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ABSTRACT

Shale from basal Campanian strata of the AnambrsilBhas been characterised by petrological and peotcal
techniques. The aims of this study were to ashesguality of its organic matter, evaluate its tmat evolution and
highlight its potential as a source rock. The tatedanic carbon (TOC) (2.55wt%) of the shale cdngts that of a
good source rock with gas-prone kerogen indicatgdRbck-Eval S2/S3 (2.19). The high oxygen index ((®L09
mgCQg'TOC) and pr/ph (6.50) suggest deposition in a stalmarine environment. The n-alkane distribution
dominated by n-& — n-G; and infrared spectrum dominated by aliphatic amdnaatic functional groups are
considered to be indicators of Type Il kerogene TOPI (1.67), Fa (430°C), Gy(S/S+R) ratio (0.76) and R
(0.56%) all indicate the onset maturity of this kod@his thermal evolution is thought to account itsrcurrent
hydrogen index (41.20 mgHGHOC). Generated petroleum may not have reachedhtieshold for hydrocarbon
expulsion but a review of petroleum system elemantie basin will stimulate high prospects in tAheambra
basin.
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INTRODUCTION

Petroleum source rocks are the primary componeihefpetroleum system concept introduced by Magmmh
Dow (1994). They constitute the precursors of getnm which, under favourable conditions, may subsetly
migrate to reservoirs and be sealed to form accation. Nigeria’s current national petroleum reseneasset
(proven), put at 32 billion bbl of oil and aboutQlffillion standard ft of gas [Nexant, 2003], derives solely from the
Niger Delta onshore and offshore. Some exploratampaigns have been undertaken in the inland bagihshe
aim of expanding the national exploration and potidm base and thereby add to the proven resesset fObaje
et al, 2004]. The inland basins of Nigeria comprise fheambra basin. The Anambra Basin is a big intra-
continental basin that forms an arm of the lowente Trough [Obajeet al, 2004] with its NE-SW trending
towards the Niger Delta (Fig. 1). Petroleum expiorain the Anambra basin was triggered by the oernce of
surface seeps and dates back to the early 1930ke[K1O95]. However, due to the Santonian inversiod the
predominance of terrestrial sediments, as welliscogteries in the prolific Niger Delta in the sojEkweozor and
Gormly, 1983], the petroleum potential of this aaa been under exploration and exploitation.
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Fig. 1: Generalised geological map of Nigeria showing the location of the Anambra basin and sedimentary basins. Number sindicate
Cretaceous and Tertiary formations shown asfollows; 1. Asu River Group; 2. Odikpani Formation; 3. Eze-Aku Shale; 4. Awgu Shale; 5.
Enugu/Nkporo Shale; 6. Mamu Formation; 7. Ajali Sandstone; 8. Nsukka Formation; 9. Imo Shale; 10. Ameki Formation and 11.
Ogwashi-Asaba Formation [modified from Obaje et al., 2004 and Akande et al., 2007]

Consequently on the exploration campaign, manyswellve been drilled especially in the northeagt¢oease thi
national reserves but unfortunately most of thesisvwvere reportedly dry. With this developmenthdis becom
necessary to adeqe#t evaluate and characterize the petroleum sawoides in this basin by using well establist
geochemical techniques. At the core of any petroleyster is a goodguality source rocktotal organic carbon
(TOC) > 0.5%, hydrogen index (HI) > 150 mgH'TOC, liptinite content > 15%, o> 43C°C, and R 0.5-1.2%,
biomarker validation|However, other petroleum system elements mustiatdude, apart from established sou
rocks, reservoir and seal lithologies, establishatapping mechanisms, and furable regional migrzon pathways
[Obaje et al, 2004] The aims of this study were to characterize deskample from the basin using mod
techniques of petroleum geochemistry in orderijagsess in detail the quality of its organic mttii) evaluate its
thermal evolution, and (iii) highlight its poteritias a source. The results of this study may sabeufurther interes
in petroleum exploration and exploitation in theafmbra basi

