maturities (early/late/gas window mature hydrocarbon), the discussion of migration 
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distance presented here assumes similarity between the oil in terms of source facies, 

thermal maturity and mixing. The interpretation of molecular migration distance marker 

data is therefore very simplistic and prone to potentially significant error, however care has 

been taken to remove all samples that are biodegraded above PM level 3 from the migration 

distance discussion because of the potential effect of biodegradation. 

The Niger Delta oil samples are characterised by very low carbazole concentrations (cf. 

Bennett et al., 2002). Benzo[a]carbazole + benzo[c]carbazole concentrations range from 

0.1 to 1.2 ppm (Figure 6.1). In a study of oils from the Western Canada Basin, Larter et al., 

(1996) found that the concentration of benzocarbazoles decreases with increasing migration 

distance and if this interpretation basis is used for the Niger Delta oil (Figure 6.1) then the 

Western Delta oil samples, which are mostly devoid of carbazoles, must either have 

migrated over a longer distance or carbazoles were not present in the source rocks that 

produced these oils. Although Samuel et al., (2009) showed some positive correlation 

between the Western Delta oil samples and source rocks from the Dahomey Basin in the 

western part of Nigeria, with an average surface distance of about 400 km on the surface 

between these two locations, it is unproven that the Western Niger Delta oil has migrated 

over such a long distance. 

The temperature of expulsion of hydrocarbons from different source rocks is dependent on 

the organic facies of the source, i.e. high temperature of expulsion for Type III and low 

temperature of expulsion for Type II (Pepper & Corvi 1995). The calculated temperature 

of expulsion of Niger Delta oil samples (120 to 142 ºC) shows that the lower the 

temperature of expulsion the shorter the possible migration distance and verse versa based 

on their negative correlation with the benzocarbazole ratio (Figure 6.2), this is of great 

importance because the temperature of expulsion has a positive correlation with depth of 

burial, which will have a positive correlation with distance to reservoir. Therefore those 

samples that have a low temperature of expulsion might have migrated over a shorter 
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distance to the reservoir than those samples that have a higher temperature of expulsion 

(Figure 6.2).  

There is a possibility of two migration distance/expulsion temperature trends for the Niger 

Delta oil samples as shown in Figure 6.2, with the Southern Delta oils having a different 

trend to the Eastern Delta oil, which might be as a result of differences in rate of 

sedimentation and regional heat flow in those two regions.  

 

 
Figure 6.1: Plot of benzocarbazole [a]/([a]+[c]) ratio (BCR) against concentration of 

benzo(a) and benzo(c)carbazoles in the Niger Delta oil samples. The concentration of 

benzocarbazoles and BCR decreases with increase in migration distance. 
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Figure 6.2: Plot of benzocarbazole ratios against calculated temperature of expulsion (ºC) 

in the oil samples showing a negative correlation between both parameters (note the two 

possible trends for the oil samples from the Southern and Eastern Delta). 

 

With the alkylcarbazoles, the ratio of 1-methylcarbazole to 4-methylcarbazole (NH-

partially shielded isomer/NH-exposed isomer) tends to increase with increasing migration 

distance (Li et al., 1997) and also the ratio of benzo[a]carbazole/benzo[a+c]carbazoles 

(BCR) tend to decrease with increase in migration distance (Li et al., 1995; 1997; Larter et 

al., 1996; Clegg et al., 1998; Bennett et al., 2002; Huang et al., 2003; Bechtel et al., 2013). 

A cross plot of these ratios (Figure 7.3) indicates that the Eastern Delta oil samples may 

have migrated a relatively longer distance than the Southern Delta oil samples (Figure 6.3). 



207 
 

 
Figure 6.3: Plot of benzocarbazole ratios against the inverse of (1/1+4) methylcarbazole 

ratios, showing a weak migration distance trend.  

 

The 3- + 4-methyldiamantane (MD) concentrations in the Niger Delta oil samples was 

shown to be related to the degree of thermal cracking and mixing of the oil samples in the 

Delta (see Chapter 6). There is a negative correlation between the the BCR and 3+4-MD 

concentration, which may suggest that the higher the propotion of highly mature oil in the 

mixture, the greater the migration distance and verse versa (Figure 6.4), although there is 

no established correlation of the BCR with other thermal maturity parameters in the Niger 

Delta oil samples.  A high maturity oil is expected to have a low benzocarbazole 

concentration and BCR, therefore the addition of such oil to other oil would reduce the 

bezocarbazole concentration in the mixed oil. 

The migration distance of Niger Delta oil samples cannot be meaningfully assessed on the 

basis of carbazole data due to the following factors: 

1. Multiple contributing sources of the oils of the Niger Delta instead of similar source 

(cf. Larter et al., 1996; 1997). 

2. The composition and nature of the carrier beds is not known. 
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3. Lack of migration pathway information (dispersed vs focus migration). 

4. Mixture of different thermal maturities of oils in the Niger Delta (cf. Larter et al., 

1996; 1997). 

5. The possibility of different thermal maturity oils migrating through the same carrier 

beds in the Niger Delta. 

Despite these shortcomings, the carbazole parameters may still help to give an insight into 

the relationship between these molecular migration distance indicators and other 

parameters in an effectively mixed petroleum system. Although the molecular migration 

tracers were first proposed more than a decade ago, secondary oil migration remain the 

least understood process in petroleum accumulation (Zhang et al., 2013). 

   

 
Figure 6.4: Plot of benzocarbazole ratio against 3+4 methyldiamantane concentration in the 

Niger Delta oil samples, showing a negative correlation between both parameters. Note the 

three possible trends for the oil samples from the Central, Southern and Eastern Delta. 
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6.1.1  Summary of secondary migration distance assessment  

The assessment of secondary migration distance of the Niger Delta oil samples can be 

summarized as follows: 

1. Western Delta oils are generally devoid of carbazoles; this may reflect either long 

distance migration or the absence of these compounds in the source rocks that 

produced the oil. 

2. Eastern Delta oils have migrated over a longer distance than the Southern Delta 

oils based on results from the benzocarbazole ratio (BCR). 

3.  The higher the temperature of expulsion (as calculated from gasoline range 

hydrocarbons) the greater the apparent secondary migration distance. 

4. The higher the ratio of 1/1+4-MC i.e (NH-shielded isomer/NH-exposed 

methylcarbazole isomers) the longer the apparent migration distance. 

5. The higher the concentration of 3+4-MD in the oil samples, the greater the 

apparent migration distance, this might also be as a result of mixing of highly 

mature oils with low carbazole concentrations. 

 

6.2  Biodegradation 

Since there are several possible factors that control biodegradation in oil reservoirs (e.g. 

Head et al., 2003), and the effects of biodegradation on all compounds in oils are not fully 

known, this study will not only be focused on the commonly analysed compound classes, 

but also on some of the unknown peaks found in these Niger Delta samples.  

Notwithstanding that the oil samples studied are mixtures of hydrocarbons from different 

sources, reference will be made to the Peters and Moldowan (PM) biodegradation scale and 

or the Wenger biodegradation scale (Figure 6.5).   The generally accepted hydrocarbon 

biodegradation sequence in oils is n-alkane and isoprenoids > monoaromatics 
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hydrocarbons > polyaromatic hydrocarbons and thioaromatic compounds > bicyclic 

sesquiterpanes > steranes > hopanes > diasteranes > pregnanes (Marcano et al., 2013).  

 
Figure 6.5: Schematic biodegradation of hydrocarbon effects (Head et al., 2003), showing 

the Peters & Moldowan (199)3 and Wenger et al. (2001). 
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6.2.1  Effect of reservoir depth on biodegradation in the Niger Delta oils 

Although no actual reservoir depth information was available, the oil samples provided 

were described as from shallow reservoir (Short string) or deep reservoirs (long string) and 

they were selected from different wells around Niger Delta basin on the basis of both 

geographical location and relative depth.  Biodegradation is known to either occur in 

reservoirs that have not been paleopasturised, where reservoir temperature is lower than 80 

ºC (Larter et al., 2000), and fastest in close proximity to the oil water contact (Head et al., 

2003). A quick look through the data set shows no consistent biodegradation relationships 

with reservoir depth, which does not have any relationship with any particular region. 

Those relationship included both decreases and increases in biodegradation level with 

reservoir depth and sometimes constant biodegradation levels with change in depth within 

a well 

6.2.1.1  Decrease in biodegradation with reservoir depth. 

Oil samples from several of the studied Niger Delta wells show a decrease in 

biodegradation with reservoir depth (Figure 6.6) and this is a prominent feature in the basin 

(Kolonic, 2014, personal communication). The most likely reason for this is that the 

shallow reservoirs have never been buried to the cut-off temperature for paleopasturisation 

to occur (cf. Larter et al., 2000) and there is also possibility that there is continual fresh 

charge to the deep reservoir. However, reservoir burial and charge history modelling would 

be needed to support this hypothesis. There are several biodegradation ranges observed 

within single wells, with some wells showing range from PM level 0 oil in the deep 

reservoir to PM level 6 in the shallow reservoir (e.g. samples OE015 and OE016), while 

others wells could contain PM level 5 oil in the deep reservoir and PM level 6 in shallow 

reservoir (e.g. samples OE099 and OE100) but the important factor here is that 

biodegradation is seen to be more at the sallower reservoir than the deep reservoir. However, 

no detailed depth information was provided for the oil samples.   
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Figure 6.6: Variation in biodegradation within a well in Niger Delta showing reduction in 

biodegradation with reservoir depth (OEE97 and OEE98).  HDCH is the added 

heptadecyclohexane internal standard. 

 

6.2.1.2 Variation in oil biodegradation extent with reservoir depth. 

The extent of oil biodegradation is often greater in shallower, cooler reservoirs and within 

a reservoir it often increases closer to the oil water contact zone because there will be 

availability of nutrients from the water to be used by the organisms in and around the oil 

water contact zone to degrade the hydrocarbon in the reservoir (Head et al., 2003). Amongst 

the Niger Delta samples analysed, several scenarios exist, with some wells showing a large 

difference in biodegradation level from PM 0 for the shallow reservoir to PM level 6 for 

deep reservoir, while others may just vary from PM level 1 to PM level 2 with differences 

in reservoir depth. 
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Figure 6.7: Variation in biodegradation within a well in Niger Delta showing progressive 

biodegradation with reservoir depth (OE073 and OE074). Note that the shallow reservoir 

is not biodegraded while the deep reservoir is biodegraded.  

 

 

6.2.2 Effect of mild biodegradation on oil geochemical parameters and isotopic 

compositions 

Samples from seventeen wells were selected from different oil fields across the Niger Delta 

basin to study the effect of mild biodegradation on molecular parameters and also isotopic 

values of individual n-alkanes. Two samples were selected from each well, one from a 

shallow reservoir one from a deeper reservoir (Figure 6.8). 
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Figure 6.8: Representative gas chromatograms of saturated hydrocarbon fractions of 

selected oil samples from shallow and deep reservoir from different Niger Delta oil fields, 

showing non-biodegraded to slightly biodegraded oil samples (well 1 PM 0 to 0, well 2 PM 

1 to 1, well 3 PM 0 to 1, well 4 PM 0 to 2). 

 

 

Several geochemical parameters were measured and there was usually no variation in most 

geochemical parameters with either slight biodegradation or reservoir depth differences. 

The star plot in figure 6.9 shows some geochemical parameters which include the 

source/deposition environment parameters: Pr/Ph, t19/t19+t23, oleanane index, %C29, %A+B, 

correlation parameter: Homohopane index, maturity parameters: CPI, 20(S/S+R), 

22(S/S+R), Ts/Ts+Tm, calculated Rc, cracking and mixing: 3+4 MD concentrations and 

these parameters show no obvious variations with slight changes in level of biodegradation. 

The maturity and environment of deposition / source parameters show strong correlations 

for both the shallow and the deep reservoirs for all wells, with the only variation seen in 

well 4 for the calculated Rc value where the shallow reservoir appears more mature than 

the deep reservoir. This finding was not surprising because more mature hydrocarbons tend 

to fill the crest of the structure or fill a shallower reservoir, due to earlier filling of deeper 
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reservoirs with less mature oil. The concentrations of 3- + 4- MD (Figure 6.9), which are 

used as an indication of maturity, cracking and mixing of hydrocarbons (Dahl et al., 1999), 

show  that the shallow reservoirs always have higher concentrations that the deep reservoirs. 

This indicates that although the high molecular weight biomarker source and maturity 

parameter are similar, the lower molecular weight diamondoids show variations within a 

well and the highly matured/cracked hydrocarbon charges are mostly concentrated in the 

shallow reservoirs of any well.   

