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Abstract

66 cutting samples from the South Dixcove - 1X (SD - 1X) well in the Tano Basin, South-Western
Ghana been subjected to TOC, Rock - Eval pyrolysis and Tmax analysis to evaluate their hydro-
carbon potential. TOC values of between 0.69 - 8.58 (ave. 2.4 wt% TOC) show good to excellent
total organic content (TOC), S, values of 0.2 - 44.39 (ave. 6.28 mg HC/g rock) implies a good to
very good source rock of kerogen types II, II/III and III which are oil prone, oil-gas prone and gas
prone respectively. The thermal maturation parameter, Tmax values of 342 - 450 (ave 427.0°C)
indicates that majority of the source rocks in the well are immature to early mature. Production
Index (PI) values of between 0.02 - 0.53 (ave 0.11) indicates that the samples are indigenous
hydrocarbons and with low levels of contamination.

Keywords: Total Organic Carbon (TOC), South Dixcove (SD), Tano Basin, Kerogen, Thermal Maturity, Produc-
tion Index, Vitrinite Reflectance, Genetic Potential.

1. Introduction

The Tano Basin is situated close to Ghana’s western border with Ivory Coast and is the
eastern extension of much larger Ivory Coast Basin. It is developed between the Coastal Fault
System, St Paul’s and Romanche Fracture Zones. The Tano Basin occupies an area of at least
3000 km?, with the onshore component estimated at about 1165 km? [1]

The Tano structure is located approximately 39 km from the Ghana coast and approxima-
tely 24 km east of the Ghana - Cote d’Ivoire border, with a water depth in the area ranging
from 91 m to 125 m. The Tano Basin began its tectonic sedimentary evolution as an exten-
sional rift basin modified by wrench tectonism. This rifting was initiated by complex move-
ments due to the separation of the continents of South America and Africa [2],

The Tano Basin located in southwestern Ghana, has been a major target for oil and gas
exploration since 1896. The basin has since been subjected to serious exploration activities
until 1978 when the first truly deepwater well (greater than 1000 ft) was drilled some 40 miles
offshore. With further advances in seismic imaging technologies, more complex and subtle
geological features were identified and mapped. The first major hydrocarbon potential of the
Tano Basin was made in 2007 (Jubilee Field).

The objectives of this work are to study the probabilities and organic geochemical characte-
ristics of the source rock units to identify: 1) the organic richness and hydrocarbon potential;
2) type of kerogen; and 3) thermal maturation of the source rocks from SD 1X well in the
offshore Tano Basin. In other to achieve this tasks, the following will be approached:
determining the total organic carbon (TOC) to evaluate the organic richness of the rock units;
evaluate the kerogen types from Rock Eval pyrolysis data; using available geochemical data to
establish thermal maturation of the source rock.
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2. Geology and Geologic Setting

The Cretaceous-Tertiary rocks of the Tano Basin are grouped together as the Apollonian
Formation and overlie the Birimian Precambrian basement rocks. It is about 3048 m thick
onshore with an offshore component of 1768 m. Onshore, the rocks are alternating sand-
stone, shale and limestone with a general dip to the SSW. The upper limestone unit (i.e., Nauli
limestone) (Campanian-Maastrichtian) is a stratigraphic marker, because of its abundant
fauna/flora constituents. The Tano-Cape Three Points Basin is a Cretaceous wrench modified
pull-apart basin. It is bounded by the African main land to the north, Saltpond Basin in the
East and the St. Paul Fracture Zone in the West. The three main tectonic phases of the Tano
Basin is as follows:

o Pre-Rift represented by Precambrian to late Jurassic rocks

e Syn-Rift phase with sediments of early Cretaceous age. The end of the syn-rift stage is
delineated by a major unconformity which separates it from the marine post-transform
rocks of the uppermost Albian and Cenomanian.

e Post-Rift phase of marine Cenomanian to present day.

The Tano basin resides on a transform margin, between the Romanche and St Paul trans-
form faults and is the eastern extension of the Cote d'Ivoire-Ghana Basin and formed because
of trans-tensional movement during the separation of Africa and South America, and opening
of the Atlantic in the Albian. Active rifting and subsidence during this period resulted in the
formation of a deep basin [31 The Tano basin was part of an extensional rift basin system which
received substantial clastic sediment input from the African continent. In the late Cretaceous,
the Tano basin became a depositional focus, with thick clastic sequences, consisting of fluvial
and lacustrine facies. This was most likely initiated in the Barremian and Aptian times. It is
thought that movement along a series of transform faults including faults in the Romanche
Fault Zone during this continental separation led to the development of the large rift basin in the
Tano area [, As a result of these movements, by Aptian - early Albian time, a large rift basin
had developed in the Tano Basin area. This was followed in middle - late Albian times by wide-
spread deposition of shallow marine sandstones and shales with minor limestone in the area.
General evidence suggests that final separation on the continents took place in latest Albian [4],
It is believed that, a thermal anomaly with subsequent uplift occurred at the margin of the
newly created African and Brazilian continental plates in the Tano area. This uplift occurred in late
Albian time and may be the plate tectonic model for the development of the Tano structural
trend.