MATERIALSAND METHODS

The outcrop samples were obtained from the Nkpdralesat Leru 72 kmrrsouth of Enugualong Enugu —
PortHarcourt express road and the Enugu shale @gu near the Onitsh&oad Flyove. Care was taking to avoid
weathered portions of the outcrop and to obtairen@tsufficient for various geochemical analyselse sample:
were hard, thickly laminated but not fissile, witkxture indicative of low permeability. This ma-structure
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suggests minimum risk of organic matter oxidatidhe samples are attributed to the Campanian-Mahsan
marine and paralic siliciclastics strata which averlain by the coal measures of the Mamu Formdtag. 2). The
fluviodeltaic sandstones of the Ajali and OwellirFations lie on the Mamu Formation. In the Paleecdhe
marine shales of the Imo, and the continental/dakén shale, mudstone, siltstones and sandstointee dNsukka
Formations were deposited, overlain by the tidahkéa Sandstone of Eocene age which followed by tiigni
Miocene-Oligocene Ogwashi-Asaba Formation.
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Fig. 2: The stratigraphy and environment of deposition of sedimentsin the Anambra Basin southeastern Nigeria

In the laboratory, the samples were reshaped wsingating steel cutter to eliminate surface thmatld be affected
by alteration. Chips were cut from the samples dmetl in an oven at 166 for 24 hours. Chips cut perpendicular
to bedding were embedded in epoxy and polishedviatig the procedures of Taylet al (1998) to yield polished
blocks for reflectance and fluorescence studiesgusican electronic microscope. Another portion tef tried
sample was pulverized in a rotating disc mill telgiabout 50 g of sample for analytical geochemiskihe total
organic carbon (TOC) and inorganic carbon (TIC)teats were determined using Leco CS 200 carboryzaraby
combustion of 100 mg of sample up to 18DOwith a thermal gradient of 18D min®; the resulting C@was
qguantified by an Infrared detector.

The sample with known TOC was analyzed using a Fo@k 6, yielding parameters commonly used in seurc
rock characterization, flame ionization detecti&iiY) for hydrocarbons thermal conductivity detenti@ CD) for
CO,. One milligram of bulk powder sample was adde@@ mg of KBr and the mixture homogenized using a
pestle in an agate mortar. Pressing the mixtuneguaiload of 10 t yielded a pellet for Fourier Tafanm Infrared
(FT-IR) Spectroscopy using a Nicolet Bench 505Pc8peeter, with sample absorbance monitored usbg 2
scans with resolution of 4 ¢hfrom a wave-number of 4000 — 400 tribout 10 g of the sample was subjected to
sohxlett extraction using a solvent mixture of aoet chloroform and methanol (47: 30: 23 v/v) atGeor 24
hours to extract the soluble organic matter. Theaekwas concentrated by evaporation to dryneiss) @srotating
vapour evaporator at 250 mb. The extract was tearesf to an 8 ml vial using the same solvent méexamnd allowed

to evaporate to dryness in a vented hood. The dnkédict was fractionated by silica gel column chatography
with a column prepared using 2 g of baker silichagdcined at 208 for 24 hours to yield six fractions ranging
from saturate to polar.

The saturate fraction was subjected to urea admtutti separate isoprenoids frawalkanes and subjected to gas
chromatography-mass spectrometry (GC-MS) using a&5@%0 GC coupled to an HP Finnigan 8222 MS held at
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80°C for three minutes and raised to 32Git 3C min® and held isothermally for 10 minutes in order $sess some
molecular parameters used in source rock charaatem.

RESULTSAND DISCUSSION

Tablel shows the results of 15 bulk and molecutaichemical parameters used in source rock qualdynaaturity
evaluation. The shale is low in carbonate and rigmioic matter content within the threshold for pktum source
rocks.

Table 1: Bulk and molecular organic geochemical parametersfor shalefrom the Anambra Basin