However, well four shows the opposite of this trend with the shallow reservoir having a 

lower diamondoid concentrations than the deeper reservoir. This reversal in well 4 cannot 

be explained by mass balance alone, i.e. although a change in biodegradation level from 

PM level 0 to PM level 2 might have concentrated the more resistant diamondoids in the 

deep reservoir, this would be insufficient to account for the observed values. Since, the 

gasoline range often makes up about 30% of oil composition (Hunt et al., 1980), therefore 

if these light end components were all lost then the diamondoids must have concentrated 

by about 30% and some n-alkane must have been lost also, this clearly does not account 

for the difference in diamondoid concentration from 26.8 to 62.8 ppm which is 134% 

increase. The observed 134% increase and the mass balance projection of between 30 to 

60% increase are very different A possible explanation for these high diamondoid 

concentrations might be that the initial highly matured charge have been biodegraded to a 

higher extent than what is observed before mixing with a fresh, lower maturity charge 

which had a masking effect on the true state of the original oil or that the two reservoir are 

not in communication (reservoir compartmentalisation). 
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Figure 6.9: Star diagram of crude oil molecular marker parameters from representative 

wells from four different Niger Delta fields, also showing the relationships between shallow 

and deep reservoirs from them. 

 

 

Compound specific isotope analysis of individual n-alkanes is a very useful tool for 

correlation of hydrocarbons and characterising mixed oils (Murray et al., 1993; Rooney et 

al., 1998; Curiale et al., 2005; Dawson et al., 2007; Aboglila et al., 2010) but 

biodegradation which is a very common secondary alteration process in most of the world’s 

oil fields and can have a measurable effect on isotopic compositions of the gasoline range 

hydrocarbons (Huang et al., 1997) but does not usually have major effects on those of the > 

nC12 range (Huang et al., 1997; Mansuy et al., 1997). However, a significant increase in 

maturity have been shown to lead to enrichment in 13C which might be as a result of release 

from components that are depleted in 13C (Clayton, 1991; Dawson et al., 2007). 

A careful study of the carbon isotopic composition of individual n-alkanes of the shallow 

and deep reservoired oils from the 17 wells gave similar result for all wells (Figure 6.10). 

The lighter n-alkanes (≤ C21) of the shallow reservoired samples show enrichment in 13C 
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which cannot be explained based on the biomarkers maturity parameters measured (Figure 

6.9) as these parameters were similar in both shallow and deep reservoired oils. However, 

the shallow reservoired samples always showed elevated 3+4 MD concentrations, which 

indicates that there must have been a higher percentage of mixing of the highly mature 

charge in those shallow reservoirs.  

The n-alkane isotopic inversion is prominent for the light ends (Figure 6.10), where the 

highly matured source must have contributed a higher percentage to the shallow reservoirs.  

These observations support the hypothesis of the prevalence of cracking and mixing in the 

Niger Delta basin, with the more mature hydrocarbons in the shallower reservoir having 

higher enrichment in 13C which might be as a result of release from components that are 

depleted in 13C generated from the highly matured source (e.g. Clayton 1991; Dawson et 

al., 2007). 
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Figure 6.10: Representative n-alkane carbon isotope profiles of oils from 4 wells in the Niger Delta showing the trend for shallow and deep 

reservoirs. Note the isotopic cross over point of shallow and deep reservoirs for individual wells. 
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6.2.3 Effects of biodegradation on gasoline range hydrocarbons  

It is usually difficult to assess the level of biodegradation of most oil samples that still have 

some parts of their light hydrocarbons. Thompson (1983) was able to show that oils with 

low heptane and isoheptane values must have been biodegraded and that as biodegradation 

increased, those values tended to 0. Although Thompson (1983) stated that oil samples with 

heptane ratios below 18% are biodegraded, the results from this present study show that 

some oil samples that appear non-biodegraded (PM level 0), have heptane ratio values of 

12%. This latter observation is in agreement with the findings of Peters et al., (2005) though 

they believed that this was as a result of low maturity (Figure 6.11). 

There is no sharp distinction of oil samples with different biodegradation levels on the 

Thompson plot (Figure 6.11).  Some PM level 2 samples (possible mixed oils) plot in the 

region where the PM level 0 samples plot, but generally PM level 1 and level 2 samples 

plot towards the origin on the graph (Figure 6.11). The Thompson plot can only show early 

biodegradation levels in samples with gasoline range hydrocarbons and discrimination of 

biodegradation level between PM level 1 and PM level 2 is not really very possible and 

might depend on other parameters as PM level 1 and 2 plots in the same region. The extent 

of biodegradation of the oil samples, based on gasoline range parameters, do not show any 

particular trend with region or reservoir depth in the delta.  
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Figure 6.11: Plot of heptane versus isoheptane ratios of oils from the different regions of 

the Niger Delta showing biodegraded oil samples. Note the North Sea oil enables 

comparison with a non-biodegraded marine sourced oil. Modified after Thompson (1983). 

 

6.2.4 Effects of biodegradation on n-alkanes and isoprenoid hydrocarbons 

A cross-plot of Pr/n-C17 against Ph/n-C18 shows the susceptibility of the normal alkanes to 

biodegradation as against the isoprenoids. Non-biodegraded samples mostly have low Pr/n-

C17 and Ph/n-C18 ratios (Figure 6.12) although there is no clear distinction between oil 

samples of PM level 0 and PM level 1, but as these ratios increase, the biodegradation level 

tends to increase up to PM level 3 (Figure 6.12). 

The biodegradation level of the oil samples based on n-alkanes/isoprenoid hydrocarbons 

does not show any particular trend with region or reservoir depth. The p:IGI software 

overlay of biodegradation shows the onset of biodegradation based on the Pr/n-C17 ratio as 

4 (Figure 6.12), but based on the results obtained from these Niger Delta oil samples it is 

clear that the onset of biodegradation should be around a value of 2 for the Pr/n-C17 and 1 

for Ph/n-C18 ratios.  
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Figure 6.12: Cross-plot of Pr/n-C17 versus Ph/n-C18 showing biodegradation trends in Niger 

Delta oil samples. Note the North Sea oil enables comparison with a non-biodegraded 

marine sourced oil (modified after Shanmugam 1985). Overlay from p:IGI 3.5 software. 

 

6.2.5 Effects of biodegradation on diamondoids hydrocarbon 

The effects of biodegradation on gasoline range hydrocarbons, n-alkanes, isoprenoids, 

aromatics and biomarkers have been highly studied, while the effect of biodegradation on 

diamondoids hydrocarbon is much less studied. Grice et al. (2000) were able to show that 

the ratio of methyladamantane/adamantane (MA/AD) increases with an increase in 

biodegradation level, but in this present study there is no systematic increase in this MA/AD 

ratio with increase in biodegradation in the Niger Delta oil samples. A possible explanation 

for this is that the samples that have elevated MA/AD values but are of PM level 0 to 2 

must have been mixtures of different charges of hydrocarbons, with the earlier charge 

having been severely biodegraded and the late charge not biodegraded (Grice et al., 2000).  

The ratio of MA/n-C11 increases with increase in level of biodegradation (Figure 6.13) and 

this ratio is a good indicator of the level of biodegradation in the oil fields studied, as 
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indicated on the TIC of samples (Figure 6.13). This is because of the preferential 

degradation of n-alkanes as against the more resistant diamondoids, which normally leads 

to diamondoid enrichment in biodegraded oil (cf. Grice et al., 2000).  

 
Figure 6.13: Cross-plot of methyladamantanes/n-C11 versus 

methyladamantanes/adamantane showing biodegradation trends in the Niger Delta oil 

samples (cf. Grice et al., 2000). High MA/AD values in PM level 0 samples might indicate 

mixing of highly biodegraded oil with a fresh charge. 

 

6.2.6 Effects of biodegradation on aromatics hydrocarbon  

There appear to be a complex interplay of different compound removal susceptibilities in 

the aromatic hydrocarbons of the Niger Delta oil samples analysed, though most of the 

aromatic compounds relatively remain unaltered until very high biodegradation levels. 

Some proposed biodegradation ratios in oils do not follow any reported trends for the Niger 

Delta e.g. 9-MP/1-MP (Bennett & Larter 2008); 3-MP/2-MP (Bennett et al., 2013). Those 

ratio neither increase nor decrease with the increasing level of biodegradation in these oil 

samples, but at PM level 6, the methylnaphthalenes get destroyed and at PM level 7 the 

methylphenanthrenes get removed (e.g. Figure 6.14).  
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There are no marked variations amongst aromatic compounds within the shallow and the 

deep reservoirs of individual wells and the only major effects come into play at extreme 

biodegradation levels where the aromatic compounds are destroyed (e.g. Figure 6.14). The 

interplay of multiple charge episodes and mixing, fill and spill, complex reservoir 

architecture, differential rates of biodegradation to rates of charge/recharging must have 

led to the complexities in the distributions of aromatic compounds observed.   

 
Figure 6.14: Representative total ion current (TIC) chromatograms of aromatic 

hydrocarbon fractions of Niger Delta oil samples showing relative biodegradation 

susceptibilities of different aromatic compounds (OE034, OE121, OE100 and OE035). 

 

 

 

 

6.2.7 Effects of biodegradation on sterane biomarkers 

The attack on the sterane distributions does not start until after PM level 5 when all the 

isoprenoids have been altered. At PM level 7 there is a clear attack on the regular steranes 

(Figure 6.15) and any ratio calculated from those samples will be potentially misleading, 
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but the diasteranes are more resistant to biodegradation than the regular steranes and they 

do not seem affected (Figure 8.15). The %C27, 28, 29 ααα 20R steranes at very high 

biodegradation levels is unreliable and should not be used for interpretation (e.g. Figure 

6.15), and the 20R isomers are relatively more susceptible to biodegradation than the 20S 

isomers of the C27, 28, 29 ααα steranes as seen in the Niger Delta oil samples (cf. Peters et 

al., 2005). 

At very high levels of biodegradation when the C27, 28, 29 ααα 20R steranes are 

preferentially removed from oil samples, there could be a tendency to misinterpret source 

and maturity of the samples.    

 
Figure 6.15: Representative m/z 217 mass chromatograms showing the distribution of the 

diasteranes and the regular steranes in the Niger Delta oil samples. Note the preferential 

removal of the C27, 28, 29 ααα 20R steranes from the onset of PM level 7 and the selective 

preservation of the diasteranes (OE016, OE007, OE126, OE081 and OE038).  

 

 

6.2.8 Effects of biodegradation on hopane biomarkers   

The attack on and removal of hopane biomarkers only starts at around PM level 7/8 where 

the C30 to C35 22S and 22R hopanes are removed. An obvious feature in the m/z 191 mass 

chromatograms of the Niger Delta oil samples is the relative enrichment of the unknown 
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C29 triterpane peak A which seems to be relatively resistant to biodegradation (Figure 6.16) 

and this peak stays relatively elevated even when other hopanes are depleted/destroyed.  At 

these PM levels the relative abundances of oleanane also increase because of the relative 

removal of the C30 αβ hopane, which might lead to the reporting of anomalous oleanane 

index values of highly biodegraded oils (Figure 6.16). Peak A elutes around where the 25-

norhopane is expected to elute but the mass spectra shows that they are different 

compounds though the compound can be useful when dealing with the degradation level of 

highly biodegraded oil samples. The Central Delta oil samples are much more biodegraded 

whereas the Southern Delta oil samples are least biodegraded based on peak A/ hopane 

ratio (Figure 6.17).  

The seco-oleananes identifiable in the m/z 193 mass chromatograms can also be used for 

the assessment of very high biodegradation levels, with peak A+B showing resistance to 

biodegradation, whereas peaks C and peak D are preferentially biodegraded (Figure 6.16).  

The %A+B is positively correlated with oleanane index and at very high biodegradation (> 

PM 5) these peaks show elevated abundances relative to peaks C and D in the Niger Delta 

oil samples (Figure 6.16 & 6.18). Although C29 triterpane peak A and seco-oleanane peak 

A+B are useful to indicate heavily biodegraded oils, there is a high possibility that they are 

source specific and are also resistant to biodegradation (previous chapter, section 5.7.1). 
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Figure 6.16: Representative total ion current (TIC), m/z 193 and 191 mass chromatograms displaying the distribution of the seco-oleananes and 

triterpanes in Niger Delta oil samples. Note the preferential enrichment (resistance to biodegradation) of seco-oleanane peak A+B (m/z 193) and 

triterpene peak A (m/z 191) and the preferential removal of peaks C and D (m/z 193).
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Figure 6.17: Cross-plot of oleanane index against A/A+C29 αβ hopane showing a positive 

correlation trend with biodegradation, especially after PM level 5. 

 

 
Figure 6.18: Ternary plot of %A+B, C%, D% showing increasing relative abundance of 

A+B after PM 5 in Niger Delta oil samples. Note the North Sea oil does not have peak A+B 

and there is possibility that peak seco-oleanane A+B (m/z 193) and unknown triterpane 

peak A (m/z 191) are related as they divide the Niger Delta oil samples into two sub-groups.  
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There is a positive correlation of %A+B (m/z 193), A/A+C29 αβ hopane (m/z 191) and 

oleanane index in the heavily degraded oil samples from the Niger Delta as seen from 

Figures 6.32; 6.35 & 6.17, but this positive correlation might break down when one 

consider any individual well with two extremes of biodegradation level in either the shallow 

reservoir or the deep reservoir, e.g. one reservoir with PM 0-1 and the other reservoir with 

PM 5-7. This may be due to the possible effect of mixing of a fresh charge with the 

biodegraded oil because even at high PM, some oils do not show much compositional 

variation to a PM level 0/1 oil sample from a different reservoir depth within the same well 

(Figure 6.19).  
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Figure 6.19: Representative TIC, m/z 193 and 191 mass chromatograms displaying the distribution of the seco-oleananes and hopanes in a Niger 

Delta well. Note the similarity in the m/z 193 peaks A+B and m/z 191 peak A and the prominent peak A in the undegraded and the degraded oil 

but there is a huge difference in MN 2 (MANCO number 2) (OE015 and OE016).  