As reservoir rocks are predicted to be in close proximity to the source rocks, a minimal
hydrocarbon migration pathway is assumed. The prolific Tano Basin is thus the results of:

e an exceptionally favourable coincidence of regional and geological factors
rich source rocks deposited and matured for oil

tectonics and structural geology establishing framework for focusing charge
world class turbidite reservoirs deposited in giant stratigraphic traps

highly effective seals preserving discovery and development

3. Materials and methodology
3.1. Samples

The present study focuses on geochemical analysis of sixty-six (66) samples from the depth
interval (5940 - 6000 ft) - (15,570 - 601 ft) (Table 1; Appendix 1) penetrating the South
Dixcove (SD)-1X well offshore Tano Basin. The samples were processed in the Organic
Laboratory, Ghana National Petroleum Corporation (GNPC) where they were oven-dried over-
night at 110°C, and pulverized with the aid of pestle and mortar. The crushed rock samples
were analyzed geochemically by TOC contents and Rock-Eval pyrolysis techniques.
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Figure 1. Map showing location of South Dixcove (SD) - 1X well in the offshore Tano Basin
3.2. Total Organic Carbon and Rock - Eval Pyrolysis

Rock - Eval pyrolysis data obtained from Ghana National Petroleum Corporation (GNPC)
(Appendix 1), was used to determine the maturity and type of organic matter in the sedi-
ments and their hydrocarbon potential. About 100 mg of each sample was analyzed by using
Rock Eval II instrument. The output from this sensor provides the peak data for the S: and Sz
indices. At low temperatures kept isothermally at 300°C for 4 minutes the free hydrocarbons in
the sample were volatilized and S1 measured with a Flame Ionization Detector (FID).

At increasing temperatures by programmed pyrolysis in an inert helium atmosphere at
250C/min to 600°C, hydrocarbons are expelled from the kerogen itself by cracking. This peak
was measured as the S.. The temperature at which the maximum generation of cracked
hydrocarbons occurred at Sz peak is termed Tmax. Tmax is a maturation parameter that is
kerogen-dependent. The Ss peak which is a result of CO2 produced from the kerogen cracking
and trapped between 300 - 390°C, was detected with a thermal conductivity detector (TCD).

The calibration data for the thermal models includes vitrinite reflectance and the tempe-
rature. Since measurement for vitrinite reflectance (Ro) was not done, modelled vitrinite reflec-
tance was derived from the equation Ro % = (0.018* Tmax) - 7.16

4. Results and discussion

Evaluation of source rocks for their hydrocarbon potential is essential in exploration processes.
To evaluate the hydrocarbon source potential of the South Dixcove 1X well, samples were
subjected to Rock Eval pyrolysis. Four parameters were acquired, these are:

e Si:signal represents free hydrocarbons that can be volatilized out of a rock without cracking
the kerogen (mg HC/g rock) at 300°C;

e S> measures the amount of pyrolyzed hydrocarbons (mg HC/g rock) from the cracking of
kerogen at temperature-programed pyrolysis (300-600°C). This peak represents the exi-
sting potential of a rock to generate petroleum if burial and maturation would go to completion.
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e Ssis the peak corresponding to the quantity of CO: released due to pyrolysis break off
between 300 and 390°C expressed in milligram of CO2 per gram of rock(mg HC/g rock) and
e Tmax, the Rock-Eval pyrolysis oven temperature at which most of the hydrocarbons libe-

rated (S2) is observed and measures the thermal maturation [31,

These parameters were used to calculate the following: Si1 + S2 which is the measure of
genetic potential or the total amount of petroleum that would be generated from a rock. S2/Ss
is the hydrocarbon type index which indicates the potential of the rock to generate
hydrocarbon and is generally less than 2 for gas and greater than 5 for oil-prone rocks [6-7],
Production Index [PI Si / [S:1 + S2] indicates the level of thermal maturation and also the
presence of migrated hydrocarbons or contamination by drilling fluids.

Oxygen Index [OI = (S3/TOC) x 100 mg CO2/g TOC], is related to the amount of oxygen in
the kerogen Hydrogen Index [HI = (S2/TOC) x 100 mg HC/g TOC] is the normalized Sz value
(S2/TOC) that indicates the potential of kerogen in a rock to generate petroleum [7]:

Table 1 below shows the standard guidelines for interpreting source rock quantity, quality
and maturation, and commonly used Rock-Eval parameters.

Table 1. Guidelines for interpreting source rock quantity, quality and maturation, and commonly used
Rock-Eval parameters. SOURCE: [7-12].