Parameter Result
TOC- Total Organic Carbon (wt%) 2.55
S1 — Free bitumen determined by thermovarpouriaattc00°C (mgHCgrock) 0.05
S2 —Amount of kerogen that may be converted toopetm (mgHCd rock) 1.10
S3 - Amount of carbon dioxide from carboxyl andozaryl groups in kerogen (mgG@ rock) 0.50
S2/S3- To determine the quality of organic matter 2.19
Tma — Temperature at which maximum decomposition obgen occurs (°C) 430.00
HI — S2/TOC (mgHC{ TOC) 41.20
Ol — S3/TOC (mgHCg TOC) 19.09
Pl — Production Index (S1/(S1+S2) 0.06
R, — Random vitrinite reflectance (%) 0.56
Pr/ph — pristine/phytane ratio 6.50
CPI — Carbon Preference Ind&X] Cpz-Car+ "Coe-Cs2)/(2* "CpsCay) 1.67
Pr/n-G; — pritane-heptadecane ratio 6.70
Ph/n-G¢ — phytanei-octadecane ratio 0.77
C31(S/S+R) — homohopane ratio 0.76
Gl — Gammcerane index, (gammaceranepifopane) x 100 9.00

Organic matter quality

The TOC is a primary parameter in source rock dpakawith a threshold of 0.5-1 wt% at the immatatage for
potential source rocks [Tissot and Welte, 1984;d@oaveet al, 1993; Hunt, 1996]. The value of 2.55 wt% of the
shale studied exceeds this threshold (Table 1)h FIQC of 4.45 wt% was obtained in Mamfe basin dmnsl value
exceeds the threshold for oil generation [Eseired, 2006]. However, high TOC is not a sufficient diion for oil
generation. Coals usually have high TOCs that ek&ewt% but do not generate oil except when nichptinite,
indicating the relevance of maceral compositioncdmtrast, deltaic sediments may have TOCs belavw% but
generate commercial accumulations of petroleumtdugeposition of large volumes of sediments, as sedhe
Niger Delta. High TOC content in shales indicasofable conditions for preservation of organictergproduced
during deposition. This may related to the redomdition, with high oxygen favoring organic matteddation, but
also amount of organic matter produced. The higlger index of 19.09 mgGQy*TOC suggests high contribution
from terrestrial organic matter poor in hydroxylogps [Tissot and Welte, 1984] and that the depmsti
environment was oxic.

The infrared spectrum (Fig. 3) shows a broad baorhf1200-900 ci, with a peak at 1030 chattributed to
silicate minerals. Principal functional groups tethto organic matter include the aliphatics (22880 cnt) and
aromatics (1700-1600 cm-1, 850-700 YmThe response at 350-3400 cm-1, attributed thidxyl group, is also
influenced by clay minerals and cannot be consitlasewholly from organic matter.

The principal application of infra-red spectroscagyo evaluate the relative importance in organatter of C=0
and C-C functional groups [Tissot and Welte, 1984frared spectrum shown in Fig. 3 is dominated thy
prominent peak from 1200 ¢hto 900 cm-1, consisting of the response of s#igatnerals in the rock. Prominent
functional groups related to organic matter incltide hydroxyl groups at 3500-3400 ¢nthe aliphatic at 2950-
2850 cnm and 1450-1350 cil) as well as the aromatics at 1700-1600 cm-1 afd78®0 cm'. The C=0 groups
attributed to the spectral region of 1710-1700cilongenotet al, 1999] are absent in Figure 3, but some,
attributed to 1400-1040 chiTissot and Welte, 1984], may be masked by thedrsand attributed silicates. Both
the fact that the C=0 groups have a high molecafteorption coefficient that is well resolved by FR;-and the
low intensity of the 1710-1700 ¢hmband relative to other functional groups with loweolecular absorption
coefficient, indicate the presence of few carbaytl carbonyl groups. Aliphatic and aromatic banoisiidate the
spectrum, with low C=0 and OH functionally in agresnt with the high Ol of 19.09 mgG@'TOC (Table 1).
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Fig. 3: FT-IR spectrum of shale from the Anambra Basin, showing the principal functional groupsrelated to organic matter between
4000 cm-1 and 400 cm-1, with the most prominent band that peaks at 1030 cm-1 attributed to silicate mineralsin the bulk powder
sample

Fluorescence observation showed a fairly well fhsaing liptodetrinite and alginate, with orange y&low
fluorescence. The kerogen content of 1.10 mgHak is described as good, with an S2/S3 of 2. & ative of
gas-prone organic matter. Random reflectance gbds€icles of vitrinite yielded a value of 0.56%, Ronsistent
with its Tpax Of 430°C, all indicative of early maturity. The extractatdrganic matter (eom) to total organic matter
(TOM) ratio of 1.87 g 100§is less than the threshold (2 g 180grganic matter) thought to be necessarily below
for expulsion, while the S1/TOC of 0.02 indicateslg generation of petroleum. The hydrogen indeX (sl low
compared with liptinite-rich rocks, with valuesgsitly above 50 mg §rOC for Type Ill kerogen at the immature
stage. The oxygen index (Ol) is high, suggestimgpdiion in a high oxygen environment and highdstrial higher
plant contribution.

