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Abstract 

Seven core samples comprising of coals and organic-rich shales recovered from five boreholes that 
penetrated the Upper Cretaceous succession in the Anambra Basin (SE Nigeria) were subjected to total 

organic carbon (TOC), Rock-Eval pyrolysis and pyrolysis-gas chromatography analytical methods in 

order to characterize their structural features, source rock kerogen type and liquid hydrocarbon-
generative potential. The analyses indicated that the coal and shale intervals are rich in organic carbon 

content. The TOC and hydrogen index (HI) values range from 0.20 to 55.07 wt.% and 254 to 771 mg 

HC/g TOC respectively. Plots of HI versus oxygen index (OI) and HI versus Tmax classified the organic 
matter as Types III and mixed II/III. Pyrolysis-gas chromatographic fingerprint of the thermal extract 

revealed majorly a bimodal pattern dominated by the homologous series of n-alkene/n-alkane 

doublets, suggesting a mixed organic matter types (terrestrial and marine kerogen) and is typical of 
source rocks with liquid hydrocarbon generation potential given sufficient thermal maturity. Ternary 

plots of C1-C5, C6-C14 and C15+ (n-alkenes + n-alkanes) pyrolysates suggests that the coal and shale 

extracts can generate paraffinic oil with high wax contents. 

Keywords: Coals; Kerogen; Mamu Formation; Nigeria; Paraffinic oil; Pyrolysis -gas chromatography. 

 

1. Introduction  

Pyrolysis-gas chromatography (Py-GC) is the high temperature break-down of organic mat-
ter in the absence of oxygen into smaller molecular fragments. Pyrolysis-gas chromatography  
has been widely used as an analytical tool to elucidate the structural features of kerogens and 
to evaluate liquid hydrocarbon generation potential of source rocks [1-7]. Pyrolysis-gas chro-
matography is routinely utilized to characterize source rock kerogen type by examining the 

specific molecular distributions of pyrolysis products [8-16]. This analytical capability of making 
a positive identification of pyrolysis products is one of the important advantages of the Py-GC 
system because it can overcome problems associated with the interpretation of indirect pro-
duction type indicators such as the hydrogen and oxygen indices used by the quick and inex-
pensive Rock-Eval pyrolysis technique [3]. Previous workers have attempted to classify the 

sedimentary organic matter in the Upper Cretaceous Anambra Basin by means of organic 
petrology and Rock-Eval pyrolysis [17-25]. However, results and interpretations obtained from 
Rock-Eval pyrolysis are usually affected adversely by drilling mud contamination, mineral ma-
trix effects and low amount of kerogen [26-29]. According to Akinlua et al. [30], the difficulty of 
determining the actual nature of the organic matter in source rocks and correctly interpreting 
its petroleum-forming properties is also not always satisfactorily solved by Rock-Eval pyrolysis 

and petrological methods. Udo et al. [31] employed organic petrographic and programmed 
pyrolysis techniques to study sediments from northwestern Niger Delta and showed the effect 
of mineral matrix in classification based on Rock-Eval pyrolysis technique. Akinlua et al. [30] 
observed that microscopy approach suffers from the major drawback of using mainly qualita-
tive information that may not be easily transformed into numerical data for assessing the 

quality of source rocks.  
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A classification of pre-isolated kerogens in sediments from the Niger Delta based on pyrol-
ysis-gas chromatography was presented by [30]. They reported that quantitative pyrolysis-gas 
chromatography gives a better resolution of the intricate mixtures of kerogen in sediments 
from paralic sequences. According to Akande et al. [32], the coals in the Upper Cretaceous 
Mamu Formation have the capacity to generate hydrocarbons; however no study on the struc-

tural features and nature of the hydrocarbons have been carried out. This study was carried 
out using  pyrolysis-gas chromatography technique in order to characterize the structure of 
kerogen, source rock kerogen type and to determine the tendency of Upper Cretaceous source 
rocks to generate liquid hydrocarbons. 

2. Location of study area and geology 

The study area lies within latitudes 6o20/ to 7o55/ N and longitudes 6o45/ to 8o00 /E in  
southeastern Nigeria and occupies an area of about 20,350 km2 (Fig. 1). The geology, stra-
tigraphy, paleogeography, palaeontology and tectonic evolution of the Anambra Basin have 
been discussed by different authors [33-41]. The evolution of the Anambra Basin is related to 
the opening of the South Atlantic Ocean following the breakup of African from South American 
Continents during  the Early Cretaceous [34]. The Anambra Basin is bounded to the south by 

the Niger Delta Basin and extends into the Benue Rift Basins (BRB) on the northern side (Fig. 
1). The Anambra Basin was formed during the Santonian folding episode of the Abakaliki Uplift 
in the southwestern part of the Benue Trough. The Anambra Basin hosts over 6km-thick sed-
imentary successions of Cretaceous and Cenozoic age [42-43] comprising siltstones, clays, 
sandstones, shales, sandy shales, limestones and coal seams. The oldest known stratigraphic 

unit in the Anambra Basin is the Campanian-Maastrichtian Nkporo Shale Group (that is 
Nkporo/Enugu Shales and their lateral/stratigraphic equivalents-Owelli Sandstone). This for-
mation unconformably overlies the Awgu Formation (Coniacian-Santonian). The regional San-
tonian unconformity above the Awgu Formation resulted in the deposition of the Nkporo Group 
(Campanian-Maastrichtian). It was followed successively by the coal bearing deltaic Mamu 

