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ABSTRACT: The C, and C.. tricyclic terpanes were characterized in two Niger Delta crude oils (samples A-
100:0 and F-0:100), denoted as end-members, and their binary mixtures of different proportions (samples B-
80:20, C-60:40, D-40:60 and E-20:80). Total and individual abundances of the C. and C.. tricyclic terpanes
decreased in the order C-60:40 > D-40:60 > E-20:80 > A-100:0 > B-80:20 > F-0:100, indicating the tricyclic
terpanes did not mix correspondingly. Plots and correlation of the abundances of C. and C.. tricyclic terpanes
indicate all the crude oil samples were significantly similar to permit meaningful geochemical differentiation.
Hierarchical cluster analysis (HCA) grouped the C, and C.. tricyclic terpanes into two distinct clusters according
to similarities in the variation of their compositions in the crude oil samples. Cluster-1 consist of TR20c, TR21a,
TR21c, TR21d, TR21e, TR21f and TR21g, which increased with increase in the proportion of sample F-0:100 and
cluster-2 consist of TR20a, TR20b, TR20d, TR20e and TR21b, which increased with increase in the proportion of
sample A-100:0. Plots of the most and least variant compositions of C., and C.. tricyclic terpanes in each cluster,
produced R: values which indicate TR20a/TR20d and TR21a/TR21g ratios show moderate and very strong
predictability (66.29% and 98.28%) of the proportion of the two end-member Niger Delta crude oils in their
binary mixtures, respectively
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l. INTRODUCTION

Crude oil is a naturally occurring liquid mixture of hydrocarbons derived from the chemical and
geological transformation of organic matter in the depositional environment under the influence of heat and
pressure over geological time scale [1]. These conditions transmit compositionally distinct geochemical
hydrocarbons to crude oils, which varies from one field to another. Consequently, within the compositionally
distinct geochemical hydrocarbons are embodied essential information on the organic matter source (marine or
terrestrial), depositional environment (oxic or anoxic), lithology of the source rock, thermal maturation and/or
biodegradation level [2] and [3]. Some of the compositionally distinct geochemical hydrocarbons are C, light
hydrocarbons, aliphatic hydrocarbons (C. to C., n-alkanes, pristane and phytane), steranes, terpanes, alkylated
polycyclic aromatic hydrocarbons and aromatic steranes [4], [5], [6] and [7]. They have been utilized for
correlation and/or differentiation between oil-oil and oil-source rocks, unravel oil migration pathway, assessment
of reservoir continuity/compartmentalization and determination of proportions of commingled crude oil
production [8], [9], [10] and [11].

Commingling of crude oil production is the mixing of crude oils from two or more different producing
wells, zones or reservoirs to make a single stream through a shared production or transportation facility. The
proportion of each crude oil to the commingled oil received at the shared facility, are usually allocated to detect
change in injection rate, detect poor production from one zone, supplement/detect variation in flowmeter
measurements or aid taxation of production from different zones [12]. Geochemical hydrocarbons have been
reviewed for evaluating crude oil mixtures and providing information on the allocation of proportion of all the
contributing (end-member) crude oils to monitor commingled production [13], [14], [15] and [16]. Kaufman et al.
(1987) used three distinct peak ratios, measured from precise laboratory mixes of two end-member oils, to
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construct a calibration curve and identify the composition of end-member oils in an unknown mix [17]. Oil
fingerprinting technology was used by Hwang et al. (2000) to correctly back allocate commingled pipeline crude
oil production from six contributing fields in an offshore South East Asia basin, while plots of some ratios of
aliphatic hydrocarbons have shown strong correlations (R2 = 99.4%, 99.3% and 99.2%) that could be useful for
estimating the compositions of two Niger Delta crude oils in their mixtures [18] and [19]. The end-members and
commingled oils are usually analyzed by whole oil high-resolution gas chromatography (GC) which separates the
various hydrocarbons present in the crude oils and a flame ionization detector (FID) which detects the
hydrocarbons as they elute from the GC column and shows the distribution and abundance (fingerprint).