Rock-Eval prolysis yields parameters that are wsatkscribe the generation potential of a sourck by providing
information on organic matter quality, type and aniy, with the TOC, S2 and HI as relevant paramsefPeters,
1986]. The HI of 41.20 mgHC'JOC of this shale is low and results to a Typekétogen at early maturity stage.
The gas-prone nature of this rock rules out Typkehogen, which usually shows S2/S3 greater thamhile the
maturity from vitrinite reflectance as well ag ) suggest that the current HI results from thernvaligion of a
Type Il kerogen, with initial HI between 600 mgHLCTOC and 850 mgHC HrOC [Lafargueet al, 1998]. The
ratio of eom to TOM of 1.87 g 108gorganic matter is lower than the sorption threshafl 2 g 100g organic
matter below which expulsion is considered to odewource rocks. Esenat al (2006) also studied a shale sample
in the Mamfe basin with the ratio of eom to TOM®27 g 100g exceeding a standard threshold of 2 g 100g
considered for expulsion to occur in organic mattealkanes are used as a proxy for source contribtitiaorganic
matter, including algae, macrophytes and land pl@iveyers, 2003]. Their distribution in algae isndoated by
low molecular weight compounds, especiall;,;, while high molecular weight-alkanes dominated hy-C,g or
n-Cs; are assigned to terrestrial higher plants [Tisswt Welte, 1984; Hunt, 1996]. Thealkane distribution pattern
support contribution from Type Il kerogen becao$ehe presence of high molecular weigkélkanes considered
as markers for terrestrial plant contribution [Ugbe, 2010]. Ther-alkanes that constitute the prominent peaks are
dominated byn-C,e, with a pattern similar to the Scotian shale.

Fig. 4 shows the chromatogram of the saturateifnacif the shale. The-alkane distribution is dominated by high
molecular weighin-alkane, with maximum at-C,e. Ratio calculated from the chromatogram includgsristane
(pr)/phytane (ph) ratio of 6.50. The gammacerardeixnsuggests deposition in a high oxic environméiie
common redox proxy (pr/ph) is affected by souragaaism but its value of 6.50 also indicates magticbution
from terrestrial higher plants. Pr/ph is commondgd as a redox proxy but it is influenced by sowrganisms and
maturity [Peters and Moldowan, 1993]. Its valuesdf0 in Table 1 is present in other marine souocks, such as
the Scotian shale [Powell, 1982]. Gammacerane septe a marker for high salinity during depositiBeters and
Moldowan, 1993]. The index of 9.0 in this rock segts deposition in very low saline waters. Saliftireases in
the water column favours stratification and preagon of organic matter due to a reduced oxygenichviis
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unfavourable to benthiorganisms in the bottom wateSchreiberet al, 1986] Esemeet al (2002) used
geochemistry of brines from the Mamfe basin to &)@ genetic relation between evaporates andsstiaéeto the
correlation of sulphides found in the Mamfesin shale by Le Fur (1965) with major ions thatidhe dominantly
halite-evaporite. A signal for oxic conditions during dsjiion, such as low homohopane index, was fo
However, the consistency of different independearameters, such as the highygen index and pr/ph rati—
though affected by source and maturity, togetheh wiw gammaceran—suggests deposition in an oxidizi
environment.
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Fig. 4: Gas chromatogram of the saturate fraction, with the dominant n-alkane, pristane (pr) and phytane (ph) labeled

