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Abstract

Shale samples from the outcropping profiles of Enugu Shale and Mamu Formation in parts of the
southern Anambra Basin, were subjected to geochemical analyses for the evaluation of source rock
properties. Nine screened samples were analyzed with the Rock Eval II Plus TOC module to identify
type and maturity of organic matter and to detect the petroleum potential of the sediments. Other
parameters obtained from the instrument included Tmax, which is the temperature corresponding to
the temperature at which the pyrolyticyield of hydrocarbon (S2-peak) reaches maximum, production
index (PI) and potential yield (PY). Extractible Organic Matter (EOM) was evaluated using Soxhlet
Extractor, while biomarker distributions were obtained with the Gas Chromatography (GC). Results
revealed that the TOC of the analyzed samples exceeded the threshold value of TOC = 0.5 wt.%
requirement for clastics to qualify as source rocks. The cross plots of hydrogen index (HI) against
oxygen index (OI) showed that the samples contain type III and mixed type II/III kerogens. The
average Tmax vValues of 433 and 431°C, respectively recorded for sediments from the Enugu Shale and
Mamu Formation, indicate immature to transitionally early mature source rocks. The maceral groups
in the analyzed shales are: vitrinites (39 to 59 %), inertnites (11 to 18 %) and the liptinites (9 to 21
%). The vitrinites and inertnites that are more dominant are deficient in hydrogen because of their
derivation from the structural parts of plants. The sediments were also deposited in suboxic and low
pH paleodepositional environmentsand therefore, have potentialsto generate gas ratherthan oil given
sufficient maturity.

Keywords: Biofacies, Maceral, Maturity, Organic, Source Rock.

1. Introduction

Agbogugu-Leru area, whose underlain geological sediments are being investigated for or-
ganic richness and maturity is located in the southern part of the Anambra Basin. The area
lies within Longitudes 6°35'and 7°45'E and Latitudes 5°30%*and 7°30! N, along the Enugu-Port
Harcourt expressway (Fig. 1). The Anambra Basin is located south of the regionally extensive
northeast-southeast trending Benue Trough. The basin has about 5 km thick of sedimentary
packages, comprised of Cretaceous-Tertiary sediments comprising the basal Campanian
Nkporo Shale and its lateral equivalent, Enugu Shale, succeeded by the Maastrichtian Manu
Formation and the Ajali Sandstone. The succession in the area is capped by the Tertiary
Nsukka Formation [l The lithostratigraphic units are characterized by enormous lithologic
heterogeneity in both internal and vertical extensions, derived fromseveral paleoenvironmen-
tal settings [21. A comparative assessment of the source rock potential of the accompanying
shale sediments is required to understand units that are more likely to form part of the ele-
ments of the potential petroleumsystems anticipated in the Anambra basin. Recent explora-
tion techniques use modern understanding of organic petrology to identify source rocks, esti-
mate its quality, type and maturation level of the organic matter in the rock. The technique
had also fingerprinted identified source rocks in a petroleumsystemand improved the success
rate of petroleumexploration [31,
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2. Geological setting

Evidences of hydrocarbon occurrence
abound in the Anambra and adjoining basins.
Oil seeps have been known to occurin bitu-
minous shale outcrops of the Ezeaku, Awgu
and Nkporo Shales 1, It has also been rec-
orded that some wells drilled in the basin en-
countered a number of oil shows [5-¢], It is
therefore, probable that potentially profita-
ble deposits that have not been discovered
exist in the Anambra basin. Hence, the eval-
uation of the hydrocarbon potential of sedi-
ments in the Anambra Basin remains a sub-
ject that deserves consideration and in-
depth assessment for possible greater prof-
itability and sustainability.

This study is aimed at identifying pods of
active/potential source rocks that may form
a part of the elements of the petroleumsys-
temin the southern Anambra Basin.