 

 
Figure 6.20: Representative TIC, m/z 193 and 191 mass chromatograms displaying the distribution of the seco-oleananes and hopanes in a Niger 

Delta well. Note the similarity in the m/z 193 peaks A+B and m/z 191 peak A in both biodegraded oils from the different reservoirs and also the 

similarity in the MN 2 (MANCO number 2) (OE007 and OE008).    
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6.3   Modular Analysis and Numerical Classification of Oil (MANCO biodegradation 

scale) 

In a bid to improve the resolution of the various biodegradation scales (e.g. Volkman et al., 

1983; Peters & Moldowan, 1993; Wenger et al., 2002; Peters et al., 2005), Larter et al., 

(2012) proposed the Modular Analysis and Numerical Classification of oil (MANCO) 

biodegradation scale which assigns a higher weight (vector/number) to compounds least 

susceptible to biodegradation by looking at a sequence of compounds in any oil sample.  

Eleven compound classes were considered in the present work on the Niger Delta oils, and 

these were: class 0 (low molecular weight n-alkanes i.e. < nC15), class 1 (high molecular 

weight n-alkanes i.e. > nC15), class 2 (isoprenoid alkanes), class 3 (alkyltoluenes), class 4 

(naphthalene and methylnaphthalenes), class 5 (dimethylnaphthalenes), class 6 

(trimethylnaphthalenes), class 7 (methyldibenzothiophenes), class 8 

(tetramethylnaphthalenes), class 9 (phenanthrene + methylphenanthrenes), class 10 

(steranes). The 11 compound classes were then sub-grouped into 5 level for each compound 

class from 0 – 4, i.e. 0 (pristine), 1 (lightly degraded), 2 (moderately degraded), 3 (heavily 

degraded) and 4 (completely depleted). This gave 5 levels of degradation within each class 

of the 11 compound class (Larter et al., 2012). 

The Manco number (MN2) is calculated based on the formula: 

 

MN2            = 

 

    

Where: 

No. of compound class = 0 - 10 (11 compound class) 

Scale maximum = 1000 

[(no of compound classes)+(log5(MN1)*(scale maximum-1)) 

                                   No. of compound classes 
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MN1 = ∑ (class scorei * 5i)  

Where: 

Class score= range from 0 to 4 (depending on level of compound degradation) 

I= is the compound class (0 – 10). 

The calculated MN2 reflects a higher number for the alteration of an increasingly resistant 

class, thereby providing non-linear increment with increase in degradation and highly 

influenced by the alterations in higher compound class (Larter et al., 2012). A pristine oil 

sample with score 0 for class 0 will give an MN2 value of undefined but this has been 

regarded as 0 in the present calculations and samples that also shows overwhelming 

indications of multiple oil charge history (biodegraded oil + fresh charge) were removed 

from the calculations because they will give misleading results (Figure 6.21). 

 

 

 

 
Figure 6.21: Representative TIC of an oil that had undergone multiple charge events. The 

elevated bicyclic peaks must have been from an early charge that has lost its pristane and 

phytane (PM 5) and a later charge that consist of full suite of n-alkanes. Note Pr and Ph are 

lower in concentration than the bicyclics and must have been from the later charge (OE128). 
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6.3.1 Comparison of Manco scale to PM scale. 

The Manco scale has the big advantage that there is a possibility of a wide range of MN2 

values in any PM level that is considered (Figure 6.22).  For example, for the oil samples 

that have lost their n-alkanes but still possess isoprenoid alkanes, all those oils will be 

labelled PM level 4 based on Peters and Moldowan scale, but what the Manco scale have 

done is not to just stop at this stage but also to assign numbers for the stage of degradation 

of the alkyltoluenes, naphthalene, methynaphthalenes, dimethylnaphthalenes and 

trimethynaphthalenes that will be present in a PM 4 samples but might be degraded to 

different extents in different oils, thereby providing possible sub-divisions at any given PM 

level of biodegradation (Figure 6.22).  

 
Figure 6.22: Cross-plot of Manco number 2 (MN2) against PM level of biodegradation of 

the Niger Delta oil samples, showing series of overlaps in MN2 of different PM levels of 

biodegradation. Note the range in MN2 for different PM levels. 

 

Considering MN2 values of 350 to 600 (Figure 6.22), all PM level 4 (n-alkane absent + 

acyclic isoprenoid present) oil samples are in this range and most PM level 5 (n-alkane 

absent + acyclic isoprenoid absent) oil samples also falls in the same range. Therefore it 

can be pointed out that it is not just what is completely degraded that affects this but the 
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level (score) of degradation of compounds that are not completely degraded yet that matters 

in the computation of the MN2 number, as they are given a higher weight because their 

relative higher resistance to biodegradation. This same situation can be seen in PM level 7 

and 8, where the MN2 number are similar and have same level of sterane attack, but at PM 

level 7 the homohopanes have not been removed but they are removed at PM level 8. It 

will be useful to consider the attack and removal of the C29 to C35 hopanes in the calculation 

of the MN2 value so as to be able to differentiate the MN2 values of PM 7 and PM 8, 

instead of ignoring the hopane degradation as proposed by Larter et al., (2012). 

The inconsistencies in relative removal of compounds in an oil during biodegradation has 

been shown to be problematic for both biodegradation scales (Larter et al., 2012), while the 

effect of mixing and recharging of a biodegraded reservoir complicates any biodegradation 

study (Obermajer et al., 2004; Bennett & Larter 2008). Therefore as much information 

about the reservoir environment and its charge and thermal history as possible, should be 

considered in order to understand the biodegradation effects on this petroleum system. 

 

6.3.2 Comparison of Manco scale with gasoline biodegradation parameters 

The Thompson (1983) heptane ratio is a major parameter that is controlled by the 

biodegradation level in the gasoline range hydrocarbon of crude oils. As seen from figure 

6.23, at a heptane ratio of around 12%, there is the onset of PM 1 level of biodegradation, 

although Thompson (1983) stated that oil samples with heptane ratio below 18% are 

biodegraded. It is obvious from figure 7.23 that PM level 1 samples have MN2 between 50 

and 160 and PM level 2 samples have MN2 greater than 200.   

The same relationship was observed with the isoheptane ratio and it can be concluded that 

the isoheptane ratio and heptane ratios, although are mainly used as a measure of oil 

maturity, they can also be used as a measure of the onset of biodegradation in any oil sample 

as these ratios show a correlation with the PM and Manco biodegradation scale at the onset 
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of biodegradation but might not be able to discriminate between PM level 1 and PM level 

2 biodegradation.  

 
Figure 6.23: Cross-plot of Manco number 2 (MN2) against Heptane ratio. Note that with 

reduction in heptane ratio the MN2 increases.  

 

6.3.3 Comparison of Manco scale with n-alkane and isoprenoid biodegradation 

parameters 

The Pr/n-C17 against Ph/n-C18 ratios show the susceptibility of the normal alkanes to 

biodegradation as against that of the isoprenoids, because n-alkanes get removed from oils 

at PM level 4 whereas isoprenoids get removed at PM level 5. PM level 1 oil samples have 

an MN2 range of approximately 50 to 200 (Figure 6.24), although based on PM alone there 

exist no clear distinction between PM level 0 and 1 when comparing them based on the n-

alkane/isoprenoid relationship. The PM level 2 oil samples have MN2 values above 200 

but lower than 300 and PM level 3 oil samples usually have MN2 value above 300. 

There is a no sharp distinction between PM level 0 and 1 and PM level 1 and 2 oil samples 

when comparing the relationship of the isoprenoids/n-alkanes values, but this can only be 
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valid up to PM level 3 when some n-alkanes are still present in the oil samples (Figure 

6.24). 

 
Figure 6.24: Cross-plot of Manco number 2 (MN2) against Ph/nC18 with PM level of 

biodegradation showing series of overlap in MN2 of different PM level of biodegradation. 

Note the range in MN2 for different PM levels. 

 

6.3.4 Comparison of Manco scale with diamondoid biodegradation parameters 

The ratio of MA/n-C11 increases with increase in biodegradation (Grice et al., 2000) and 

when this ratio is compared to the MN2 there is a strong correlation but MA/n-C11 can only 

be calculated for oil samples with n-C11 and therefore at higher biodegradation levels where 

n-alkanes are absent, this ratio cannot be used.  However, when the 

methyladamantane/adamantane (MA/AD) is considered, there is no striking relationship 

with either the PM biodegradation scale or the MN2 level, although Grice et al., (2000) 

shows that MA/AD can be used as a pointer in biodegradation studies. A cross-plot of 

MA/n-C11 against MA/AD does not show any relationship (Figure 6.13), therefore the ratio 

MA/AD should be used with caution in biodegradation studies on Niger Delta oils.  
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Figure 6.25: Cross-plot of Manco number 2 (MN2) against MA/AD with PM level of 

biodegradation showing series of overlap in MN2 of different PM level of biodegradation.  

 

6.3.5 Comparison of Manco scale with aromatic biodegradation parameters 

There is no clear relationship between the aromatic hydrocarbon distributions and the level 

of biodegradation. The ratio of 9-MP/1-MP (Bennett & Larter 2008; Larter et al., 2012); 3-

MP/2-MP (Bennett et al., 2013) have been shown to be related to the level of 

biodegradation but when this ratios were considered for the Niger Delta oil samples, there 

was no sharp variation of these ratios with the level of biodegradation. The naphthalene 

concentrations in the oil samples seems to reduce with an increase in biodegradation 

(Figure 6.26) but even at low biodegradation levels, there are samples with low naphthalene 

concentrations. 

The ratio 9-MP/1-MP which is known to increase at high level of biodegradation, does not 

show any specific pattern of variation with the MN2 values in the Niger Delta oil samples 

(Figure 6.27) and there is therefore a possibility of a complex interplay of multiple charge 
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episodes and mixing, fill and spill, complex reservoir architecture, differential rate of 

biodegradation to rate of charge/recharging, which could have led to these ratios not being 

consistent in the oil samples, because of the addition of fresh aromatic compounds to the 

oils while other aromatic compounds were been destroyed.   

 
Figure 6.26: Cross-plot of Manco number 2 (MN2) against naphthalene concentration with 

PM level of biodegradation, showing series of overlap in MN2 of different PM level of 

biodegradation. Note the range in MN2 for different PM level. 
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Figure 6.27: Cross-plot of Manco number 2 (MN2) against 9-/1-MP with PM level of 

biodegradation, showing series of overlap in MN2 of different PM level of biodegradation. 

Note the range in MN2 for different PM level. 

 

7.3.6 Comparison of Manco scale with hopane biodegradation parameter 

A clear feature in the m/z 191 mass chromatograms of the Niger Delta oil samples is the 

relative enrichment of the unknown C29 triterpane (peak A) which increases in biodegraded 

samples  as it is relatively resistant to biodegradation and it stays relatively elevated when 

other hopanes are attacked (e.g. figure 6.34a). Oil samples at PM level 6 have MN2 values 

of between 600 and 960, and there is an obvious division of PM 6 into two sub-groups 

based on the MN2 values (Figures 6.28), samples that have MN2 values between 600 and 

880 have relatively similar A/A+C30 αβ hopane ratios and most samples that have between 

MN2 values between 880 and 960 have elevated A/A+C30 αβ hopane ratios which shows 

that this ratio can be used to study biodegradation at very high degradation levels (PM level 

6 and above). 

The seco-oleananes from the m/z 193 mass chromatograms can also help to distinguish 

biodegraded oils at very high degradation levels (PM 6 and above).  The %(Peak 

A+B)/Peak( A+B+C+D) shows a clear subdivision of oils of PM level 6,  just as the Peak 
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A parameter showed previously, and this result can be used to subdivide PM level 6 

biodegradation levels in oil samples that have peak A+B present in them (Figure 6.29). 

 
Figure 6.28: Cross-plot of Manco number 2 (MN2) against A/A+C30 hopane with PM level 

of biodegradation showing series of overlaps in MN2 values with different PM levels of 

biodegradation. Note the range in MN2 values for different PM levels. 

 

 
Figure 6.29: Cross-plot of Manco number 2 (MN2) against %A+B with PM biodegradation 

scale showing series of overlaps in MN2 values of different PM levels of biodegradation. 

Note the range in MN2 values for different PM levels. 
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6.3.7  Summary of biodegradation effects 

The complex biodegradation scenarios found in the oil fields of the Niger Delta basin can 

be summarised as follows: 

1. The central delta oil are most biodegraded whereas the southern delta oil are least 

biodegraded. 

2. There is no obvious variation in most geochemical parameters with slight changes 

in the level of oil biodegradation within a well. 

3. There is always a difference in the 13C contents of n-alkanes lower than nC21 in oils 

of different reservoir depths within a well. 