Formation (Maastrichtian), fluvio-deltaic to tidal Ajali Sandstone (Middle Maastrichtian) and 
the fluvio-deltaic Nsukka Formation (Maastrichtian-Paleocene; Fig. 2) 
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Fig. 1. Geological map of Anambra Basin showing borehole locations 
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Fig. 2. Stratigraphic units in the Niger Delta, Anambra Basin and Lower Benue Trough of Nigeria  [33] 

3. Sampling and analytical methods 

A total of seven core samples, comprising of three coals and four shales obtained at various 

depths from five boreholes (1001, 1002, 1008, 1219 and 1267) in the Anambra Basin, south-
eastern Nigeria, were selected for this study (Fig. 1). The samples were subjected to total 
organic carbon (TOC), Rock-Eval pyrolysis and Py-GC analytical methods in order to determine 
their organic carbon richness, hydrocarbon generation potential, source rock kerogen type and 
to identify the possible production type (oil, condensate and gas). 

The TOC content of the samples was determined using a LECO C-230 analyzer after pre-
treatment of samples with concentrated hydrochloric acid to remove carbonates.  

The Rock-Eval pyrolysis measurements were performed using a DELSI ROCK-EVAL II device 
according to the procedures described in detail by [44-45].  
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Pyrolysis gas chromatography (Py-GC) was conducted in conjunction with thermal extract-
gas chromatography (TE-GC). Samples to be analyzed were rinsed to remove drilling mud 
contaminants and handpicked to recover representative cuttings fragments for analyses. 
Seven samples were subjected to an initial TE-GC following the procedures described by Gi-
raud [8].  Upon completion of the TE-GC analysis, the same 10-50 mg residual rock sample in 

the metal crucible was lowered back into the inlet that was pre-set to 6000C. It was then 
pyrolyzed for 2.45 minutes and raised back into the cool area. Gas chromatography was per-
formed using a Hewlett Packard 6890 GC System. The GC was temperature programmed from 
350C (5 minutes hold) to 330 0C at 5 0C/minute with a final hold time of 30 minutes. This GC 
technique separates light hydrocarbons and allows identification of heavy molecular weight 

hydrocarbons up to C42. 

4. Results  

4.1. TOC and Rock-Eval pyrolysis 

The results of TOC and Rock-Eval analysis are presented in Table 1. The TOC values of the 
coal and shale samples ranges from 42.04 to 55.07 wt.% (averaging 50.24 wt.%)  and 0.20 
to 9.34 wt.% (averaging 5.09 wt.%)  respectively (Table 1). The S1 and S2 yields for the coal 
vary from 5.3 to 8.23 mg HC/g rock and 147.4 to 323.99 mg HC/g rock respectively. The S1 
and S2 yields in the shales ranges from 0.09 to 1.88 mg HC/g rock and 0.6 to 33.16 mg HC/g 

rock respectively (Table 1). Tmax values for the coals ranges from 432 to 434oC while those 
of the shales ranges from 418 to 434oC. The HI values in the coals and shales varies between 
275 to 771 mg HC/g TOC and 254 to 444 mg HC/g TOC respectively (Table 1). 

4.2. Pyrolysis-gas chromatography  

The pyrolysis-gas chromatographic fingerprints and histograms of the studied coal and 

shale samples are presented in Figures 3a-g. The pyrograms are dominated by the homolo-
gous series of n-alkene/n-alkane doublets in the range of C5-C36. The homologous series of 
the n-alkene/n-alkane doublets has a bimodal distribution, maximizing at C6 and C29. The 
major n-alkane peaks are C6, C7, C8, C14, C15, C16, C27, C28, C29, C30 and C31 with C15 being 
dominant. Prominent peaks of pristane, phytane, C13, C14, C15, C16, and C18, isoprenoids were 
observed (Figs. 3a-g). Aromatic compounds identified in the pyrograms include benzene and 

toluene (Figs. 3a-g).   