Fig. 1.Map of study area showing sampling | oca-
tions

The tectonic evolution of southeastern Nigerian sedimentary basins may be tracedback to
the late Jurassic with the separation of the African and south American plates which left the
Benue Trough as a failed arm of an RRR Triple Junction [7-8],

The depositional history of southeastern Nigeria is well documented in literature [5°-13],
This can briefly be summarized as follows: The first stage of deposition into the then Abakalilki-
Benue Trough which is the failed arm of the rift associated with the opening of the south
Atlantic was during the Aptian-Santonian [*11, This was marked with the deposition of the Asu
River Group, the Ezeaku and Awgu Formations. The second stage of deposition commenced
during the Santonian with the tectonic uplift and folding of Albian-Coniacian sedimentsin the
Abakaliki-Benue Trough forming the Abakaliki Anticlinorium. This led to the subsidence of the
Anambra Basin and Afikpo Syncline.

Table 1. Stratigraphic successions in the Anambra The newly subsided basins now be-
Basin, Benue Trough and Niger Delta [5]

came a major depositional center for

Age

Basin

Stratigraphic Units

sediments derived from the uplifted Al-

Oligocene-
Recent

Eocene

Thanetian

Miger
Delta

Ogwashi-Asaba Fm

Benin Formation

bian-Coniancian sediments of the folded
Abakaliki Anticlinoriumand adjoining ar-

Ameki/Manka Fm/Nsugbe
Sandstone (Ameki Group)

Agbada Formation

eas. During this time, the Nkporo Group

Imo Formation

Akata Formation

(comprising of Nkporo Formation, Enugu
Shale, Afikpo and Owelli Sandstone),

Danian

Maastrichtian

Anambra
Basin

Msukka Formation

Mamu Formation, Ajali Sandstone and

Ajali Formation

Nsukka Formation were deposited (Table
1; Fig 2.). The third depositional stage

Mamu Formation

commenced during the Paleocene with

Enugu [Dwelli | Afikpo
Fm 3 Ss

the deposition of Imo and Ameki For-
mations. This period laid the stage for

Southern
Benue
Trough

Agwu Formation

the formation of the present Niger Delta
[14]
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Fig. 2. The geological map of Southern Anambra Basin, showing the study area
3. Materials and methods

Two outcropping sections of Enugu Shale and Mamu Formation exposed at Agbogugu and
Leru/Isuochi junction were studied in detail. Bed-by-bed logging and description of the sec-
tions noted lithological and structural variations. Sketching of the logged profiles was done to
mimic these differences (Figs. 3 and 4). Nine representative shale samples, made up of four
from the Enugu Shale and five fromMamu Formation exposures at Agbogugu and Leru/Isuochi
junctions, were subjectedto organic geochemical analyses:

3.1. Total organic carbon (TOC)

The determination of total organic carbon (TOC) was done with Rock Eval Pyrolysis using
the LECO C/S analyzer with a TOC module. The Total Organic Carbon (TOC) was determined
on powdered samples that were pretreated with Hydrochloric(HCI) acid to remove carbonates
in the sample. 100 mg of pulverized sample was weighed in a special porous crucible and
placed in a cold sand bath; the weighed sample was then wetted with few drops of ethanol
(to avoid sporadic reactions) and treated with some drops of 10% diluted hydrochloric (HCI)
acid until no further reactions occurred. The sample was left in the sand bath for 12 hours at
a temperature of 80°C in order to allow excess water to evaporate. Thereafter, the sample
was transferred into a laboratory vacuum oven where it was kept for another 12 hours at a
temperature of 50°C. One gram of copper chipping was added as catalyst to the oven-dried
sample, before the sample was put in the combustion chamber of the LECO Apparatus,where
sample was then burnt in the presence of oxygen at a temperature of 1300°C. The evolved
gases: Carbon dioxide (CO;) and sulphuric acid (H.S04) were simultaneously measured quan-
titatively by infra-red detectors and recorded as percent carbon and sulphur, respectively. This
experiment was repeated and TOC values obtained for all the selected samples
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3.2. Determination of source rock potential and maturity

The screened samples were also analyzed to determine the hydrocarbon generation poten-
tial, kerogen types, maturity and hydrocarbon index (HI) using the Rock-Eval LECO C/S ma-
chine outfitted with a TOC module. Other parameters obtained from the analysis include the
Tmax, Which is the temperature corresponding to the temperature at which the pyrolytic yield
of hydrocarbon (S»-peak) reaches its maximum, hydrogen index (HI), Oxygen Index (OI),
Production Index (PI) and Potential Yield.