Tricyclic terpanes are a class of hydrocarbons with three fused 6-carbon rings and an alkyl side chain.
The C, to Cs tricyclic terpanes are commonly observed in crude oils and source rock extracts, with the higher
members (up to Cs,) obscured by the abundance of hopanes in the m/z 191 mass chromatogram [20] and [21].
They have been used to evaluate source-rock characteristics, thermal maturity, biodegradation and correlation of
crude oils and source-rock extracts [22], [23] and [24]. This research appraises the C, and C.. tricyclic terpanes in
two Niger Delta crude oils and their mixtures with a view to characterize, correlate and ascertain their applicability
to providing another geochemical means for allocation of the proportion of two crude oils to monitor commingled
production

1. MATERIAL AND METHODS

2.1 Sample collection

Two crude oil samples were obtained from oil producing onshore fields in Rivers and Delta states, both
located in Niger Delta region of southern Nigeria between longitudes 5°- 8° E and latitudes 3° - 6° N [25]. The
two crude oils represent the end-member oils and labelled appropriately as samples A-100:0 and F-0:100,
respectively. Binary mixtures of the two end-member oils were made at different proportions of 80:20, 60:40,
40:60 and 20:80, and labelled appropriately as samples B-80:20, C-60:40, D-40:60 and E-20:80, respectively. All
six samples were placed in pre-cleaned glass jars and stored until analyses.

2.2 Crude oil fractionation

50 mg of each oil sample was weighed into a labelled centrifuge tube and excess pentane added. The
mixture was allowed to stand for three hours and then centrifuged at 1,500 rpm for 30 minutes to coalesce the
precipitated asphaltenes. The oil sample and excess pentane mixture was decanted, concentrated under a gentle
stream of nitrogen gas at 40°C and transferred onto the top a glass chromatographic column (30 cm x 1 cm) stuffed
with glass wool at the bottom and packed with activated silica gel. n-hexane was poured into the packed column
to elute the saturates, which contains the terpanes. The eluent was concentrated under a gentle stream of nitrogen
gas at 40°C

2.3 Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The saturate fractions of all six oil samples were put in sample vials and packed on a tray for gas
chromatography-mass spectrometry (GC-MS) analyses. With the aid of a G4513A automatic liquid sampler
(ALS), 1 microliter (uL) of the saturate fraction of each sample was inject into the HP-5 silica capillary column
(50 m x 320 um i.d and 0.25um film thickness) of an Agilent 7890A gas chromatograph (GC) system equipped
an Agilent 5975 mass selective detector (MSD) which was operated in splitless mode. The analyses were
monitored at the mass to charge (m/z) 191, the characteristic fragment ion of terpanes (Wang et al., 2006).
Abundance of each peak was quantified by area integration which was processed by Chemstation OPEN LAB
CDS software.

2.4. Statistical analyses

Pearson correlation (r) and hierarchical cluster analysis (HCA) were performed to assess the statistically
relationships (correlations) between samples and similarities among tricyclic terpanes using PAST software
version 4.11 [26].

1. RESULTS AND DISCUSSION
3.1. Geochemical characterization of oil samples
The GC-MS analyses of the two end-member Niger Delta crude oils (samples A-100:0 and F-0:100) and
their binary mixtures at different proportions (samples B-80:20, C-60:40, D-40:60 and E-20:80) showed peaks at
m/z 191, the characteristic fragment ion of terpanes. The mass chromatogram of an ion (m/z) at a given GC
retention time is often indicative of a class of homologous compounds with similar carbon numbers (isomers) but
different structures and isomerism [27]. Comparing the partial m/z 191 mass chromatograms of all the oil samples
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to that of related literatures, twelve (12) peaks, with retention time between 21 and 25 minutes, were designated
as C, and C., tricyclic terpanes (fig. 1).
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Figure 1: Partial m/z 191 mass chromatogram of sample A-100:0 one of the end-member Niger Delta crude oil,
showing the 12 peaks of C,, and C. tricyclic terpanes