4. The n-alkane/acyclic isoprenoid alkane ratio can be a very good indicator of early 

biodegradation level in the Niger Delta oil samples. 

5. The MA/AD diamondoid biodegradation parameter does not show any variations 

in the oil samples of Niger Delta probably because they are mixtures of multiple 

charges, whereas the MA/nC11 is a good indicator of early biodegradation. 

6. There is no strong relationship of the aromatic biodegradation ratios with the level 

of biodegradation of the other Niger Delta oil hydrocarbons. 

7. The unknown peak A (a C29 triterpane seen in the m/z 191 mass chromatograms) 

and peak A+B (seco-oleananes seen in the m/z 193 mass chromatograms) can be 

used for biodegradation studies of highly biodegraded Niger Delta oil samples. 

8. The MANCO scale can potentially subdivide any single PM level of biodegraded 

oils, but often shows overlap in PM levels 4/5 and 7/8. 

9. The interplay of multiple charge episodes and complex reservoir histories control 

the present day apparent level of biodegradation in the Niger Delta oils studied. 
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6.4 Evaporative fractionation 

Gussow (1954) was the first to point out the possibility of having immature condensate 

which will be enriched with light aromatic compounds in the hydrocarbon gasoline range.  

Thompson (1987) used the term evaporative fractionation for the separation of gas from oil 

in the reservoir, which can be a continuous process with pressure reduction in the reservoir 

and this process is thought to be the origin of some condensates which are not formed by 

cracking of oil to gas. 

Oil accumulation that has been continually washed by gas will generate two other types of 

hydrocarbon accumulations: 

1. Gas condensates 

2. Residual oil 

The gas that fractionates an oil can be generated from a highly mature source rock or Type 

III source rock and/or cracking of oil to gas in deep reservoirs (Thompson 1987) and in the 

Niger Delta basin there is the possibility of several origins for such gases. The complex 

nature of deltaic settings (repetitive trap/seal sequences) with very thick overburden and 

rapid sedimentation often gives rise to overpressure and under compacted sequences which 

aid the formation of structures (e.g. folds/faults) that aid migration and remigration of 

hydrocarbons and have a very high possibility of resulting in fractionated hydrocarbon 

(Losh & Cathles, 2010), as in the case of Gulf Coast (Thompson, 1987) and this scenario 

is also possible for the Niger Delta basin which is a classical deltaic setting.   

6.4.1 Fractionation from gasoline range hydrocarbons 

The Niger Delta is an important gas basin with about 100 trillion cubic feet (15 billion 

barrels of oil equivalent) of recoverable gas in the basin (Tuttle et al., 1997). This basin’s 

gas reserve is half of the oil reserve (Tuttle et al., 1997) and must have migrated either as 

a separate gas phase or dissolved gas in oil. There is a high possibility of migration and 

remigration of hydrocarbon in the basin due to the complex structuration and the large 
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connectivity of fractures and faulted formations due principally to the regional growth 

faults which developed because of the under-compacted and over-pressured Akata 

Formation (Tuttle et al., 1997; Haack et al., 2000).  

A careful study of the whole oil chromatograms of the Niger Delta oil samples (Figure 6.30) 

indicates that there has been fractionation in most of the oil fields and this does not have 

any relationship with the reservoir depth (deep vs shallow) and their 3+4 MD 

concentrations. The concentration of aromatic compounds is seen to increase with 

increasing fractionation and there is also a relative reduction of n-alkanes with increasing 

fractionation as they must have been mobilised into the gas phase washing the oil column. 

 
Figure 6.30: Representative whole oil chromatograms (for Niger Delta oil samples OE98, 

OE162, OE87) showing increasing fractionation. Note the relative enrichment of aromatic 

compounds and depletion of n-alkanes with increasing fractionation. The three Niger Delta 

oils shown do not appear to have been biodegraded and have nC17 > pristane. 
(1= n-heptane. 2= methylcyclohexane. 3= Toluene. 4= n-octane. 5= meta & para xylene).  

 

 

The Thompson BF-diagram (Figure 6.31) shows that some of the Niger Delta oils analysed 

have been fractionated and the extent of fractionation is different for different reservoir and 

regions. The Central Delta oils show intense fractionation, with most of the samples from 

this region showing fractionation effects and some of the Southern Delta oils have also 
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been fractionated, although most of the samples from this region plot in the pristine oil zone 

of Figure 6.31. Some samples from the Eastern Delta have been fractionated but like those 

of the Southern Delta region, most of the oils from this region plot in the pristine oil zone. 

Only five samples were analysed from the Western Delta because most of the samples were 

biodegraded and have lost their n-alkanes, of these one was biodegraded and the other four 

were pristine oils (Figure 6.31) and these analyses indicate that the Western Delta region 

oils analysed have not suffered from reservoir fractionation, but this need to be re-evaluated 

by increasing the granularity of the sampling from this region to confirm the validity of 

these findings across the region.  

 
Figure 6.31: Plot of toluene/n-heptane (aromaticity ratio) and n-

heptane/methylcyclohexane (paraffinity ratio) showing evaporative fractionation effects in 

the Niger Delta oil samples analysed.  Fractionation is prevalent in Central Delta but very 

uncommon in Western Delta samples.  Note the North Sea oil enables comparison with an 

unfractionated oil (after Thompson, 1987).   
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6.4.2: Fractionation model in Niger Delta. 

Meulbrock et al., (1998) developed two models of gas washing in an oil field, with the 

possibility of the gas migrating from underneath the oil and washing the oil if there is 

sufficient time to equilibrate, or an oil phase migrating through a gas phase but moving 

slower than the gas (Figure 6.32). Both these two model scenarios may have been possible 

in the Niger Delta and might have enhanced the rate of fractionation in the basin, but the 

effect of spill and fill might have been the major cause of fractionation of these oils (Figure 

6.33). 

Oil that is generated early will fill the deepest reservoir which is closest to the source rocks 

i.e. trap 1 (Figure 6.33). Continued generation of oil will fill trap 1 up to the spill point and 

then spill into trap 2, and if there is generation of highly mature oil (late oil window and 

early gas window) as in the case of Niger Delta (see previous chapter section 5.4.3) these 

highly mature hydrocarbons (light oil and gas) will displace the initial oil in the reservoir 

and this can happen by the gas displacing the oil by moving as discrete phase up dip to the 

crest of the structure. This density driving mixing can easily lead to fractionation of any oil 

column if the reservoir has either low permeability or porosity, or both might be at play in 

the reservoir which will increase the residence time of the gas phase in the oil column which 

will in turn lead to more contact of both phases (England 1989). 
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Figure 6.32: Two models of gas washing in an oil field (Meulbrock et al., 1998). Arrow 

shows direction of movement of gas. 
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Figure 6.33: Model for Niger Delta oil fractionation as a result of continuous fill and spill 

events in the basin. 

 

 

 

6.4.3  Summary of fractionation 

The reservoir alteration of the Niger Delta oils by fractionation can be summarized as 

follows: 

1. The Central Delta oils have been highly fractionated. 

2. The Southern Delta oils have been fractionated to some extent. 

3. There is a high possibility that the Western Delta oil are mostly pristine and have 

not been fractionated. 

4. Fractionation in Niger Delta might be due to fill and spill mechanisms, where light 

oil tends to displace the initial reservoired oil. 
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6.5 Water washing  

The preferential removal of light aromatic hydrocarbons relative to other fractions in the 

Niger Delta oil was studied based on two parameters Bz/cHx and Tol/mcHx. The oils used 

in the water washing studies were not biodegraded and they had all their light hydrocarbon 

contents intact/almost intact (PM level 0 to PM level 1) but there was preferential removal 

of benzene and toluene compared with the other fractions (Figures 6.34 & 6.35) in some 

samples. Based on this, a scheme was used to categorise the oil samples into groups of 

intense water washing; slight water washing and no water washing. 

Water washing in the oils from the basin did not show any particular relationship with 

reservoir depth, but most oil samples that appeared water washed were also biodegraded to 

PM level 1and the oil samples from the Eastern Niger Delta had suffered more water 

washing than all the other part of the delta (Figure 6.34).  Based on this it could be 

speculated that there may be more active hydrodynamic movement in the Eastern part of 

Niger Delta basin.  

The continual removal of soluble hydrocarbon components by formation waters will lead 

to compositional heterogeneity even in genetically related hydrocarbons and could lead to 

false correlation results in basin studies. However, the abundances of benzene and toluene 

have been used as a separating factor between terrigenous sources and marine sources, as 

source rocks deposited in marine environment are known to be depleted in their toluene 

and benzene concentration compared to those of terrigenous origin (Leythaeuser et al., 

1979a; 1979b; Odden et al., 1998). Therefore, there exist a possibility that the Eastern Niger 

Delta oil samples are mainly marine and their depletion in gasoline range aromatics is 

source dependent. 
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Figure 6.34: Representative whole oil gas chromatograms and partial chromatograms 

showing the effects of water washing on light hydrocarbons of non-biodegraded oil samples 

from the Niger Delta. Oil sample 1 may be a mixture of highly biodegraded oil with a non-

biodegraded fresh charge with hump of unresolved complex mixture. Note the relative peak 

intensities of benzene, cyclohexane, methylcyclohexane and toluene (OE115, OE064 and 

OE039).  

 

 
Figure 6.35: Cross plot of toluene/methyl cyclohexane against benzene/cyclohexane 

showing different intensities of water washing (1: intense water washing, 2: slight water 

washing, 3: no water washing) in Niger Delta oil samples. Sub divisions of water washing 

was arbitrarily set and the North Sea oil allows for comparison. 
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6.5.1 Summary of water washing 

The reservoir alteration of the Niger Delta oils by water washing can be summarized as 

follows: 

1. Water washing is not related to reservoir depth in the Niger Delta basin. 

2. Most samples that show some indication of water washing have also been 

biodegraded to at least PM level 1. 

3. The Eastern Niger Delta oil samples analysed are generally more water washed 

than those of the other region. 

4. Depletion in aromatics might be as a result of source and not water washing.  
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CHAPTER SEVEN 

OIL FAMILIES AND THEIR INFERRED SOURCE ROCKS 

7.0 Introduction 

Principal component analysis (PCA) which is tool used in chemometric analysis, helps to 

simplify complex data with large numbers of variables, into a new compressed variable 

while filtering out noise and data that show no relationships (e.g. Parfitt & Farrimond, 1998; 

He et al., 2012); variables that plot in same cluster hold similar interpretations and those 

that plots away from each other are either not related or negatively related (Gurgey, 2003).   

In addition to conventional molecular marker distribution measurements and parameters, 

the compound specific isotope analysis of n-alkanes is also a very useful tool for correlation 

of either oils to oils or oil to source rocks (e.g. Murray et al., 1993) and has proved 

extremely useful when dealing with comingled oil (Rooney et al., 1998; Peters et al., 2005). 

Carbon isotope (13C/12C) and hydrogen isotope (D/H) ratios have been used as a diagnostic 

tools in several geochemical studies (e.g. Murray et al., 1993; Rooney et al., 1998; Santos 

Neto & Hayes, 1999; Li et al., 2001; Schimmelmann et al., 2004; Pedentchouk et al., 2004; 

2006; Sun et al., 2005) for either finding a positive or negative correlations among oil and 

their probable source rocks, while anomalies seen in isotopic signatures can help unravel 

new petroleum systems and exploration targets (Summons et al., 1998). 

 

7.1 Oil to oil correlation 

The correlation parameters considered in this work are those that mainly reflect organic 

matter source input, however some of them are also affected by thermal maturity, 

biodegradation etc., and their effects are considered during the interpretation. PCA is used 

for oil to oil correlation and the first two principal components (i.e. PC1 and 2) are the main 

ones considered as they contain the greatest percentage variance and highest Eigenvalues 

of any of the studied data. The interpretation follows the same format that was used in 

chapter 6, i.e. by consideration of each the molecular composition classes of the oil studied 
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(i.e. gasoline range, n-alkanes, diamondoids, aromatics, sterane and hopane biomarkers); 

sub-groupings are also considered based on their maturity as different compositional 

classes or molecular weight ranges sometimes indicate different levels of thermal maturity.  

This approach helps to minimize the effect of intense mixing from oils of different thermal 

maturities and source deposition environments that is prevalent in the Niger Delta basin.  

Compound specific isotope analysis of n-alkanes is also used for attempting to correlate 

the Niger Delta oils and well cuttings samples analysed, into families. 

7.1.1  Thermally cracked oil families  

Thermal maturity results from diamondoid hydrocarbons indicate that the Niger Delta oils 

analysed are of very high thermal maturity with %VRo equivalent of 1.1 to 1.6%, (Chapter 

5, and Figure 5.15) which corresponds to late oil window to early gas window maturity and 

indicates that they had suffered from thermal cracking.  The diamondoid results also 

indicated that the oils were derived from a Type II marine source (Chapter 5, and Figure 

5.14). The PCA of the diamondoid hydrocarbon distributions is also used to help to unravel 

the number of oil families that are possible in these thermally cracked oil contributions (see 

below). 