3.3. Extraction of extractable organic matter (EOM)

The analyzed sampleswere powdered and EOM were extracted in cellulose thimbles for a
period of 36 hours using 100% dichloromethane. The solvent from theresultant solution was
removed by means of a rotary evaporator under vacuumwhose pressure was not greater than
200 mbar and finally by a flow of nitrogen at a temperature not more than 30°C to yield the
Extractible Organic Matter (EOM).The EOM was analyzed bycapillary gas chromatography to
produce gas chromatograms from which values of preliminary concentrations of biomarker
parameters, including: Pristane/nC17, Phytane/nC18, Pristane/Phytane ratio, etc. were com-
puted from peak heights us(in)g eguation 1:

__ WeightofExtract (g)x10
EOM(ppm) " Weightofsample (g) (1)

From the values of the TOC (wt. %) and EOM (ppm), the bitumen ratio was calculated using

equation 2:

Bitumen Ratio (mg %tTOC) =

EOM (ppm)
TOC (Wt %) X 10

(2)
3.4. Chromatography (GC)

Gas chromatography was conducted on a Varian 3400 GC fitted with 45mx 0.25mm fused
silica column coated with a non-polar stationary phase (DB1). Both the injector and detector
temperatures were set at 300°C. The oven-heating programwas set at a temperature of 30°C
for an initial isothermal period of 2 minutes then increased at the rate of 6to 300°C/min fol-
lowed by final isothermal period of 13 minutes. The carrier gas, hydrogen, was set at a flow
rate of 2mL/min. Collection and processing of GC data was initially done with Atlas software
via a chromatographic server. This process produced the respective gas chromatograns as
well as the corresponding injection reports containing peak heights and area.

The hydrogen (H>) carrier gas was calibrated at 2mL/min flow rate. Data acquisition and
integration was carried out using the Thermo Scientific™ Atlas Chromatography Data System
(CDS) controls chromatography instruments from multiple vendors using the 247 Instrument
Controller for data integrity over corporate networks or WANSs.

3.5. Organic petrology

Macerals are the remains of various types of plant and animal matter that can be distin-
guished by their chemistry and by their morphology and reflectance using a petrographic mi-
croscope [*31,In order to determine the maceral constituents, representative samples collected
from the studied sections were crushed to less than2mm and impregnated in epoxy resin,
ground and polished for quantitative reflected light microscopy. Microscopic examination was
carried outunder X40 oil immersion objective.

4. Results
4.1. Physical properties of the sections

The two well exposed sections of Enugu Shale and Mamu Formation,logged and described
at Agbogugu and Leru/Isuochi junctions, respectively, showed a generally increase in sand
thicknessup-section, thus displaying a coarsening upwards sequence. Sedimentary structures
observed in both sections include planar cross-beds, ripple laminations, bioturbation, parallel
laminations and pyritic concretions (Figs.3 and 4).
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Unit Lithology Description
Thickness Cl Si_Fs Ms Cs Gv

Fine-medium grained yellowish white cross-bedded sandstone
50

Ripple laminated yellowish white sandstone with intercalations of
siltstone. Sharp erosional contact with the overlying unit LEGEND

Ripple Taminated, yellowish and bioturbated sandstone with Sandstone

4 intercalations of siltstone capped with mudstone
Intercalation of Shale-Siltstone beds with erosive tops Dﬁrr grey
Shale
40 X
Very coarse brownish trough bedded sandstone Siltstone
Massive fine to medium yellowish to white sandstone
capped with mudstone drape. - Cross-
35 Bedding

Intervening beds of highly weathered homogenous pyritic -
Shale and siltstone. The shales also have calcitic concretions

30

Fine grained yellowish clayey sandstone

25

20

15
Intercalations highly pyritic siiales with interbeds of silt.
Calcite concreticris are also evident.

10

T
0 5m

Fig. 3. Lithostratigraphic log of the section exposed at Agbogugu Junction, Ph. /Enugu Expressway
4.2. Organic Geochemistry

Table 2 shows the results of organic geochemical analysis carried out on the nine rock
samples. The Total Organic Carbon content (TOC) of the shale samples of Enugu Shale ranges
from 0.72 to 4.94 wt. % with an average of 2.2 wt. %. Samples from the Mamu Formation,
has TOC values ranging from 0.76 to 2.11 wt. % with an average value of 1.5 wt. %.