The 12 peaks of C, and C.. tricyclic terpanes appeared in the partial m/z 191 mass chromatograms of all
the crude oil samples, A-100:0, B-80:20, C-60:40, D-40:60, E-20:80 and F-0:100. From fig. 1, peaks 1-5 were
designated C, tricyclic terpane isomers; TR20a - TR20e, and peaks 6-12 designated C.. tricyclic terpane isomers;
TR21a - TR21g, respectively. Figure 2 shows the abundances of the C., and C.. tricyclic terpane isomers in the oil
samples.
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Figure 2: Plots of the abundances of C, and C.. tricyclic terpanes in the two end-member crude oils and their
four binary mixtures.
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Total abundance of the tricyclic terpanes in the crude oil samples decreased in the order C-60:40 > D-
40:60 > E-20:80 > A-100:0 > B-80:20 > F-0:100. From fig. 2, it was observed that the abundances of individual
Cx and C.. tricyclic terpanes generally followed similar trend as the total abundance. It was also observed that the
abundances followed similar distribution patterns in the oil samples. This indicate the individual and total
abundances of the C,, and C.. tricyclic terpanes did not mix linearly and therefore cannot directly be used to allocate
the proportion of the two end-member Niger Delta crude oils in their binary mixtures. The similarities in the
distribution patterns followed suggest that the two end-member Niger Delta crude oils (A-100:0 and F-0:100) are
not distinct, but related (derived from a similar source) and their geochemical characteristics were preserved in
their binary mixtures (B-80:20, C-60:40, D-40:60 and E-20:80).

3.2. Geochemical correlations

Crude oil correlation studies require geochemical comparisons that reveal similarities and/or differentiate
oils from one another [28]. Correlations between the two end-member oils and the four binary mixtures were
evaluated by Pearson correlation (r). Pearson’s correlation is a linear correlation tool commonly used in statistics
to measure the extent to which two sets of variables are related. Table 1 shows the Pearson correlation results of
the abundances of C, and C.. tricyclic terpanes between the crude oil samples.

Table 1. Pearson correlation (r) of the abundances of C,, and C.. tricyclic terpanes in crude oil samples.

A-100:0 B-80:20 C-60:40 D-40:60 E-20:80 F-0:100

A-100:0  1.0000

B-80:20 0.9985  1.0000

C-60:40 09991  0.9977  1.0000

D-40:60 0.9985  0.9970  0.9996 1.0000

E-20:80 0.9916  0.9892  0.9950  0.9968  1.0000

F-0:100 0.8123 0.8070 0.8215 0.8337 0.8682  1.0000

Results of Pearson’s correlation usually have coefficients between (11 and +1 indicating a perfect negative and
positive relationship (correlation), respectively, while a value of zero (0) indicate that the two sets of variables
are independent and unrelated. The larger the number, the stronger the relationship between the variables and the
smaller the number, the less of a relationship there is between the variables. From table 1, correlation between the
abundances of the C, and C.. tricyclic terpanes in the two end-member oils samples, A-100:0 and F-0:100, show
a strong positive relationship of 0.8123. This indicate the two end-member oils are genetically similar (81.23%).
Correlation results of the binary mixtures (table 1) show samples B-80:20, C-60:40, D-40:60 and E-20:80 have a
very strong positive relationship with each other (98.92% - 99.96%) and with sample A-100:0 (99.16% - 99.91%)
and a strong positive relationship with sample F-0:100 (80.70% - 86.82%). The correlation results indicate the
abundance distributions of C, and C.. tricyclic terpanes are strongly similar to permit meaningful differentiation
of the two end-member Niger Delta crude oils and the four binary mixtures.

Okoroh et al. (2018) observed that the compositions of C, - C, phenanthrenes better explained the mixing
pattern of two end-member Niger Delta crude oils than their abundance [29]. Normalized compositions of
individual C., and C., tricyclic terpanes in the crude oil samples were determined and evaluated with a multivariate
correlation tool, hierarchical cluster analysis (HCA). HCA sorted out the similarities in the varying compositions
of individual C, and C.. tricyclic terpanes and used it to construct a hierarchy of clusters, so that components in
the same cluster show similar variation (in compositions) to each other than those from different clusters [30].
Figure 3 shows the result of HCA displayed graphically as a dendrogram.
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Figure 3: Hierarchical cluster analysis (HCA) dendrogram showing the C. and C.. tricyclic terpanes grouped
according to similarities in their varying compositions.