 7.1.1.1  Correlation from diamondoid hydrocarbons 

A total of 180 oil samples and 18 diamondoid hydrocarbon parameters were used for the 

PCA, although 8 parameters (MAI, MDI, EAI-1, EAI-2, DMAI-1, DMAI-2, TMAI-1, and 

TMA1-2) were rejected because they only contributed to noise in the data and did not show 

any particular trends. The oil samples showed different ranges of biodegradation but despite 

this all of the oil samples were used for the PCA, since they all contained appreciable 

quantities of diamondoids.  

The loadings plot (Figure 7.1) shows division of the 10 accepted diamondoid hydrocarbon 

parameters into 3 groups, with group 1 made up of the following parameters; MA/EA, 

MA/DMA, MA/TMA, MA/TeMA, DMA/TMA, TA/TeMA, TMA/TMA, which are  



252 
 

mainly used for correlation purposes. The group 2 diamondoid hydrocarbon parameters are; 

MD/D, MA/AD and these two parameters can be used for correlation purposes but have 

been shown to be susceptible to biodegradation (Grice et al; 2000). The diamondoid 

hydrocarbon parameter in group 3 is TeMA/TeMA, and although this is a correlation 

parameter, it plots on its own and it was not clear if it was affected by some secondary 

alteration process, or that its use as a correlation parameter might be of limited significance 

in the Niger Delta oils. 

The loadings and scores plots of the diamondoid hydrocarbon parameters (Figures 7.1 & 

7.2) indicates that all the Niger Delta oil samples are genetically related. All the samples in 

family A1 show elevated MA/EA (Wang et al., 2006; Yang et al., 2006), MA/DMA (de 

Araujo et al., 2012), MA/TMA (de Araujo et al., 2012), MA/TeMA (de Araujo et al., 2012),  

DMA/TMA (de Araujo et al., 2012),  TA/TeMA (de Araujo et al., 2012),  TMA/TMA 

(Wang et al., 2006; de Araujo et al., 2012) values, and these have been shown (Chapter 7, 

Section 7.4.2, and Figure 7.14) that they are all indicative of a Type II marine source rock. 

It is thus highly possible that the cracked hydrocarbons in Niger Delta are of the same 

family (A1). 

 The other samples that plot outside the group A1 have elevated MD/D (3.3 to 4.9) and 

MA/AD (10.9 to 33.5) values which indicates that they have been highly biodegraded 

(Grice et al., 2000) when compared with those that plot within family A1 with different 

ranges of MD/D (1.56 to 3.39) and MA/AD (5.18 to 8.73) values. Diamondoid 

hydrocarbons therefore show that these Niger Delta hydrocarbons are potentially mixtures, 

where the main contributory source is thought to be from thermally cracked oil. This highly 

mature Type II marine source must have been of regional extent and must have been buried 

to a deeper depth than the other sources in the Delta. The PCA helps to reveal that the 

thermally cracked oils are genetically related and belong to the same family (Figure 7.2) 

based on their diamondoids signature. 
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Figure 7.1: Loadings plot of first (63% of the variance) and second (14% of the variance) 

principal components of diamondoid hydrocarbon parameters showing the relationships 

between parameters used. 

 

 

 
Figure 7.2: PCA scores plot of diamondoid hydrocarbon parameters for the first two 

principal components showing genetic relationships among the 180 Niger Delta oils 

analysed. Note the North Sea oil enables comparison with a known marine sourced oil. 

Data from replicate oil analyses plot almost on top of each other validating the significance 

of the experimental results. 
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   7.1.2  Thermally mature oil families 

Thermal maturity results from the gasoline range and aromatic hydrocarbons (Chapter 5, 

Section 5.2.3 & 5.5.2, Figures  5.19) indicates that the Niger Delta oils analysed were from 

a thermally mature Type II marine source with some terrigenous input. The PCA of the 

gasoline range and aromatic hydrocarbons helps to unravel the number of families that are 

possible in these highly mature oil contributions. 

7.1.2.1  Correlation from gasoline range hydrocarbons  

A total of 58 oil samples and 25 gasoline range hydrocarbon parameters were used for the 

gasoline range PCA. Of these 10 gasoline hydrocarbon parameters (P3/N2, 22/24dmP, 

11/1c3dmP, P2/3mH, e/11dmcP, dmc/dmP, Bz/cH, mcH/cH, nC7/nC6 and Tol/Bz) were 

rejected because they only contributed noise in the data and they did not show any particular 

trend.  

The loadings plot shows division of the 15 accepted gasoline range hydrocarbon parameters 

into 4 groups (Figure 7.3) with group 1 made up of the following gasoline range 

hydrocarbon parameters: mcP/nC6 which is the ratio of methylcyclopentane/n-hexane 

(Mango 1997), mcH/nC7 which is the ratio of methylcyclohexane/n-heptane (Mango 1997), 

dmcP/mH which is the ratio of 1-trans-3-dimethylcyclopentane/3-methylhexane (Mango 

1997). All three ratios are used for fingerprinting and reservoir characterisation studies but 

are strongly affected by water washing and biodegradation (Mango, 1997).  

The group 2 gasoline hydrocarbon parameters are: C7Naph which is the ratio of C7 

naphthenes/total C7 hydrocarbons (p:IGI, 2004), cP/bcC7 which is the ratio of 

cyclopentylheptanes/branched +cyclic C7 hydrocarbons (Mango, 1997; ten Haven, 1996), 

and N15/N16 which is the ratio of cyclopentanes/cyclohexyls (Mango, 1997; ten Haven, 

1996). All the gasoline range hydrocarbon parameters in this group are mainly used for oil 

to oil correlation studies and are not affected by any secondary alteration process because 

of their relative high resistance to these alteration process (Mango, 1997; ten Haven, 1996).  
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The gasoline hydrocarbon parameters in group 3 are; HeptRat (Thompson 1979; 1983), 

P1/hept (Mango, 1997; ten Haven, 1996; Thompson, 1979; Philippi, 1975), IsohepRat 

(Thompson, 1979; 1983), C7Paraf (p:IGI, 2004), P2/Hept (Mango, 1997; ten Haven, 1996; 

Thompson, 1979; Philippi, 1975) and b/bcC7 (Mango, 1997; ten Haven, 1996). Although 

the gasoline range hydrocarbon parameters in this group are thermal maturity indicators, 

they can also be used to infer source deposition environment of hydrocarbons (p:IGI, 2004). 

The group 4 gasoline range hydrocarbon parameters are cH/bcC7 which is the ratio of C7 

cyclohexyl/branch+cyclic C7 hydrocarbons (Mango, 1997; ten Haven, 1996), Tol/mcH 

which is the ratio of toluene/methylcyclohexane (Mango, 1997), C7Arom which is the ratio 

of C7 Aromatics/total C7 hydrocarbons (p:IGI,, 2004) and are all used for correlation and 

reservoir characterisation studies (ten Haven, 1996; Mango, 1997; p:IGI, 2004). 

The loadings and scores plots of the light hydrocarbon parameters (Figure 7.3 & 7.4) help 

divide the Niger Delta hydrocarbons into 2 main families (i.e. Families A2 and B2). Family 

A2 samples have elevated values of C7Naph (56.6 to 57.4) (p:IGI, 2004) as compared to 

family B2, cP/bcC7  (0.29 to 0.48) (Mango, 1997; ten Haven, 1996),  N15/N16 (0.19 to 0.43) 

(Mango, 1997; ten Haven, 1996) and are defined as having increasing marine input and 

they also have lower values of cH/bcC7 (0.55 to 1.33) (Mango, 1997; ten Haven, 1996), 

Tol/mcH (0.22 to 0.31) (Mango, 1997), C7Arom (6.46 to 11.7) (p:IGI, 2004, 2004). Most 

family A2 oils are from the Eastern, Western and Southern Delta regions and they also have 

relatively lower Pr/Ph and higher nC17/nC27 ratios when compared with the Central Delta 

oil samples (Figure 8.4a & 8.4b).  

The family B2 oil samples have elevated values of cH/bcC7 (1.8 to 4.35) (Mango, 1997; 

ten Haven, 1996) as compared to family B1, Tol/mcH (0.43 to 1.79) (Mango, 1997), 

C7Arom (19.06 to 48.19) (p:IGI, 2004). The family B2 also have lower values of C7Naph 

(37.8 to 56.5) (p:IGI, 2004), cP/bcC7  (0.12 to 0.25) (Mango, 1997; ten Haven 1996), 

N15/N16 (0.06 to 0.17) (Mango, 1997; ten Haven, 1996) and can be interpreted as having 
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increased terrigenous input. This group is mainly made up of Central Delta oils, which also 

have high Pr/Ph and very low nC17/nC27 ratios (Figure 7.4a & 7.4b) and are believed to be 

mainly sourced from mixed Type II/III organic matter facies.    

Although there are two broad families (Family A2 and B2) on the plot in Figure 7.4a, some 

samples plot outside the two groups and they have elevated values of mcP/nC6 (4.2 to 15.1) 

(Mango, 1997), mcH/nC7 (27.4 to 114.7) (Mango, 1997), dmcP/mH (2.41 to 4.82) (Mango, 

1997). All these oil samples have been biodegraded to some extent and these parameters 

show elevated values due to the higher resistance of methylcyclopentane, 

methylcycclohexane and 1-trans-3-dimethylcyclopentane, all of which are used as 

numerators in calculating the ratios  when compared to denominators of those parameters 

which are; n-hexane, n-heptane and 3-methylhexane, that are relatively easier to degrade. 

 

 
Figure 7.3: Loadings plot of PC 1 (43% of the variance) and PC 2 (34% of the variance) of 

the gasoline range hydrocarbon parameters. Note the 4 possible groupings of the parameters. 
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Figure 7.4a: Scores plot of gasoline range hydrocarbon parameters for the first two 

principal components showing relationships among the 58 Niger Delta oils analysed. Note 

the North Sea oil enables comparison with a known marine sourced oil.  

 
Figure 7.4b: Representative saturated hydrocarbon fraction gas chromatograms showing n-

alkanes and partial whole oil GC-MS TIC chromatogram showing the distribution of light 

hydrocarbons of representative oils OE092 and OE117 from Families A2 and B2, 

respectively. Note the differences in the relative peak intensities. 
1= iso-pentane (C5 mono-branched). 2= n-pentane (C5 straight). 3= n-hexane (C6 straight).  4= 

methylcyclopentane (C6 cyclo). 5= benzene (C6 aromatic). 6= cyclohexane (C6 cyclo). 7= methylcyclohexane 

(C7 cyclo). 8= 1-cis-2-dimethylcyclopentane (C7 cyclo). 9= toluene. 10= 3-methylheptane. 11= n-octane. 12= 

meta & para xylene. 13= ortho xylene. 14= n-nonane.  
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7.1.2.2 Correlations from aromatic hydrocarbons  

A total of 156 oil samples and 11 aromatic hydrocarbon parameters were used for the 

aromatic hydrocarbon PCA, although 5 aromatic hydrocarbon parameters (MNR, DMN, 

MPR, MAS (21+22/total), MAS 29(S/S+R)) were rejected because they only contributed 

noise in the data and did not show any particular trends.  

The loadings plot shows division of the 6 accepted aromatic hydrocarbon parameters into 

3 groups (Figure 9.5) with group 1 made up of the following aromatic hydrocarbon 

parameters: MP(3+2/9+1), MPI-1, MPI-2 and Rc (Ro<1.35) which are mainly used for 

thermal maturity assessment.  The group 2 aromatic hydrocarbon parameter is TAS 27 

(Peters et al., 2005) and it plots away from the group 3 parameter which is TAS 28 (Peters 

et al., 2005) and these two parameters can be used for correlation purposes, although they 

have different significances. The TAS 27 which is TAS (27/26+27+28), is related to the 

St28iso (C28 αββ S+R) parameter and the TAS 28 which is TAS (28/26+27+28) is related 

to the St29iso (C29 αββ S+R) parameter (p:IGI, 2004). 

The loadings and scores plots of the aromatic hydrocarbon parameters (Figure 7.5 & 7.6a) 

helps divide the Niger Delta oils into 2 main families (i.e. Families A2 and B2). Family A2 

samples have elevated TAS 27 values (36.3 to 48.32) which is related to the C28 αββ (S+R) 

parameter and are reported as indicating marine input (Peters et al., 2005). Most of the 

Eastern Delta oils plot in this region, while the family B2 samples have elevated TAS 28 

(47.06 to 56.4) values which indicates terrigenous/ land plant input (Peters et al., 2005) as 

they have been compared with the C29 αββ (S+R) parameter; most samples from the Central 

Delta plot in this family. Family A2 samples also have lower Pr/Ph and higher nC17/nC27 

ratios, whereas Family B2 has higher Pr/Ph and lower nC17/nC27 ratios as shown by their 

chromatograms (Figure 7.6b). 

The Western Delta and Southern Delta oil samples plot mainly with family A2 but 

increasingly mixed with family B2 and there is no clear distinction between these two 
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families. The grouping looks rather different to the light hydrocarbon groupings possibly 

because of the different numbers of samples used for the PCA, while it may also be due the 

effects of mixing proportions on individual compounds in the light hydrocarbon range, 

which may be different to that in the range of the aromatic hydrocarbons analysed. 