4.3. Quantity of organic matter

The results of Extractable Organic Matter (EOM) or Soluble Organic Matter (SOM) content
of the Shale samples in the study area reveal that EOM/SOM in the studied shale samples
exceeded 500ppm (Table 3). Samples from Enugu Shale have an average value of 683ppm
while those of Mamu Formation have an average value of 692ppm.

The plot of TOC (%) against SOM (ppm) shows that most of the Shale samples were clus-
tered within the oil source rock field (Fig. 5).
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Unit Lithology Description
Thickness Cl Si Fs Ms Cs Gv
Medium-coarse grained, ferruginized sandstone, with a basal
45 gravelly unit
LEGEND
Fine grained yellowish brown highly weathered sandstone 112000 sandstone
40 - -
_ Fine arained sandstone with thin intervening mud drapes - Darkgrey
AL fine-grained, Cross-bedded to herringbone, sandstone Shale
< Siltstone
35 Coarse grained, Cross-bedded to herringbone, poorly sorted
sandstone Cross-
Bedding
Greyish white clayey sandstone, fine grained in texture , Trough Cross
30 Fine-medium grained bioturbated sandstone overlain by clayey Bedding
siltstone ©8 | concretions
Yellowish white, ripple laminated siltstone
25 Yellowish brown clayey sandstone, fine grained in texture
Fine grained, laminated, dark grey shaley sandstone
20
E 15
s
10
Dark grey, laminated and carbonaceous shale with siltstone interbeds.
With pyritic concretionary nodules
5

T
0 5m

Fig.4. Lithostratigraphic log of section exposed at Leru/IsuochiJunction, Ph./Enugu Expressway

100,000

10000

0 Mamu Formation

£ ¢ EnuguShale
2 1000 s
=
a

100

0

01 1 10 100

TOC {wt %)

Fig. 5. Plot of SOM (ppm) against TOC (wt. %) (modified after [17])
4.4. Quality of organic matter

Results of the geochemical analysisalso showed a Hydrogen Index (HI) value of 43 to 142
mgHC/gTOC for the Enugu Shale with an average value of 95.3mgHC/gTOC (Table 2). Sam-
ples from Mamu Formation showed a HI value of 27 - 54mgHC/gTOC with average of 39.4
mgHC/gTOC.
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Table 2. Result of maceral analysis and vitrinite reflectance measurement

83 - carbon diounde content, mg COZ /g rock

81 - volatile hydrocarbon (HC) content. mg HC' g rock
&2 - remamung HC generative potential, mg HC' g rock

Meas. %sRo - measured vatrnute reflectance
HI - Hvdrogen index = 52 x 100/ TOC, mg HC' g TOC htS2sh - hagh temperature 52 shoulder  SRA- ngaunutdp*-‘m]ﬁntn SRA

1 9648 L1U1 Enugu Sh 4.94 0.19 7.00 2.98 437 142 60 2.3 4 0.03

2 9649 L1U2 Enugu Sh 2.46 0.16 1.74 0.82 424 71 33 2.1 7 0.08

3 9650 L1U3 Enugu Sh 0.72 0.04 0.31 0.59 439 43 82 0.5 6 0.11

4 9651 L1u4 Enugu Sh 0.80 0.07 1.00 0.85 435 125 106 1.2 9 0.07

5 9653 L2U1 Mamu Fm 0.76 0.05 0.28 0.65 441 37 86 0.4 7 0.15

6 9654 L2U2 Mamu Fm 1.36 0.04 0.37 1.08 434 27 79 0.3 3 0.10

7 9655 L2U3 Mamu Fm 2.11 0.06 1.14 0.55 429 54 26 2.1 3 0.05
Notes: Pyrogram: N
“1" - not measured of mvalid value for Tmax * - comments regarding contamination f - flat 52 peak LECO - TOC on Leco Instrmaent

TOC - Total Orgame Carbon, wt. %% ** - low 52, Tmax 15 unreliable n - moqmal RE - Programmed pyrolysss or

1t52sh - low temperature 52 shoulder  TOC on Rock-Eval mstrument

OI - Orvgen Index = 53 x 100/ TOC, mg COY g TOC 1k82p
PI- Production Index = 81 / (51+52)