HCA grouped the C., and C.. tricyclic terpanes, according to similarities in their varying compositions in
the crude oil samples, into two main clusters (fig. 3). Cluster-1 consist of TR20c, TR21a, TR21c, TR21d, TR21e,
TR21fand TR21g. They are mostly C.. tricyclic terpane isomers (6 of 7). Similarities of cluster-1 tricyclic terpanes
(> 0.9124) indicate that their compositions very strongly (positive) correlated and suggest they are all from the
same crude oil. Cluster-2 consist of TR20a, TR20b, TR20d, TR20e and TR21h. They are mostly C, tricyclic
terpane isomers (4 of 5). Similarities of cluster-2 tricyclic terpanes (> 0.9424) indicate that their compositions
very strongly (positive) correlated and suggest they are all from the same crude oil. From the HCA dendrogram,
the 2 main clusters showed a similarity of [10.9437. This indicate the compositions of cluster-1 and cluster-2 C,
and C.. tricyclic terpanes negatively (strong) correlated, distinctly differ and suggest they are from different crude

oils

3.3. Geochemical plots

Plots of the normalized compositions of cluster-1 and cluster-2 C. and C.. tricyclic terpanes in the oil
samples are shown in figures 4 and 5 respectively.
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Figure 4: Plots of the normalized compositions of TR20c, TR21a, TR21c, TR21d, TR21e, TR21f and TR21g
(cluster-1) against the crude oil samples.
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Figure 5: Plots of the normalized compositions of TR20a, TR20b, TR20d, TR20e and TR21b (cluster-2) against
the crude oil samples.

Figs. 4 and 5 show the variation patterns in the normalized compositions of cluster-1 and cluster-2 C, and C.
tricyclic terpanes in the crude oil samples. From the linear equation of each plot (y=mx+c), the slope (m) was
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determined and used to evaluate the variation patterns in the normalized compositions of the C., and C.. tricyclic
terpanes in the oil samples. The slopes ranged from 0.165 to 1.0307 for cluster-1 (Fig. 4) and -0.156 to -1.1562
for cluster-2 (Fig. 5). The positive correlations (slopes) of cluster-1 indicate the compaositions of TR20c, TR21a,
TR21c, TR21d, TR21e, TR21f and TR21g increased with increase in the proportion of oil sample F-0:100 and
the negative correlations (slopes) of cluster-2 indicate the compositions of TR20a, TR20b, TR20d, TR20e and
TR21b decreased with increase in the proportion of oil sample F-0:100 vis-a-vis increased with increase in the
proportion of oil sample A-100:0.

In the development of parameters for distinguishing geochemical variations in oils, Halpern (1995) used
ratios of hydrocarbons most variant and least variant. C. and C.. tricyclic terpane isomers with compositions most
variant and least variant in the crude oil samples are TR21g (1.0307) and TR21a (0.165) for cluster 1 (fig. 4) and
TR20a (-1.1562) and TR20d (-0.156) for cluster 2, respectively (fig. 5) [31]. Ratios of these tricyclic terpanes
were plotted against the oil samples (fig. 6).
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Figure 6: Plots of TR21a /TR21g (cluster 1) and TR20a/ TR20d (cluster 2) ratios against the two end-member
oils and the four binary mixtures.

Plots of TR20a/TR20d and TR21a/TR21g ratios against the oil samples show the coefficient of
determination (R?) values of 0.6629 and 0.9828, respectively (fig. 6). Coefficient of determination (R2) is a
statistical measure (between 0 and 1) of how well a variable can be predicted from a set of other variables using
the goodness of fit of a model. It is used mainly for the testing of models or prediction of data. The R: values
determined from the goodness of fit show moderate and very strong correlations between TR20a/TR20d and
TR21a/TR21g ratios and the oil samples, respectively. This indicate the geochemical variation associated with the
proportion of each end-member crude oil in the samples moderately corresponds with TR20a/TR20d ratio and
significantly corresponds with TR21a/TR21g ratio. Also, the R- values of TR20a/TR20d and TR21a/TR21g ratios
showed moderate and very strong predictability and account for 66.29% and 98.28% of the proportion of the two
end-member crude oils in the oil samples, respectively. This indicate TR21a/TR21g ratio will permit meaningful
geochemical differentiation of the oil samples and better allocate the proportion of the two end-member Niger
Delta crude oils to their binary mixtures.