Maturity indicators

The production index (PI) is used to assess theergéinn status of source rocks but is often usefhén
homogeneous source rocks of different rank are apeap in which case it is characted as the transformation
ratio [Bordenaveet al, 1993] Hunt (1996) suggested that a PI from 0.08 toif) eharacteristic of source rocks
the oil window. The value of 0.06 of this shale@®sistent with its vitrinite reflectance of 0.56. This maturity
is also consistent with the fairly well fluorescingganic matter as well as Rock Evén., of 430°C, reaching the
430-435C for low sulphur immature urce rocks containing Type Il [Bordenageal, 1993; Hunt, 199(. The PI
is not affected by expulsiojiRullkétter et al, 1988]and this will not limits its use as an indicatortb&é organic
matter transformation because generation may fetarocks with Type Il at 0.55%, (Leythaeuseet al, 1980].
Rullkotter et al (1988) used a mass balance scheo show that, at 0.68% ,Rthe transformation ratio in tt
Posidonia shale from northern Germany had reacBgg
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Fig. 5: Mass fragmentogram of the non-adduct fraction, showing distribution of hopane at m/z 191
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The CPI of 1.67 supports the early maturity indidessussed above, though this parameter is ushiglyin marine
source rocks that produce mostly high moleculamghtehydrocarbons [Peters and Moldowan, 1993]. Fighows
the distribution of hopanes investigatedrdz 191 of the non-adduct fraction. TheoB7Csy hopane is dominant, but
also prominent is gammacerane and a step-like dseli@ homohopanes up tg,CThe ratio 0.77 of the geo-epimer
to the sum of the geo and bio-epimers of homohof@neS/S+R) is indicative of equilibrium and suppor garly
maturity of this shale. The ratio of the geo-epirf€s; S) to the sum of the geo and bio-epimes; [®) reaches
equilibrium around 0.76 [Radlet al, 1977], corresponding to the main stage of diagmsnPeters and Moldowan,
1993]. More mature samples will be revealed bylidgl and the volume of source rocks will be crudialthe
evaluation of their potential to generate comméraexumulations. Various maturity indicators suggést this
shale is at the onset of oil window and its curtdhbf 41.20 mgHCg TOC is thought to reflect thermal evolution
due to labile kerogen from an initial Hl betweerD68gHC ¢'TOC and 850 mgHiTOC, characteristics of Type
Il kerogens [Lafarguet al, 1998].

POTENTIAL PETROLEUM SYSTEMS

The buildup of any prospect or of a petroleum systequires the availability of good-quality sounaacks.
Additionally, the stratigraphic position of the so@ rocks, the availability of good-quality resdrvand seal
lithologies, timing of hydrocarbon generation, favable regional migration pathways, and trappinghmaaisms
must also be considered. Anambra basin has thenbestal petroleum system in terms of formatiomalrse rock,
reservoir, and seal lithologies. Apart from intefbed marine sandstone facies in the Nkporo/Enuglesh
petroleum generated from the Nkporo/Enugu shale Miadhu coal source rocks have good reservoirs in the
overlying clean quartz arenites of the Ajali sandst Sandstones of the Mamu Formation could proadtétional
reservoirs. The overlying shales of the Imo and KKauformations are expected to provide regional fea
hydrocarbon that may have been generated and mibirato reservoirs in this part of the Benue trauggcause the
intense Santonian deformation had occurred pridhéodeposition of sediments and hydrocarbon géperan this
basin, only the well documented abrupt facies changould likely provide stratigraphic traps for hydarbon
accumulations in this basin. However, local Cenozettonics could also have enhanced the formatfcsome
structural traps [Obajet al, 2004].

CONCLUSION

Shale from the Anambra basin has been charactefigedts source potential using bulk and molecular
geochemistry. The shale is a good quality sourak,ravith gas-prone kerogen. The high oxygen indagh
pristane/phytane ratio, low gammacerane index, elsag distribution of organic matter-related fuootl groups
on its infrared spectrum, suggest deposition inoaitizing environment. In addition to the functibrgroup
distribution on the infrared spectrum, the n-alkalisribution, dominated by high molecular weigltmpounds,
together with the hydrogen index, is consideredb¢ocharacteristic of Type Il kerogen. Multiple icators,
including R, CPI, Thaand G; homohopane ratio, consistently indicate an earyune source rock. Generated
petroleum may not yet have reached the threshaldhyfdrocarbon expulsion and a review of petroleystesm
elements in the basin may stimulate more intereskploration in the area.
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