- low temperatare 52 peak
IuS..p hagh temperatuze 52 peak

EXT- Extmct-rd Rock
WOPR. - Normal Preparation
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A corresponding Oxygen Index values of

33-106 mgCO,/gTOC was recorded for

Enugu Shale with an average of 70.2mg

CO,/gTOC. Mamu Formation on the other

hand showed a value of 26-86 mg

CO./gTOC with average of 49.4 mgCO./g

o Enugushale TOC. A plot of Hydrogen Index (HI) against
Oxygen Index (OI) showed that Enugu

Shale and Mamu Formation are dominated

g

HI(mgHC/gTOC
] N
8 8

150

sk e by Type III kerogen and mixed Type II/III
10 o kerogen (Fig. 6). Samples from Mamu For-
50 /:'/T\ mation were particularly lowerin HI (below
0 60mgHC/gTOC).
0 50 100 150 200

01 (mgCO0,/gTOC)
Fig. 6. Plot of hydrogen Index against Oxygen
Index [16]

4.5. Maceral analysis and thermal maturity parameters

Result of maceral analysis of the shale samples was applied to further assess the quality of
the organic matterin the studied samples is shown in Table 3.

Table 3. Extractable organic matter of shale samples in the study area

Wt. of

S/No Sample No Formation =l (@) EOM (ppm)
1 L1U1 Enugu Shale 25 540
2 L1U2 Enugu Shale 25 708
3 L1U3 Enugu Shale 25 564
4 L1U4 Enugu Shale 25 872
5 L2U1 Mamu Formation 25 576
6 L2U2 Mamu Formation 25 572
7 L2U3 Mamu Formation 25 1200
8 L2U4 Mamu Formation 25 568
9 L2U5 Mamu Formation 25 548

The vitrinite maceral group in the analyzed shale samples ranges between 49 to 59%. The
inertnites ranged from 11 to 18% while the liptinites range from 9 to 15%. The vitrinite com-
ponents are mainly desmocollinite, collinite and vitrodetrinite. The inertinite group consists of
fusinites and semi fusinites whereas the liptinites components are mainly cutinites and sporinites.

900 — In the present study, Tmax ranged from
'- 424°C to 439°C with an average of 433.7°C

800 for sediments in the Enugu Shale and cor-

__ 700 - P responding Hydrogen Index (HI) values

g 600 1 O Mamufm ranging from 43 to 142mgHC/gTOC with an

w 500 | average value of 95.3mgHC/gTOC. Mamu

g 1 Formation sediments on the other hand

> 400 | | showed a Tmax value of 417°C to 441°C

= 300 \ with an average of 431°C and a correspond-

200 "\ ing HI value of 26 to 86mgHC/gTOC with
100 & average of 39.45mgHC/gTOC (Table 1).

O o Moy T D The calculated bitumen ratios for the

200 220 440 80 280 300 mq O Enugu Formation ranges from 10 to 109

| Immature | Oil zone [ Gaszone | ngXt/gTOC with an average of 56.7

mgExt/gTOC while that of Mamu Formation
Fig.7. Plot of HI against Tmax showing the thermal ranges from 29.5 to 75.7 mgExt/gTOC with
maturity and the OM type an average of 49.42 mgExt/gTOC. A plot of
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HI versus Tmax (Fig. 7) show that the samples plot within the Type III kerogen zone con-
firming the predominance of Type III organic matter.

The values for the production index (PI) ranges from 0.03 to 0.11 with an average of 0.07
for samples obtained in the Enugu Shale while those from the Mamu Formation ranges from
0.05 to 0.15 with an average of 0.096 (Tables 4). These values thus tell that the organic
matteris immature [171, This is further highlighted by the plot of PI versus Tmax (Fig. 8).