1IV. CONCLUSION
12 peaks, from the partial m/z 191 mass chromatograms of the oil samples, were labelled C., (TR20a -
TR20e) and C.. (TR21a - TR21g) tricyclic terpanes, respectively. Distributions and correlations of the abundances
of C, and C.. tricyclic terpanes indicate that all the oil samples were geochemically similar. Hierarchical cluster
analysis (HCA) grouped the compositions of the C, and C.. tricyclic terpane isomers in the oil samples into two
(2). Cluster-1 consist of TR20c, TR21a, TR21c, TR21d, TR21e, TR21f and TR21g, which increased with increase
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in the proportion of oil sample F-0:100 and cluster-2 consist of TR20a, TR20b, TR20d, TR20e and TR21b, which
increased with increase in the proportion of oil sample A-100:0. Plots of the most and least variant isomers in
each cluster, TR20a/TR20d and TR21a/TR21g, gave R: values which indicate that the ratios could account for
(66.29% and 98.28%) and show moderate and very strong predictability of the proportion of the two end-member
Niger Delta crude oils in their binary mixtures, respectively

[1].
[2).

[3].
[41.

[5].
[6].

[71.
8.
9.

[10].
[11].
[12].
[13].
[14].
[15].
[16].

[17].

[18].
[19].
[20].
[21].
[22].
[23].
[24].

[25].
[26].

[27].
[28].
[29].
[30].

[31].

REFERENCES

Hunt J.M. Petroleum Geochemistry and Geology. 2nd Edition, W. H. Freeman and Company, U.S.A. 1996.

Tissot B.P. and Welte D.H. Petroleum formation and occurrence, a new approach to oil and gas exploration. 2nd ed. Springer-Verlag:
Berlin, 1984.

Osuji, L.C. and Antia B.S. Geochemical implication of some chemical fossils as indicators of petroleum source rocks. Journal of
Applied Science and Environmental Management, 2005; 9(1): 45-49.

Shungunam, G. Significance of coniferous rain forests and related oils, Gippsland Basin, Australia. American Association Petroleum
Geologist Bulletin, 1985; 69: 1241-1254.

Mango, F.D.: The Light Hydrocarbons in Petroleum: A Critical Review. Organic Geochemistry, 1997; 26: 417-440.

Volk H., George S.C., Middleton H. and Schofield S. Geochemical comparison of fluid inclusion and present-day oil accumulations
in the Papuan Forland-Evidence for previously unrecognized petroleum source rocks. Organic Geochemistry, 2005; 36: 29-51.
Onyema, M.O. and Osuji, L.C. Gas chromatography-mass spectrometry (GC-MS) compositional analyses of aromatic hydrocarbons
in Niger Delta crude oils. Petroleum and Coal, 2015; 57 (5): 526-531.

Pasadakis, N. Determination of the continuity in oils reservoirs using principal component analysis of biomarker data. Petroleum
Science and Technology, 2002; 20: 1087-1096.

Pomerantz, A.E., Ventura, G.T., McKenna, A.M., Cafias, J.A., Auman, J., Koerner, K., Curry, D., Nelson, R.K., Reddy, C.M.,
Rodgers, R.P., Marshall, A.G., Peters, K.E. and Mullins, O.C. Combining biomarker and bulk compositional gradient analysis to
assess reservoir connectivity. Organic Geochemistry, 2010; 41(8): 812-821.

Al-Ameri, T.K., Al-Temimi, A.K. and Zumberge, J. () Assessments of oil characterization, source affinities, and hydrocarbon dynamic
of East Baghdad oil fields, Central Irag. Marine and Petroleum Geology, 2016; 77: 353-375.

He, D., Hou, D., Chen, T. Geochemical characteristics and analysis of crude-oil source in the deep-water area of the Baiyun Sag,
South China Sea. Russian Geology and Geophysics, 2018; 59(5); 499-511.

Kanshio, S. A review of hydrocarbon allocation methods in the upstream oil and gas industry. Journal of Petroleum Science and
Engineering, 2019; 106590 https://doi.org/10.1016/j.petrol.2019.106590.

Hwang, R. J., A. S. Ahmed, and J. M. Moldowan. Oil composition variation and reservoir continuity: Unity Field, Sudan. Organic
Geochemistry, 1994; 21: 171-188.