The aromatic maturity parameters used MPR (3+2/9+1); MPI-1 (Radke & Welte, 1983; 

Radke et al; 1986), MPI-2 (Radke et al., 1986) and Rc (Ro<1.35) (Radke & Welte, 1983)], 

do not have a great influence on discriminating the oil samples as shown by the scores plot 

(Figure 7.6a). 

 
Fig 7.5: Loadings plot of first (63% of the variance) and second (32% of the variance) 

principal components of aromatic hydrocarbon parameters showing the relationships 

between parameters used. 
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Fig 7.6a: Scores plot of aromatic hydrocarbon parameters for the first two principal 

components showing relationships among the 156 Niger Delta oil samples analysed. Note 

the North Sea oil enables comparison with a known marine sourced oil.  

 
Figure 7.6b: Representative saturated hydrocarbon fraction gas chromatograms showing n-

alkanes and partial aromatic hydrocarbon fraction m/z 231  mass chromatograms showing 

the distributions of triaromatic steroids from representative oils OE092 and OE117 from 

Families A2 and B2, respectively Note the differences in relative peak intensities. 
1= C26 20S tri-aromatic. 2= C26 20R + C27 20S tri-aromatic. 3= C28 20S tri-aromatic. 4= C27 20R tri-aromatic. 

5= C28 20R tri-aromatic. 
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7.1.3 Early mature oil families 

Thermal maturity assessments from sterane and hopane biomarkers indicate that the Niger 

Delta oils are of early maturity (Chapter 5, Sections 5.6.3; 5.7.2 and Figures 5.24; 5.37), 

sourced from shales (Chapter 5, Section 5.7.1 and Figure 5.28) that were mainly deposited 

in a shallow marine depositional settings with high deltaic influence (Chapter 5, Section 

5.6.2 and Figure 5.22). The PCA of the sterane and hopane biomarkers will help to unravel 

the number of families that are possible in the early mature oil contributions.  

  

7.1.3.1 Correlation from sterane biomarkers   

A total of 178 oil samples and 12 sterane hydrocarbon parameters were used for the sterane 

PCA, although four sterane hydrocarbon parameters (pregnanes, DiaSt, St29(S/S+R), 

St29(I/I+R)) were rejected because they only contributed noise in the data and did not show 

any particular trends in those parameters which are mainly used as thermal maturity 

indicators.  

The loadings plot shows division of the 8 accepted sterane hydrocarbon parameters into 4 

groups (Figure 7.7), with group 1 made up of the 28St217 i.e. C28 ααα 20R/C27-29 ααα 20R 

measured from m/z 217 mass chromatograms (Huang & Meinschein, 1979; Peters et al., 

2005), St28iso i.e. C28 αββ (20S+20R)/C27-29 αββ (20S+20R) sterane parameter (measured 

from m/z 218 mass chromatograms) which show increasing diatom input and is specific for 

marine depositional environment sourced oils (Huang & Meinschein, 1979; Peters et al., 

2005). The group 2 diagnostic sterane hydrocarbon parameters are; 27St217 i.e. C27 ααα 

20R/C27-29 ααα 20R m/z 217 (Huang & Meinschein 1979; Peters et al., 2005), St27iso i.e. 

C27 αββ (20S+20R)/C27-29 αββ (20S+20R) from m/z 218 (Huang & Meinschein, 1979; 

Volkman et al., 1998; Peters et al., 2005), and they indicate increased plankton and algal 

sources of hydrocarbons. The group 3 sterane parameters are; 30St217 i.e. C30 ααα 20R/C27-

30 ααα 20R  m/z 217 (Moldowan et al., 1990), St30iso i.e C30 αββ (20S+20R)/ )/C27-30 αββ 
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(20S+20R)  from m/z 218 (Moldowan et al., 1990), and are indicators of marine OM 

contribution, however this group plots close to the group 4 sterane parameters which are: 

29St217, i.e. C29 ααα 20R/C27-29 ααα 20R from the m/z 217 mass chromatograms (Huang 

& Meinschein 1979 Peters et al., 2005), St29iso i.e. C29 αββ (20S+20R) )/C27-29 αββ 

(20S+20R)  from the m/z 218 mass chromatograms (Huang & Meinschein 1979; Peters et 

al., 2005), and are used as indicators of terrigenous/land plant input.  

The loadings and scores plot of the sterane hydrocarbon parameters (Figure 7.7 & 7.8a) 

helps divide the Niger Delta oil samples into 2 main families (i.e. families A3 and B3), the 

family A3 samples have elevated 28St217; St28iso (33.09 to 37.68), 27St217; St27iso (26.2 

to 33.67) (Huang & Meinschein, 1979; Peters et al., 2005) and those parameters indicate 

that sources of family A3 oil samples were deposited in a marine environment but either 

not an open marine one as in the case of the North Sea oil, or have had input from land 

plant material. This family is mainly made up of samples from the Eastern Delta and some 

samples from the Southern Delta and Western Delta region. 

The family B3 is subdivided into two sub families i.e. family B3A and family B3B. The 

family B3A oil samples have elevated 29St217; St29iso (39.8 to 43.96) (Huang & 

Meinschein 1979; Peters et al., 2005) and they indicate terrigenous input, with high Pr/Ph 

ratios, whereas the family B3B have elevated 30St217; St30iso (0.35 – 0.41) (Moldowan 

et al., 1990) and have lower values of St29iso compared to the family B3A oils (Figure 8.7, 

8.8a & 8.8b). The Central Delta oil samples have elevated C29 steranes (Chapter 5, Section 

5.6.2, and Figure 5.21) and this shows that they are mainly of terrigenous origin or have 

high contributions from land plants. The Central Delta oil samples are mainly in family 

B3A with some in family B3B, while the Western and Southern Delta oil samples are 

mainly of family B3B although they have relatively elevated C29 steranes and 30St217 and 

St30iso (Moldowan et al., 1990) parameter values which are indications of marine OM 

contribution. In summary, the Eastern Delta oil samples are mainly of marine origin, while 
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the Central Delta oil samples comprise of substantial amounts of terrigenous OM. The oil 

from the other two regions (Western Delta and Southern Delta) oils are mainly mixed, with 

input from both marine and terrigenous sources.   

 

 

 
 Figure 7.7: Loadings plot of first (50% of the variance) and second (19% of the variance) 

principal components of sterane hydrocarbon parameters showing relationships between 

parameters. 
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Fig 7.8a: Scores plot of sterane hydrocarbon parameters for the first two principal 

components showing relationships among the 178 Niger Delta oil samples analysed. Note 

the North Sea oil enables comparison with a known marine sourced oil.  

 

Figure 7.8b: Representative gas chromatograms of saturated hydrocarbon fractions 

showing n-alkanes and partial m/z 217 mass chromatograms showing the distributions of 

steranes of representative oils OE023, OE055 and OE091 from families A3, B3A and B3B, 

respectively. Note the differences in relative peak intensities. 
1= C27 5α(H),14α(H),17α(H) (20R). 1= C28 5α(H),14α(H),17α(H) (20R). 3= C29 5α(H),14α(H),17α(H) (20R). 

4= C30 5α(H),14β(H),17β(H) (20R). 5= C30 5α(H),14β(H),17β(H) (20S). 
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7.1.3.2 Correlations from hopane biomarkers   

A total of 179 oil samples and 19 hopane hydrocarbon parameters were used for the hopane 

PCA, although 11 hopane hydrocarbon parameters (t20/t21, t26/t25, t20-t26/T30H, 

Tri/Tetra, 31Hops, Hop/Mor, Dia/NorM, 29Ts/29Tm, Hop30/29, HomoHop, Hop34/35) 

were rejected because they only contributed noise in the data and did not show any 

particular trends.  

The loadings plot shows division of the 8 accepted sterane hydrocarbon parameters into 4 

groups (Figure 9.9), with group 1 made up of the t23/T30H which is a correlation parameter 

(Seifert & Moldowan, 1978; AquinoNeto et al., 1983; De Grande et al., 1983) and group 2 

made up of Tetra/Hop which is known to show the presence of coal in source rocks (Philp 

& Gilbert, 1986; Killops et al., 1994) and is used for correlation in oil samples, although is 

affected by biodegradation and thermal maturity (Peters & Moldowan, 1983). The group 3 

parameters are made up of t19/t21+23 which can indicate deltaic source depositional 

environments (Zumberge, 1987; Rooney et al., 1998; Peters et al., 2005; He et al., 2012), 

and  OleanIndex which indicates higher plant input (Ekweozor & Telnaes, 1990), 29Hop 

which can indicate source depositional environment (Ourisson et al 1987; Killops et al., 

1998). The group 4 parameters can be source depositional environment indicators but they 

mostly find use as thermal maturity indicators and these include: Ts/Ts+Tm (Seifert & 

Moldowan 1978; Moldowan et al., 1986), Hop32 (S/S+R) (Seifert & Moldowan 1986), 30 

Hops (Ourisson et al., 1987; Killops et al., 1998). 

The loadings and scores plot of the hopane hydrocarbon parameters (Figure 7.9 & 7.10) 

enables division of the Niger Delta oils into 2 main families (i.e. families A3 and B3). The 

family A3 samples have elevated t23/T30H (0.05 to 0.12) parameter values (Seifert & 

Moldowan 1978; AquinoNeto et al., 1983; De Grande et al., 1983) which is indicative of a 

marine source environment and this family is mainly made up of oil samples from the 

Eastern, Southern and Western Delta region. 
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The family B3 samples have elevated t19/t23  parameter values (0.51 to 0.73) (Zumberge, 

1987; Rooney et al., 1998; Peters et al., 2005; He et al., 2012), which is indicative of a 

deltaic source depositional environment and OleanIndex (Ekweozor & Telnaes, 1990) 

which indicates  higher plant input, and this family is mainly made up of samples from the 

Central Delta, however some oil samples from the Western and Southern Delta also plot in 

this region. 

Although the Tetra/Hop parameter (Peters & Moldowan 1983) is commonly used as a 

source indicator, elevated values of this parameter signifies intense biodegradation because 

of the relative susceptibility of C30 αβ hopane to biodegradation when compared with the 

tetracyclics (t28 (S+R), t29 (S+R)). Most of the oil samples that plot along this trend line are 

from the Central Delta region which are of PM level 4 to 8 and have high Tetra/Hop ratios 

(0.08 to 0.41), whereas all the other oil samples have Tetra/Hop values from 0.05 to 0.07.  

 
Figure 7.9: Loadings plot of first (73% of the variance) and second (12% of the variance) 

principal components of hopane hydrocarbon parameters showing the relationships 

between parameters. 
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 Figure 7.10: Scores plot of hopane hydrocarbon parameters for the first two principal 

components showing the relationships among the 179 Niger Delta oil samples analysed. 

Note the North Sea oil was not included because of the absence of some studied hopane 

peaks. 

 

7.1.4 Correlations from compound specific isotope analysis 

The plot (Figure 7.11) of the stable carbon δ13C against stable hydrogen δD isotopic ratios 

of the n-alkane peaks (nC12, nC19, nC27, nC28) in the samples analysed shows the possibility 

of differentiating the lighter ends (nC12, nC19) of the Western Delta oil samples from the 

other samples because in this range they are isotopically heavier than the other oil samples, 

although nC19 components from the Southern Delta oils do not correlate well with the other 

oil samples. There is also the possibility that two groups exist within the Southern Delta 

oils (Figure 7.11) but it is not clear if this is due to factors such as the differential 

fractionation of the hydrogen isotope with the formation water during migration or different 

maturation processes in that part of the basin (Pedentchouk et al., 2004; 2006). 

The higher molecular weight n-alkanes (nC27, nC28) do not show significant differences 

between the different oils and this might mean that the components within this range are 

related, unlike the lighter ends which show significant variations. However, the Western 
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Delta oils may have a significant component from a different source compared with the rest 

of oils, possibly from marine derived organic matter which is seen to be enriched in 13C 

and 2H in comparison with the other oils, and this makes the δ13C and δD values from these 

oils more positive (Figure 7.11). This is consistent with the interpretation that there is 

enrichment of marine sourced organic matter in the lighter range due to the contribution 

from thermally cracked marine Type II organic matter, as indicated from the diamondoid 

analysis. However, there also exists the possibility that the Western Delta oils might have 

undergone a different maturation (higher maturity?) history, so that a significant proportion 

of n-alkanes in the short and mid-chain range underwent more extensive fractionation, 

leading to their more positive δ13C and δ2H values. The reason for the more positive δD 

value is not as clear and it could, for example, indicate that fractionation due to bond 

breaking of 13C-12C vs 12C-12C may be a more important process than the 2H-1H vs 1H-1H 

exchange with formation waters (N. Pedentchouk, personal communication 2015). 
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Figure 7.11: Plot of δD against δ13C of selected n-alkanes (nC12, 19, 27, 28) in the Niger Delta 

oil samples analysed, showing differences in the lighter n-alkane carbon isotopic values.  

(Standard error, in permil, at nC12 for δD = ±4.9, δ13C =±0.09, Standard error at nC19 for 

δD = ±0.9, δ13C =±0.09, Standard error at nC27 for δD = ±3.3, δ13C =±0.38, Standard error 

at nC28 for δD = ±2.8, δ13C =±0.42). 