1.0
| @
09 | % Dry Gas Window
Intenslve gl O Enugu Shale
08 Generation & @ nMamu Formation
[
[}
0.7 g
T -
oe N
w Stained or
20-5 Contaminated
=
004
=
D03
o \
o]
&o.2 K . '.
.‘ [ High|Level'Conversion
0.1 0 = ""4?23 =
o - @ @ OVER MATURE
LOW LEVEL CONVERSION P -
0.0
400 425 450 475 500
MATURITY (based on Tmax .°C)
Fig. 8. A plot of Production Index (PI) against Tmax
50 (@ |
1
Gas prone zone | Mixed oil and gas zone
1
d nld
4.0 |« . @ Enugu Shale
: o Mamu Formation
§ Very good grganic richness
+ 3.0 1
2 !
e |” i
20 (£ 4
Good organic richness
1
1
& I
1.0 @ Moderate drganicrichness
1
1
0 Poor org:anic richness
0 1.0 2.0 3.0 4.0 5.0
Petroleum Generic Potential (S1+S2)
mgHC/grock

Table 4. Maturity Parameters from Tmax and Production Index

Table 4. Maturity Parameters from Tmax and Production Index.

Formation Tmax (0C) PI

Enugu 424 - 439 0.03 - 0.11
Mamu 417 -441 0.05 - 0.15
REMARK Immature Immature
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4.6. Petroleum generic potential from rock eval pyrolysis

The assessment petroleum generic potential from Rock Eval pyrolysis is based on Tissot
and Welte 18] classification as follows: source rocks with Generic Potential (GP) less than
2mgHC/g rock (2000ppm) are suggestive of poor source rock, while rocks with GP of 2 to
6mgHC/g rock (2000 to 6000ppm) implies moderately rich source rock with fair oil potential.
Those with GP greater than 6mgHC/g rock (6000ppm) are considered as good or excellent
petroleumsource rocks [16:19-201 Tn the study area, samples fromboth Enugu Shale and Mamu
Formations exhibit average yields (<2mgHC/g rock). This is further ascertained by the plot of
Petroleumgeneric potential against TOC (%) as show below (Fig.9).

50 [ @ |
1
Gas prone zone | Mixed oil and gas zone
1
nl -
4.0 [« ':< @ Enugu Shale
: o Mamu Formation
§ Very good organic richness
+ 3.0 1
2 :
° |° i
20 (@ !
Good organic richness
1
1
-8 :
1.0 ® Moderate drganicrichness
1
0 Poor org:anic richness
0 1.0 2.0 3.0 4.0 5.0
Petroleum Generic Potential (S1+S2)
mgHC/grock

Fig. 9. Plot of TOC against Petroleum generic potential [36!

The plot of hydrocarbon yield or remaining hydrocarbon (Sz) against total organic carbon
(Fig.10) classifies effective primary source rocks as those with S; greaterthan 5mgHC/g rock
and Effective Non Source (ENS) rocks as those with S»less than 1mgHC/g rock.

SHA LE ® EnuguSh
CARBAGS COAL
EXHIGH
VERY LOW| oW MoD | HIGH V.HIGH o IMamu Fm
100.00 | PRIMARY
L]
SOURCE S . =
o . ) GQ’ =
oY ® A 2
) o d <.3Q ;
= . - P TR '10 )
_ . 2
S 100 o ) W e
u . ) ) g
% =
= [=]
2 . g
= (=]
1.0 - ; =
» I o
. ° =
s ° S
~ENS_~~ A O SECONDARY =
- SOURCE Z
01| u
0.1 1.0 10.0 100.0
TOC {wt %)

Fig. 10.Plot of hydrocarbon yield against TOC [21]
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4.7. Biomarkers

Biomarkers are present in both oil and source rock extracts; they provide a method to
relate the two and can be used to interpret the characteristics of the source rocks [221, In
addition, biomarkers can provide information on the organic source materials; environmental
condition during its deposition; the thermal maturity experienced by a rock or oil and the
degree of biodegradation [23-24],

Murray et al. [251reported that hopane (Caz9, C30) have microbial origin and some are derived
from higher plants and oleananes is from terrestrial plants. Tricyclics are formed by partial
aerobic oxidation of bacterial membrane.

The peakidentities of both the high molecular and low molecular carbon are shown in Fig.
(11a-i).Thepristane (nC17), phytane (nC18), CPI and OER values are also shown in Table 5.
A plot of Pr/nCy7 versus Ph/nCigis shown in Fig 12.