5. Discussion 

5.1. Hydrocarbon source potential  

The results of total organic carbon (TOC) and Rock-Eval pyrolysis analyses of the studied 
coal and shale samples are summarized in Table 1. The TOC values of the coal samples ana-
lyzed range from 42.04 to 55.07wt.% while that of shales ranges from 3.35 to 9.34wt.%. 
These results indicate that the coal and shale samples possess good to very good organic 

carbon richness (TOC >0.5 wt.% [47]) required by a potential source rock to generate signifi-
cant quantities of hydrocarbon. One sample (1267/03) had TOC value of 0.02wt.% (Table 1) 

The Rock-Eval pyrolysis results (Table 1) show that the coals and shales have the ability to 
generate hydrocarbons. HI values vary from 275 to 771 mg HC/g TOC in the coals and 254 to 
444 mg HC/g TOC in the shales. The high HI values (>200 mg HC/g TOC ) suggest that the 
coals and shales contain type II-III organic matter (mixed origin) which are capable of gen-

erating both oil and gas (Fig. 4). The calculated vitrinite reflectance (Cal. Ro%) and Tmax values 
range from 0.36 to 0.65 %  and 418 to 4340 C respectively (Table 1), signifying their thermally 
immature status. The S1 and S2 yields for the studied samples are 0.09 – 8.23 mg HC/g rock 
and 0.06 – 323.99 mg HC/g rock (Table 1), suggesting their potential to generate gas and oil. 
These results are in agreement with those reported by [6, 32, 48-54]. The hydrocarbon generative 

potential (based on Rock-Eval S1 + S2) of the studied samples ranges from 0.69 - 332.22 mg 
HC/g rock, indicating moderate-good source rock [55].  
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Table 1. Total organic carbon and Rock-Eval data 

Sample No. Depth (m) Lithology TOC (%) S1 S2 S3 Tmax (oC) Calc. %Ro HI OI GP S2/S3 S1/TOC PI 

1001/02 157 Shale 9.34 1.88 30.53 1.79 434 0.65 327 19 32.41 17 20 0.06 

1001/12 186-187 Coal 42.04 8.23 323.99 10.15 434 0.65 771 24 332.22 32 20 0.02 

1001/16 205 Shale 3.35 0.46 8.52 0.94 434 0.65 254 28 8.98 9 14 0.05 
1002/06 167-178 Shale 7.47 1.68 33.16 2.92 432 0.62 444 39 34.84 11 22 0.05 

1008/13 220-221 Coal 55.07 5.30 289.98 6.48 432 0.62 527 12 295.28 45 10 0.02 

1219/08 80-82 Coal 53.61 7.58 147.40 12.31 432 0.62 275 23 154.98 12 14 0.05 
1267/03 75-76 Shale 0.20 0.09 0.60 1.37 418 0.36 300 685 0.69 0 45 0.13 

HI = hydrogen index = S2 x 100 / TOC (mg HC/g TOC); OI = oxygen index = S3 x 100 / TOC (mg CO2/g TOC); GP = Generation Potential = S1+S2 (mg HC/g 
rock); S1/TOC = normalized oil content = S1 x 100 / TOC; PI = production index = S1 / (S1+S2); Calc. %Ro = Calculated vitrinite reflectance = 0.0180 x Tmax - 
7.16[46]; TOC = total organic carbon in rock (weight percent); S1 = milligrams of hydrocarbons that can be thermally distilled from 1 gram of rock; S2 = milligrams 
of hydrocarbons generated by pyrolytic degradation of the kerogen in 1gram of rock; S3 = milligrams of carbon dioxide per gram of rock; Tmax = the temperature 
at which the maximum amount of S2 hydrocarbons are generated (in oC) 
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Figures 3a-g. Pyrolysis gas chromatographic fingerprints and histograms obtained on samples  
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Figure 4. Rock-Eval pyrolysis Tmax versus HI for core samples from the Mamu Formation [32]  

The prominence of n-alkene/n-alkane doublets with substantial low-molecular-weight aro-
matic compounds in the studied samples (Figs. 3a-g), suggests mixed organic matter types 
[6, 16]. Also, the abundance of n-alkene/n-alkane doublets indicates that the studied coal and 
shale samples from the Upper Cretaceous Mamu Formation are capable of liquid hydrocarbon 
generation given sufficient thermal maturity. This is consistent with the findings of [3-4, 6,13,16, 56-58]. 

5.2. Organic matter type 
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Figure 5. Plot of Rock-Eval pyrolysis HI ver-

sus OI showing various kerogen types for 
the studied coal and shale samples from 

Mamu Formation [44] 

The type of organic matter in the studied coal 

and shale samples was assessed using hydrogen 
index (HI) and oxygen index (OI) data obtained by 
Rock-Eval pyrolysis method (Table 1). The HI (mg 
HC/g TOC) versus OI (mg CO2/g TOC) diagram 
(Fig. 5; [44]) obtained from Rock-Eval pyrolysis 
suggest a dominance of hydrogen-poor type III or-

ganic matter. However, two samples plot between 
the type I and type II kerogen reference curves 
(Fig. 5). According to [16], samples plotting in the 
region between type II and type III reference 
curves (Fig. 5) would comprise of variable mix-

tures of hydrogen-rich and hydrogen-poor organic 
matter. Plot of HI versus Tmax (Fig. 6), also classi-
fies the organic matter in the studied coals and 
shales as containing mainly type II/III with subor-
dinate type II and I kerogen. 