 

 

 

7.3 Oil to source rock correlation     

 An oil-source rock correlation can be seen as a study that tries to establish a genetic 

relationship between an oil which was derived in whole or part from an oil prone source 

rock that must have a comparable chemical/geochemical (elemental, molecular and 

isotopic) and geological (basin formation, sediments transportation, deposition, 

compaction, fluid flow, heat flow) relationship with the said oil (Curiale, 2008). Although 
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there appear appreciable improvement in geochemical oil source correlation techniques 

since some of the first work by Hunt et al. (1954), there still remain a lot of uncertainties 

in defining the geological influences in a successful oil-source correlation study and these 

uncertainties can be as a result of our limited knowledge of fine scale vertical and lateral 

variability in the depositional system of source and reservoir rocks (Keller & Macquaker, 

2001; Barker et al., 2001).  

Despite all these potential problems associated with oil-source rock correlation, the 

importance of any oil-source rock correlation cannot be overemphasized as a possible oil-

source rock correlation study is better than one without any possible correlation established 

(Peters et al., 2005).   

7.3.1 Correlation from diamondoids hydrocarbon 

A total of 180 oil samples and 21 well cuttings extracts were used for the diamondoid 

hydrocarbon PCA. The loadings plot (Figure 7.12) shows the division of the 9 diamondoid 

hydrocarbon parameters into 3 groups. Group 1 is made up of the following diamondoid 

hydrocarbon parameters; MA/EA (Wang et al., 2006; Yang et al., 2006), MA/DMA (de 

Araujo et al., 2012), MA/TMA (de Araujo et al., 2012) (de Araujo et al., 2012), MA/TeMA 

(de Araujo et al., 2012), and TA/TeMA (de Araujo et al., 2012) which are mainly 

parameters used for correlation purposes. The group 2 parameter is; MA/AD and this 

parameter can be used for correlation purpose but has been shown to be susceptible to 

biodegradation (Grice et al; 2000). The parameters in group 3 are TMA/TMA, 

TeMA/TeMA, although these are usually correlation parameters (e.g. Wang et al., 2006; 

de Araujo et al., 2012), they plot away from other correlation parameters in group 1 and it 

is not clear if they may have been affected by secondary alteration process or if their use as 

correlation parameters may be of limited value in the Niger Delta oils. 

The loadings and scores plot of the diamondoid hydrocarbons (Figure 7.12 & 7.13) helps 

to show that all the Niger Delta oil samples are genetically related and are very different 
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from the well cuttings extracts. All the oil samples are characterised by elevated MA/EA 

(Wang et al., 2006; Yang et al., 2006), MA/DMA, MA/TMA, MA/TeMA and TA/TeMA 

values (de Araujo et al., 2012). It is possible to conclude from the PCA (Figure 9.13) that 

the thermally cracked hydrocarbons may be genetically related and that they are very 

different from the extracts of the well cuttings, although correlation of multiple sourced 

oils and mixed hydrocarbons with multiple thermal maturity levels as seen in the Niger 

Delta basin, is known to introduce significant compositional variabilities within the trapped 

hydrocarbon (Seifert et al., 1979; Peters et al., 1989; Chen et al., 2003a,b).  It is interesting 

to note that on this plot, the North Sea oil diamondoid source data appears similar to that 

of the Niger Delta oil samples (Figure 7.13). 

 

 
Figure 7.12: Loadings plot of the first (61% of the variance) and second (21% of the 

variance) principal components of the diamondoid hydrocarbon parameters, showing the 

relationship between parameters used. 
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Figure 7.13: Scores plot of the diamondoid hydrocarbon parameters for the first two 

principal components showing the relationships among the 180 Niger Delta oil and well 

cuttings samples. Note the Niger Delta oil hydrocarbons are possibly from the same or 

similar source rock which is different to the well cutting samples. The North Sea oil enables 

comparison with a known marine sourced oil. 

 

 

7.3.2 Correlations from sterane/hopane biomarkers   

The steranes/17α-hopanes ratio, as measured from m/z 217 and 191 mass chromatograms 

is a ratio of the regular steranes to the 17α-hopanes i.e. [C27-29 ααα(20S+20R) + C27-29 

αββ(20S+20R) steranes]/[C29-30 αβ + C31-C33 αβ(22S+22R) hopanes]. This ratio can indicate 

the relative eukaryotic/prokaryotic OM inputs to the source rock i.e. [(algae + higher 

plant)/bacteria] (Peters et al., 2005). Increased thermal maturity may increase this ratio 

(Seifert & Moldowan, 1978) but related oils with different thermal maturities are known to 

have the same trend line (Peters et al., 2005). 

Based on a plot of the steranes/17α-hopanes ratio against %C29αββ (20S+20R)/ C27-29αββ 

(20S+20R)  sterane (Figure 7.14), it is possible to see that the Niger Delta oils are not 

related with the source rock cuttings samples from wells KA and JK, but that they may be 



273 
 

related to  those cutting samples from wells EA, BA-1 and BA-SW. Cuttings samples from 

well EA have elevated %St29Iso values and very low sterane/hopane ratios, and they have 

similarities to the family B3B oil samples that have relatively abundant C29 and C30 steranes,  

which might indicate a mixing of marine and terrigenous sourced OM (Moldowan et al., 

1990). 

Cuttings samples from wells BA-1 and BA-SW show good correlations with the Central 

Delta oil samples (Figure 7.14) which are mainly oils with relatively increased terrigenous 

input (Figures 7.8a & 7.10) even though those cuttings have been shown to contain mainly 

Type II kerogen. Since the sterane/hopane ratio is known to increase with increase in 

thermal maturity (Seifert & Moldowan, 1978), one could speculate that at a higher thermal 

maturities, the cuttings samples from wells BA-1 and BA-SW might show a better 

correlation with oil samples from the Eastern Delta which show a more marine source 

signature. 

 
Figure 7.14: Cross plot of steranes/17α-hopanes against %St29Iso values showing some 

possible correlations between the Niger Delta oil samples and the well cutting samples. 

Note the cutting samples from wells JK and KI do not show any relationships with the oil 

samples. 
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7.3.3 Correlations from compound specific isotope analyses of n-alkane 

 

The plot of carbon δ13C against hydrogen δD isotopic ratios of selected n-alkane peaks 

(nC15, nC16, nC 22, nC 23) show the possibility of differentiating the lighter ends (nC15, nC 16) 

of the oil samples from those of the well cuttings samples (Figure 9.15). The cuttings 

samples are depleted in 13C and 2H at the lighter end and this indicates the likelihood that 

these well cutting samples are not genetically related to those of the oil samples light end 

(Figure 9.15). 

The higher molecular weight oil n-alkanes (nC22, nC23) might possibly be related to those 

hydrocarbons found in the cuttings samples from well BA-1, EA and KA (Figure 8.15) 

although it is not clearly understood how thermal maturation and the mixing of oils sourced 

from different facies would affect these results.  Cuttings samples from wells JK and BA-

SW do not show any correlation with the n-alkanes from the oil samples either at the lighter 

ends or the heavier ends (Figure 7.15). The non-correlation of the hydrocarbons in the 

cuttings samples from well BA-SW might be attributed to enrichment in deuterium because 

the well cuttings had similar δ13C values as most of the oil samples, and the possibility 

exists that the differences in the hydrogen isotope values might have been due to 

fractionation effects between D and H in formation waters (N. Pedentchouk, personal 

communication 2015). 
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Figure 7.15: Plot of δD against δ13C of selected n-alkanes (nC15, nC16, nC 22, nC 23) in the 

Niger Delta oils and well cuttings samples analysed, showing differences in the lighter n-

alkane carbon isotopic values and some similarities in the higher molecular weight n-alkane 

carbon values. (Standard errors, in permil for nC15 for δD = ±6.5, δ13C =±0.09, nC16 for 

δD = ±1.5, δ13C =±0.21, nC22 for δD = ±1.8, δ13C =±0.24, nC23 for δD = ±1.3, δ13C =±0.18).  

 

7.4 Summary 

This chapter highlights the existence of possible oil families in the Niger Delta basin, 

although the complex structuration of the basin might have contributed to the intense 

mixing of different thermal maturity oils which complicates the interpretation of the 

geochemical data from the samples analysed. The main findings of this chapter can be 

summarised as:  

1. Principal component analysis of correlation parameters from diamondoids in the 

Niger Delta oils analysed reveals that they are from similar sources and thus were 

assigned as of the same family (Family A1) and also that they do not show any 

relationship with the well cuttings samples extracts analysed. The diamondoids 

represent a thermally over-mature (cracked hydrocarbons) part of the oils. 
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2. Principal component analysis of gasoline range and aromatic hydrocarbons reveals 

that the Niger Delta oil samples are potentially mixtures, with oil samples from the 

Central Niger Delta (Family B2) showing relatively increased terrigenous input and 

less marine input, while those from the other regions have more marine input and 

less terrigenous input (Family A2).  These gasoline range and aromatic 

hydrocarbons represent a thermally mature portion of the mixed oil. 

3. Principal component analysis of hopane and steranes (representing a low thermal 

maturity portion of the oils) reveals that the Niger Delta oil can also be divided into 

two families, with family A3 having more marine contribution while family B3 

have more terrigenous contribution. 

4. It may be possible to subdivide Family B3 into two sub-groups (i.e. B3A having 

relatively higher terrigenous contribution and Family B3B having relatively higher 

marine input). 

5. The hydrocarbons in cuttings samples from wells JK and KA do not show any 

relationship with those in the Niger Delta oils analysed. However, cutting samples 

from wells BA-1, BA-SW and EA show some correlations with the oil samples 

based on hopane and sterane biomarkers. 

6. Compound specific isotope analysis (δ13C and δ2H) of n-alkanes indicates that the 

light ends of the Western Delta oil samples, although of marine source, might have 

a different source from those in oils from the other regions; however, the higher 

molecular weight n-alkanes have similar values and thus may be related. 

7. The well cuttings samples extracts appear not to be related with the lighter end n-

alkanes of the Niger Delta oil samples but those of cuttings samples from wells BA-

1, EA and KA are similar to those in the higher molecular weight components in 

the oils. 
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CHAPTER EIGHT 

OVERALL CONCLUSIONS  

The overall aim of this project is to gain a better understanding of the Niger Delta petroleum 

system with a view to predicting the source of the hydrocarbons found in the basin and 

ultimately be able to predict the likely mixing percentages of high maturity sourced oils 

with those of lower thermal maturity and how this mixing may change across the regions 

of the delta. In order to achieve these aims, several objectives were targeted which included: 

inferring the organic facies and depositional environments of source rocks of the Niger 

Delta Basin based on the geochemistry of a large data set of oil samples; predicting the 

percentage contribution of the highly matured deep source to the Tertiary reservoired 

hydrocarbons; determination of the possible migration distances and alteration processes 

that affected the produced oil samples and also to assess the source potential of 

transgressive shales of the Niger Delta Basin based on the available well cutting samples. 

In order to achieve the overall aims of the project a total of 50 well cuttings samples from 

6 exploratory wells and 180 oil samples from 40 oil fields, were used for this project. 

 

8.1 Source depositional environment and thermal maturity  

There is huge complexity in the Niger Delta Basin petroleum systems based on the 

contradictory geochemical results generated from the Niger Delta oils analysed, as 

indicated by the differences in the thermal maturity depending on the compound 

class/molecular weight range of the hydrocarbons in the oils that were studied. These 

thermal maturity measurements indicated that there has been at least two possible charges 

in the oils studied from the basin.  These consisted of a highly mature and cracked charge 

possibly coming from a sub-delta (deep Cretaceous) source as indicated by the diamondoid 

hydrocarbon analyses and a peak mature charge contribution from a source that has not 

been buried as deeply as the highly mature charge (Figure 8.1) as indicated by results from 

the gasoline range and aromatic hydrocarbons. The highly mature early charge was sourced 
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from a Type II kerogen deposited in a marine environment and was of late oil window 

maturity to early gas window maturity, with the oil having been thermally cracked. The 

peak oil window maturity charge appears to have been sourced from shales containing Type 

II kerogen deposited in marine environment with various proportion of terrigenous input 

depending on proximity to land (i.e. mixed Type II/III), with the Central and Southern Delta 

regions having the highest terrigenous inputs compared with the other parts of the delta.   

The Niger Delta oils are potential mixtures of oils from a wide range of thermal maturities, 

which have been contributed to by different source facies. In these mixed oils, the first 

charge, which is the thermally cracked oil sourced from a marine sourced Type II kerogen, 

is thought to have a regional extent, based on the strong relationships of the different oils 

from the PCA of diamondoid parameters. The second charge of thermally mature oil is 

shown to be differentiated by the level of terrigenous input into the marine organic matter 

(i.e. Type II/III facies) with possibility of a wide spectrum of terrigenous input depending 

on the region of the delta. 