Fig. 11a. Chromatogram of sample L1U1 Fig. 11b Chromatogram of sample L1U2

Fig. 11c. Chromatogram of sample L1U3 Fig. 11d. Chromatogram of sample L1U4
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Teenfionfime: Teseion fime

Fig. 11e. Chromatogram of sample L2U1  Fig. 11f. Chromatogram of sample L2U2

¥ |

Eu]

45

| g i
Fig. 11g. Chromatogram of sample L2U3 Fig. 11h. Chromatogram of sample L2U4
Table 5. Values of paraffin parameters
Sample No Pristane/nC17 Phytane/nC18 Pristane/Phytane OER CPI
L1U1l 9.36 0.83 6.38 0.83 1.73
L1U2 9.55 0.88 6.59 1.62 1.30
L1U3 3.30 0.56 5.63 1.20 1.27
L1U4 NA 0.66 3.03 1.34 1.07
L2U1 3.55 0.65 4.60 1.19 1.06
L2U2 6.94 0.74 5.64 1.22 1.07
L2U3 NA 0.89 NA 1.70 1.14
L2U4 NA NA NA 1.40 1.01
L2U5 NA 0.76 6.01 1.43 1.00
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Pr/nC,,

10

Fig. 12. Plot of Pristane (n17) versus Phytane
(n18) (After Moldowan et al., [35]) Carbon Pref-
erence Index (CPI) and Odd-Even Carbon Ratio
(OER)

Fig. 11i. Chromatogram of sample L2U5

4.8. N-Paraffin/Isoprenoid ratios

Pristane/phytane[Pr (n17)/Pr (n18)] ratio of sediments can be used to determine deposi-
tional environment [231, Pr/Ph ratio < 1 indicates anoxic depositional environment, while Pr/Ph
> 1 indicates oxic conditions. Pr/Ph < 2 indicates marine sourced organic matterand Pr/Ph >
3 indicates terrigenous organic matter input. Petters and Moldowan [26] stressed that high
Pr/Ph (>3) indicates terrigenous input under oxic conditions and low Pr/Ph (<0.8) indicates
anoxic hypersaline or carbonate environment.

This is the relative abundance of Odd versus Even carbon numbered N-Paraffins; it can also
be used to estimate thermal maturity of organic matter. The CPI values in the studied sedi-
ments (Table 5) range from 1.0to 1.73.

5. Discussion
5.1. Quality, quantity and generic potential of organic facies

Result of the geochemical analysis showed that the mean value of Total Organic Content
(TOC%) of the shale samples from Enugu Shale and Mamu Formation exceed the threshold
value of 0.5wt% required for a sedimentary rock to be regarded as a petroleum source rock
[16,271 The TOC values suggest that the Shales of the Enugu Shale and Mamu Formations are
good to very good sources rocks [281,

The total amount of heavy hydrocarbon (Cis+) Extractable Organic Matter (EOM) is the total
amount of heavy hydrocarbon and non-hydrocarbon present in a source rock in parts per
million (ppm). The total amount of extractable organic matterin a source rockis a direct
measure of its oil source possibility, because oil is related to its source. The SOM/EOM of the
shale samples of the studied sections exceeds 500ppm. Samples from Enugu Shale has an
average value of 671ppm while those of Mamu Formation has an average value of 692ppm
Furthermore, plot of TOC (%) versus SOM (ppm) according to Jovancicevic [171shows that the
sediments can be classified as fair to good source rocks based on the quality definition by
Hunt and Meinert [29] and Baker [3°],

A plot of Hydrogen Index (HI) against Oxygen Index (OI) showed that Enugu Shale and
Mamu Formations are dominated by Type III kerogen and mixed Type II/III kerogen [2°],
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The Source Potential (S1 + S>) based on the assessment of Tissot and Welte [16] classi-
fication suggest a moderate to good organic richness however with a gas prone tendency as
can be shown in the plot of generic potential versus TOC.

Again, the plot of hydrocarbon yield (S2) against total organic suggest that the two For-
mations are essentially secondary sources rocks with fairto very good hydrocarbon potential
to generate gas and condensate.