Peters, K.E. and Fowler, M.G. Review: Applications of petroleum geochemistry to exploration and reservoir management. Organic
Geochemistry 2002; 33(1): 5-36.

Abivin, P., Toribio, M.M. and Indo, K. Methods for allocating commingled oil production. United States Patent Application
Publication. 2010; US2010/0307740 Al.

Okoroh N.C., Onyema M.O. and Osuji L.C. Aromatic hydrocarbons as indicators of maturation and source: correlative geochemical
evaluation of commingled Niger Delta crude oils. Petroleum and Petrochemical Engineering Journal, 2020; 4 (2): 1-9.

Kaufman, R. L., A. S. Ahmed, and W. B. Hempkins, A new technique for the analysis of commingled oils and its application to
production allocation calculations: Proceedings of the Sixteenth Annual Convention of the Indonesian Petroleum Association,
Indonesian Petroleum Association, 1987; 247-268.

Hwang R.J., Baskin, D.K. and Teerman, S.C. Allocation of commingled pipeline oils to field production. Organic Geochemistry,
2000; 31 (12), 1463-1474.

Onyema, M.O., Okoroh, N.C., Okorie, I.H. and Osuji, L.C. Geochemical Characterization of two Niger Delta Crude Oils and Their
Mixtures 1lI: Correlation of Bulk Properties and Aliphatic Hydrocarbons. Science Journal of Chemistry, 2020; 8 (5): 118-123.

de Grande S.M.B., Aquino Neto F.R. and Mello M.R.. Extended tricyclic terpanes in sediments and petroleum. Organic Geochemistry,
1993; 20: 1039-1047.

Greenwood P.F., Arouri K.R. and George S.C. Tricyclic terpenoid composition of Tasmanites kerogen as determined by pyrolysis
GC-MS. Geochimica et Cosmochimica Acta, 2000; 64: 1249-1263.Khan H., Zaman A., Chetty G.L., Gupta A.S. and Dev S.
Cheilanthatriol a new fundamental type in sesterterpenes. Tetrahedron Letters, 1971; 12: 4443-4446.

Zumberge J.E. Terpenoid biomarker distributions in low maturity crude oils. Organic Geochemistry, 1987; 11: 479-496.

Revill A.T., Volkman J.K., O’Leary T., Summons R.E., Boreham C.J., Banks M.R. and Denwer K. Depositional setting, hydrocarbon
biomarkers and thermal maturity of Tasmanite oil shales from Tasmania, Australia. Geochimica et Cosmochimica Acta, 1994; 58:
3803-3822.

Peters K.E. Petroleum tricyclic terpanes: Predicted physicochemical behavior from molecular mechanics calculations. Organic
Geochemistry, 2000; 31: 497-507.

Doust, H. Petroleum geology of the Niger Delta. London, Geochemical Society Special Publications, 1990; 50: p. 365

Hammer, 0. Paleontological Statistics (PAST) software package, version 4.11. 2022;
https://www.nhm.uio.no/english/research/resources/past/ downloaded on September 15, 2022.

Wang Z., Stout A. and Fingas M. Forensic fingerprinting of biomarkers for oil spill characterization and source identification.
Environmental Forensics, 2006; 7 (2): 105-146.

Peters K.E., Walters C.C. and Moldowan J.M. The biomarker guide: Biomarkers and isotopes in petroleum exploration and earth
history. 2nd ed; Cambridge University Press: England, 2005.

Okoroh, N.C., Onyema, M.O. and Osuji, L.C. Compositional significance of phenanthrenes for geochemical correlation of two
commingled Niger Delta crude oils. Petroleum and Coal, 2018; 60(6): 1328-1335.

Pavon, J.L., Pefia, A.G,, Pinto, C.G. and Cordero, B.M. () Differentiation of types of crude oils in polluted soil samples by headspace-
fast gas chromatography-mass spectrometry. Journal of Chromatography A 2006; 1137(1): 101-109.

Halpern H.I. Development and applications of light-hydrocarbon-based star diagrams. American Association of Petroleum Geologists
Bulletin, 1995; 76: 801-815.

*Corresponding Author: Mark O. Onyema 92 | Page