The pyrolysis-gas chromatograms give a more detailed picture of the kerogen type than 
the HI versus Tmax plot. The chromatograms for the studied samples are characterized by 
prominent peaks of n-alkene/n-alkane in all the samples (Fig. 3a-g). The bimodal distribution 

(Fig. 3a-g) of the n-alkene/n-alkane doublets in the studied samples reflects as already men-
tioned contribution of organic materials from both terrestrial and marine sources  [6, 16]. These 
bimodality have peak maxima at the n-C6 and n-C29. The pyrolysis-gas chromatography inter-
pretative ratio for the studied samples are listed in Table 2. The Pr/Ph ratios (>1), Pr/n-C17 
(0.22-0.67), Ph/n-C18 (0.28-0.64) and CPI (1.30-1.76) of the samples are indicative of organic 
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matter supply from terrestrial source [59]. However, sample 1001/16 with Pr/Ph ratio of 0.4 
may be attributed to marine shale source [59]. 

 
Figure 6. Plot of Rock-Eval pyrolysis HI (mg HC/g TOC) versus Tmax (oC) showing various kerogen types [44] 

Table 2. Pyrolysis-gas chromatography interpretative ratios 

Sample 
number 

Depth (m) Lithology Pristane Phytane 
Pristane/ 
Phytane 

Pristane/ 
nC17 

Phytane/ 
nC18 

CPI 

1001/02 157 Shale 9 9 1 0.43 0.47 1.76 

1001/12 186-187 Coal 15 15 1 0.39 0.46 1.54 

1001/16 205 Shale 2 5 0.4 0.22 0.63 1.37 

1002/06 167-178 Shale 6 5 1.2 0.29 0.29 1.65 

1008/13 220-221 Coal 10 8 1.25 0.31 0.28 1.33 

1219/08 80-82 Coal 18 16 1.13 0.67 0.64 1.30 

1267/03 75-76 Shale 30 26 1.15 0.41 0.51 1.68 

5.3. Hydrocarbon products 

Pyrolysis-gas chromatography have been used by different authors to evaluate the nature 
of hydrocarbon products (oil, condensate and gas) generated from sedimentary rocks upon 
thermal maturation [2-3,16]. According to Dembicki et al. [3], the identification of hydrocarbon 
products from kerogen pyrolysates can avoid the deficiency of organic petrographic techniques 

such as distinguishing between hydrogen-rich and hydrogen-poor organic matter [60], and the 
shortcoming of Rock-Eval oxygen index mentioned by [28]. Hydrocarbon products are recog-
nized either qualitatively by gas chromatography fingerprint or quantitatively by hydrocarbon 
composition (C1-C4, C5-C14 and C15+) from kerogen pyrolysate [3]. The pyrograms of the coals 
and shales are similar qualitatively and quantitatively (Fig. 3a-g) and are dominated by a 

series of n-alkane/n-alkene doublets from C5-C33 with maximum peak height obtained in the 
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nC16-nC29 (Figs. 3a-g). The samples also yields hydrocarbon compositions (Figs. 3a-g) domi-
nated by aromatic compounds in the less than n-C15 fraction. The decrease in peak heights 
with increasing carbon number and the bimodal nature of the pyrograms (Figs, 3a-g) are 
typical of mixed organic sources [16].  Ternary diagram (Fig. 7) of the C1-C5, C6-C14 and C15+ 
pyrolysates, show that the studied coal and shale samples generated paraffinic oil high wax. 

This result is consistent with the findings of [10,61]. 
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Figure 7. Ternary diagram showing the position of relative concentration of  C 1-C5, C6-C14 and C15+ 

pyrolysate of coal and shale samples from the Mamu Formation [62] 

6. Conclusion 

The organic matter contained in coals and source rocks from the Maastrichtian Mamu For-
mation, Anambra Basin, were investigated using pyrolysis-gas chromatography in order to 
characterize their source rock kerogen type and liquid hydrocarbon generation potential. The 
pyrolysis-gas chromatographic finger print revealed two types of kerogen (Type III and mixed 
Type II/III) corresponding to terrigenous and terrigenous/marine derived organic matter re-
spectively. These kerogen types are typical of source rocks with liquid hydrocarbon generation 

potential and were adjudged to be the precursor of paraffinic oil high wax content of the 
Anambra Basin. 
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