Maceral analysis of the shale samples showed a dominance of vitrinite group suggesting
derivation from structural part of plants and are deficient in hydrogen. They correspond to
type III kerogen [16:31-321 According to Akande et al. [32], the lower Maastrichtian coals of the
Mamu Formation are characterized by moderate to high concentration of huminite and some
minor amounts of inertinite and liptinite. Akaegbobiand Schmitt [21 supported the earlier re-
ports; that the Nkporo shale is dominated by Type III/II kerogens with dominance of terres-
trially derived organic matterin the study area.

5.2. Thermal maturity

Thermal maturity in the studied area has been assessed by the Rock-Eval, Tmax data and
by the bitumen ratio. According to Peters [28], variation in kerogen types affect Tmax values.
At a thermal maturity that corresponds toa Tmax of 435°C, source rocks with HI greater than
500mg HC/gTOC yield oil while those with HI value ranging from 250 to 500mgHC/gTOC yield
oil and some gas. Rocks with HI of 50 to 250mgHC/gTOC produce gas while those with HI less
than 50mgHC/gTOC are inert [33],

In the present study, Tmax ranged from 424 to 439°C with an average of 434.1°C for
sediments in the Enugu Shale and corresponding Hydrogen Index (HI) values ranging from
43-142 to 54mgHC/gTOC with an average value of 95.3mgHC/gTOC. Mamu Formation sedi-
ments on the other hand showed a Tmax value of 417 to 441°C with an average of 431°C and
a corresponding HI value of 27 to 54mgHC/gTOC with average of 39.45mgHC/gTOC.

These values suggest that the shales of Mamu and Enugu Formations are immature to
transitionally early mature source rocks. The low values of hydrogen index imply that the
Enugu Shales and Mamu Formations are dominated by Type III kerogen and mixed Type II/III
kerogen of terrestrial origin 28],

The calculated bitumen ratios for the Enugu Formation ranges from 10 to 109 mgExt/gTOC
with an average of 56.7 mgExt/gTOC while that of Mamu Formation ranges from 29.5 to 75.7
mgExt/gTOC with an average of 49.42 mgExt/gTOC. Fromthese values, it can be deduced
that the shales of Enugu Shales and Mamu Formations are immature source rocks [34],

A plot of HI versus Tmax show that the samples plot within the Type III kerogen zone
confirming the predominance of Type III organic matter. The sediments from this plot are
immature to transitionalin term of their thermal maturity.

5.3. Depositional environment

Pristane/phytane ratio of sediments can be used to determine depositional environment [231,
Pr/Ph ratio < 1 indicates anoxic depositional environment, while Pr/Ph > 1 indicates oxic con-
ditions. Pr/Ph < 2 indicates marine sourced organic matter and Pr/Ph > 3 indicates terrigenous
organic matterinput. Petters and Moldowan 261 stressed that high Pr/Ph (>3) indicatesterr-
genous input under oxic conditions and low Pr/Ph (<0.8) indicates anoxic hypersaline or car-
bonate environment.

From the studied shale samples, Pristine/Phytane ratios are greaterthan 3. This is typical
of sediments deposited in oxidizing, terrestrial or peat environment This is consistent with the
geology of the study area as the Enugu Shale and parts of the Mamu Formation are known to
be coal bearing [°1.High concentration of high molecular weight n-alkanes (C23 to C30) com-
pared to low molecular weight n-alkanes (C15 to C21) (Fig. 11a-i) present indicates organic
matter from terrestrial higher plants.
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6. Conclusion

A total of nine (9) outcrop samples (shales) were obtained fromroad cuts sections of Manu
Formation and Enugu Shale along Port Harcourt-Enugu expressway. These samples were sub-
jectedto geochemical analysesin order to characterize the source rock potential and investi-
gate the environment of deposition of the sediments.

The following conclusions were made:

» The sediments studied were deposited in a partial/normal marine (under sub-oxic to sub-
anoxic water condition)

> The sediments contain about 70% of what it takes to be economic, though largely gas,
they present fair prospectin terms of economic viability.

At present level, liquid hydrocarbons have not been generated. The studied areas are there-
fore considered to be of good petroleum potential particularly gaseous hydrocarbon. With im-
proved 3-D seismic information and more petroleum geological research work in the basin,
the hydrocarbonresource of the basin will be enhanced and these will provide information to
oil and gas companies operating in the region to optimize the development in exploration and
exploitation of petroleumin the basin.
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