Based on the PCA results, it is possible to conclude that the highly mature charge was 

generated from a Type II, sub-delta source which is of regional extent and which was 

responsible for a high proportion of the oil in the Niger Delta that has migrated into the 

Tertiary reservoirs of the Agbada Formation. The mature charge must have been from the 

thick Akata Formation that was deposited during the rapid prograding sedimentation in the 

Delta and the low thermal maturity signature seen in the hydrocarbons of this basin is 

mainly from migration contamination and/or signatures picked from the transgressive shale 

streaks that are present in the Tertiary Agbada Formation reservoirs. 

Compound specific isotope (δ13C and δD) analysis of n-alkanes indicates that the light ends 

of the Western Delta oil samples, although mostly marine organic matter derived, might 

have a different source from the other regions, but that the higher molecular weight n-

alkanes have similar carbon isotopic values to those of the other regions. The differences 
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in the compositions of the Niger Delta oils analysed reflect variations in source depositional 

environments, source organic matter input and thermal maturity, the mixing proportions of 

different charges and reservoir alteration processes that affected these oils.  

 

8.2 Thermal cracking and mixing  

 

The thermal cracking of hydrocarbons is a function of temperature, which is primarily 

dependent on depth of burial (and thermal gradient) and with the maximum baseline 

concentration for diamondoids (3+4 MD) in oils and source rocks that have not undergone 

cracking, set at 10 ppm (based on large data set of samples worldwide), it can be concluded 

that the Niger Delta hydrocarbons are mixtures of thermal cracked hydrocarbons with those 

of uncracked ones because of the elevated concentrations of diamondoids (3+4 MD), which 

are as high as 100 pm in some samples and generally higher than 10 ppm. 

An oil with a diamondoid (3+4 MD) concentration of 20 ppm would have been mixed in a 

50:50 ratio of cracked to uncracked oil (with a baseline of 10 ppm) while a concentration 

of 100 ppm would have had 90 percent contribution from the cracked source and 10 percent 

from the uncracked source (chapter 5, section 5.3.3) Biodegradation and evaporative 

fractionation, which can lead to over-estimation of diamondoid concentrations, was not 

considered during this calculation, but the concentrations of diamondoids in these fluids 

generally points to a source that has been intensely cracked.  

The extent of cracking in the oils is seen to be related to the basin architecture, since the 

Eastern Delta region, which has low sediment thicknesses, has oils with lower cracking 

index values than those from the other parts of the delta with thicker sediment thicknesses.  

The oils from the Central Niger Delta which have mostly received a higher proportion from 

the sub-delta charge, as seen from the diamondoid based cracked oil charge map (Figure 

5.16), have also received oils that have more terrigenous input due to the source region 

proximity to land and land-plants (Figure 5.23). The elevated diamondoid concentrations  
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Figure 8.1:  A cross section of the Niger Delta Basin (NNE to SSW) showing the different formations (modified after Thomas, 1985) and their 

proposed regional thermal maturities relating to oil and gas generation. Note that localised thermal gradient hotspots were not considered and that 

diamondoids are mainly contributed from the deeply buried sub-delta source rock. 
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are believed to be coming from the marine Type II sub-delta source that has been deeply 

buried in the basin (Figure 8.1). The Tertiary reservoired hydrocarbons in Niger Delta Basin 

are derived from multiple source rocks, though this is also true for most prolific oil and gas 

regions of the world today. However, in the case of the Niger Delta Basin, the most 

important petroleum source must be biomarker depleted as indicated by the elevated 

diamondoid concentrations which reveal high thermal cracking. 

 

8.3 Source potential of the Niger Delta transgressive shales  

Assessment of cuttings samples showed that those from well BA-1 recovered from depths 

of 3.1 to 3.4 km contained Type II kerogen, deposited in a shallow marine environment, 

with good potential to generate hydrocarbons but that they were thermally immature. 

Therefore, although this depth interval from this well might have not contributed to the oil 

in the basin, deeper intervals in this well might be in the oil window and will have generated 

oil and some gas. The samples from well BA-SW recovered from depths of 3.9 to 4.1 km 

contained Type II kerogen, deposited in a shallow marine environment, with fair potential 

to generate hydrocarbon and the samples from well BA-SW were thermally immature 

based on sterane isomerisation and have not contributed to the oil reservoired in the Tertiary 

Niger Delta.  

Cuttings samples from wells EA (1.2 – 2.3 km), KA (2.1 – 3 km), KI (2.5 – 2.7 km) 

contained Type III kerogens deposited in deltaic settings, with poor to good potential to 

generate hydrocarbons These particular samples were immature and thus would not have 

contributed to the Niger Delta oil accumulations, but with the right thermal maturity had 

potential to generate gas and some oil. Cuttings samples from well JK recovered from 

depths of 1 to 4 km contained Type II kerogen deposited under open marine environments 

and had fair to excellent potential to generate hydrocarbons and were in the oil window 

maturity range.  However, the cuttings samples from this well had been heavily 
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contaminated with what appeared to be an oil based drilling fluid and so the cuttings 

geochemical results from this well could be misleading. 

The hydrocarbons in the cuttings samples from wells JK and KA do not show any genetic 

relationships with the Niger Delta oils, but those of the cutting samples from wells BA-1, 

BA-SW and EA do show some correlations with the oils based on hopane and sterane 

biomarkers. Thus, if these intervals penetrated in the wells were buried to the appropriate 

depth to be thermally mature enough to have expelled, hydrocarbons, they could have 

contributed to the oil charge sourced from the intra-delta shales. However there is also the 

possibility that the relationship between the well cuttings and the oil samples just point to 

the source of the migration contamination seen in these fluids. Compound specific isotope 

(δD and δ13C) analysis of light-end n-alkanes below nC16, showed that the well cuttings 

samples were not related to those of the oils and this molecular range is thought to be mainly 

contributed by the cracked oil of the deeply buried, sub-delta, Type II source and also that 

these are different to the hydrocarbons from the source rocks in the intra-delta wedge.  

 

8.4 Secondary migration and alteration processes  

The Tertiary reservoired oils in the Niger Delta are believed to have migrated from source 

rocks within the vicinity of the delta (either sub-delta or intra-delta) and the indications 

from the carbazole and phenol analyses are that the Western Delta oils might have migrated 

over a longer distance than those from the other regions, whereas the Southern Delta oils 

might have migrated over the shortest distance. This information has possible implications 

for future exploration activities, as new exploration targets might be located on migration 

pathways. It was generally found in the oils that the higher the calculated temperature of 

expulsion (which is also a function of the organofacies type) and 3+4 MD concentration, 

the longer the relative migration distance.  However, inferences drawn on migration 

distance need to be treated cautiously because of the multiple contributory sources and 
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different thermal maturities of these sources, which could affect these migration 

parameters.There exists the possibilities of complex biodegradation/gas washing/water 

washing scenarios in the oils of the Niger Delta basin and this might be as a result of the 

prevailing reservoir physiochemical conditions and multiple charging episodes in the 

various sub-basins that was controlled by the complex structuration in the basin. Generally, 

the Southern Delta oils are least biodegraded while the Central Delta oils are mostly 

biodegraded, with the slight changes in biodegradation level within a well not having a 

significant effect on the calculated geochemical parameters and interpretations based on 

them. 

The n-alkane/acyclic isoprenoid alkane ratio can be a very good indicator of early 

biodegradation level in the Niger Delta oil samples analysed, whereas the MA/AD 

diamondoid biodegradation parameter does not show any variations in the Niger Delta oil 

samples. There is also no strong relationship of the aromatic biodegradation ratios with the 

level of biodegradation measured based on the aliphatics fraction of the Niger Delta oils. 

The unknown peak A (a C29 triterpane seen in the m/z 191 mass chromatograms) and 

unknown peak %A+B (thought to be a bicyclic seco-oleanane seen in the m/z 193 mass 

chromatograms) can be used for biodegradation assessment of these heavily biodegraded 

oil samples. The MANCO scale of Larter et al., (2012) is useful for potentially sub-dividing 

any PM level of oil biodegradation, but in the oils from this study there is potential overlap 

in them at PM levels 4/5 and 7/8 it is not clear if this overlap will be present in oil from 

other basins. 

The complex trapping system in the Niger Delta basin with repetitive trap/seal sequences 

in the Agbada Formation might have been responsible for the intense fractionation/gas 

washing in the Central Delta region oils. The Southern Delta region oils have also been 

fractionated to some extent, although the Western Delta oils are more pristine and do not 

appear to have been fractionated. However, oil fractionation in the Niger Delta might also 
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be controlled by the fill and spill mechanism, where light oil tends to displace the initial 

reservoired oil. Gas washing also is consistent with the premise that Niger Delta oil are 

mixtures of highly mature and less mature oils, which might be as a result of early gas 

window mature oil migrating through oil of lower thermal maturity.  

Apart from alteration as a result of gas washing, there is also the possibility of water 

washing in the Niger Delta oils and this does not appear to be related to reservoir depth but 

may be somehow related to depth of basement, as most of the Eastern Niger Delta oil 

samples have suffered from intense water washing, whereas the other regions appear to 

have been only slightly water washed but this is inconclusive as the light aromatics 

parameters are source dependent. 

 

8.5 Implications for petroleum exploration and production 

The current work has been able to show that a sub-delta Type II marine source has 

contributed mainly late oil window to early gas window maturity oil to the Niger Delta 

Tertiary reservoired oils, with the charge from the sub-delta generally of highest proportion 

in the potentially mixed oils in the basin.  The cracked source is a marine Type II (sub-

delta) while the second less mature source is a Type II/III facie (i.e. marine Type II with 

varying percentage of terrigenous Type III input). The Central and Southern Delta oils have 

a higher terrigenous input than those of the Eastern and Western Deltas. It should also be 

noted that all the samples that show a high terrigenous input, also always have some marine 

signature, and there is a clear indication that there is a mixed facies of algal and terrigenous 

input, with bacteria reworking, deposited in a marine setting.   

The timing of oil generation is controlled by the sediment thicknesses in the delta, which 

was mainly controlled by accommodation space and basin structure, thus the Central Delta 

area should have been charged before the other areas and with the depth-to-basement 

information in the delta, we can predict fluid type that will probably be encountered in the 
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deeper reservoirs i.e. in high pressure /high temperature (HP/HT) reservoirs mainly in 

proven areas of the delta. There also exists the possibility to explore more in deeper waters 

and outer fold belt regions of the delta (deep offshore), but success in this region will be 

dependent on regional migration of hydrocarbons, as source rocks will thin out in this 

region and the timing of structure formation might be recent compared to the time of 

hydrocarbon generation in the basin centre. It can be concluded that the HP/HT reservoirs 

in proven areas will also hold oil/gas based on the fact that they are closest to the source 

that has produced a greater proportion of the Niger Delta oil, however drilling deeper in the 

delta will be challenging because of the following factors; 

1. Reduction in reservoir porosity and permeability based on higher compaction and 

cementation of the reservoirs. 

2. Problems from over-pressure during drilling. 

3. Production of multiple phase fluid with pressure released during production. 

4. Problems with scaling and mineral deposits in production pipes due to pressure 

release. 

5. The greatest singular problem will be trap integrity as there will be increased 

possibility of seal breaching when the formation pressure is equivalent to fluid 

pressure. 

 

8.6 Future work 

Follow-up work in this basin should be able to answer the following questions but this will 

depend on the availability of relevant data and background information. These questions 

should be able to address issues around thermal maturity, migration, cracking and mixing, 

reservoir alteration and reservoir presence. 
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8.3.1 Thermal maturity; 

1. Does shoreline progradation play a very important part in source rock maturity in 

the delta?   

2. Was the Cretaceous sourced oil reservoired in deep reservoirs and the present delta 

merely serves as overburden in maturing the source and cracking the reservoired oil 

after subjection to a deeper burial?  

3. Will PY-GCMS of immature Cretaceous source rock indicate the possibility of 

thermal maturity history of this formation?  

4. Would the Cameroon volcanism have contributed to the heating of sources and 

reservoirs in the Niger Delta Basin?   

8.3.2 Migration; 

1. Has there been a time where the present over-pressured and under-compacted Akata 

formation might have served as a good migration route or as a seal that later failed 

due to increasing lithostatic and hydrostatic pressure in the basin?  

2. If migration of the highly mature charge has travelled through the Akata formation, 

what role will the migrating fluid play in increasing the expulsion efficiency of the 

formation as an important source?  

3. If the first charge was stored in deeper reservoirs what triggered the breaching of 

the seals in these deep reservoirs or was it all about fill and spill mechanism?  

8.3.3 Cracking and mixing; 

1. Did cracking occur in the reservoir or source, and if both, what are the proportions 

and which is more important source of the highly cracked oil?  

2. What proportion of methane will be formed during expulsion at the gas window; 

also oil to gas cracking and biodegradation of the oil?   

3. How to quantify different charges that might have been biodegraded to different 

levels?  
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4. Can mixing curves be effectively generated for non-degraded, end -member oils?  

8.3.4 Reservoir alteration; 

1. How do diamondoid and biomarker concentrations vary with biodegradation levels?  

2. Can oil quality and volumetric be predicted based on probable reservoir information?  

8.3.5 Reservoirs; 

1. Is there a possibility of highly fractured and weathered basement reservoirs in the 

Niger Delta?  
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