Quantity TOC S1(mg HC/g rock) S2(mg HC/g rock)
Poor <0.5 <0.5 <2.5
Fair 0.5-1 0.5-1 2.5-5.0
Good 1-2 1-2 5-10
Very Good 2-4 2-4 10-20
Excellent >4 >4 >20

_ Quality HI (mg HC/g TOC) S2/S3 Kerogen Type
None <50 <1 v
Gas 50-200 1-5 111
Gas and Oil 200-300 5-10 II/1IT
Qil 300-600 10-15 I
Qil >600 >15 1
Maturation Ro (%) Tmax (°C) TAI
Immature 0.2-0.6 <435 1.5-2.6
Early Mature 0.6-0.65 435-445 2.6-2.6
Peak Mature 0.65-0.9 445-450 2.7-2.9
Late Mature 0.9-1.35 450-470 2.9-3.3
Post Mature >1.35 >470 >3.3

4.1. Organic carbon richness and hydrocarbon generation potential

The organic richness and source rock potential of a rock sample is evaluated by measuring
the amount of total organic carbon (TOC) in the whole rock and pyrolysis derived S> samples [13]-

Peters [19] reported that samples which contain TOC less than 0.5 wt % and Sz less than
2.5 mg/g are considered poor source rocks. Samples which contain 0.5 to 1.0 wt % TOC and Sz
from 2.5 to 5 mg/g are fair source rocks. Those containing TOC from 1 - 2 wt % and Sz from
5 - 10 mg/g are good source rocks and samples that contain more than 2 wt% TOC and S2 >
10 mg/g are considered very good source rocks. The analyzed samples of the SD-1X source
rock have TOC ranging from 0.68 - 8.58 wt % (ave. 2.40 wt %) (Table 1, Fig. 2), reflecting that
the organic richness is variegated mainly from fair to excellent source rock. The hydrocarbon
potentiality are characterized by Sz values between 0.2 - 44.4 mg/g (ave. 6.28 mg/g) (Table
1, Fig. 2), indicating poor to excellent source potential.

Hydrogen content of the organic matter source rock is the most important factor controlling
hydrocarbon generation potential. But because this parameter is difficult to determine, HI
values from Rock-Eval pyrolysis are commonly used as proxy. High HI values indicate an aquatic
origin of organic matter, whereas low values indicate more terrigenous contribution or strong
degradation or maturation of organic matter. The HI values vary between 29 - 517 mg HC/g
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TOC (ave. 214) and are typical of type II, II/III, and III. This is further supported by the plot
of HI versus OI as well as S2/Ss values (Appendix1).

Plot of HI versus TOC (Fig. 4) shows that samples from well SD - 1X have good to very to
excellent generative potential. This is supported by the presence of Type II and III kerogens.

According to [51and [71the ratio S2/S3 is proportional to the amount of hydrogen in a source
rock and is an indicator of the potential to generate oil and gas. The quality of the organic
matter present has a direct relationship with the kerogen type present. The plot of S2/Ss
versus TOC (Fig. 5) shows that the samples have good to excellent generation potential source
rocks. Samples with good generation potential yielded type III and II kerogens whilst those
with very good and excellent generation potential yielded type II and I kerogens.

S: + Sz is a measure of the genetic potential of the source rock. The genetic potential of
the source rock is defined as the total amount of oil and gas that unit quantity of the source
rock could produce if the rock were buried deep enough and long enough. [*3] proposed a
genetic potential (GP = S1 + S2) classification of source rocks. According to their classification
scheme, rocks with GP of less than 2 mg HC/ g rock correspond to gas prone rocks or non-
generative ones, rocks with GP between 2 and 6 mg HC/ g rock are moderate source rocks
with fair gas/oil potential, and those with GP greater than 6 mg HC/ g rock are good source
rocks. Rocks with exceptionally high GP values in order of 100 or 200 mg HC/ g rock may
provide either an excellent source rock, if the burial depth is sufficient, or an oil shale, if the
burial depth is shallow.
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Some samples from the well (Fig. 6), have poor to good organic carbon content, poor to
moderate genetic potential with fair oil and gas potential. The majority of the samples however
have very good to excellent organic carbon content, moderate to excellent genetic potential
and can be classified as good to excellent source rock. These samples have the potential to
generate large amounts of hydrocarbons at sufficient depth and temperature.
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Fig. 6. Plot of S1+S, versus TOC showing the genetic potential for the studied samples
4.2. Kerogen types

The organic matter type is an important parameter in evaluating source rock potential and
has a first order control on the nature of the hydrocarbon products. Kerogen types can be
identified by optical methods and organic geochemical methods where values of elemental analysis
of C, O, and H are used in plotting HI versus OI from Rock-Eval pyrolysis on a modified Van
Krevelen diagram [*4] It is very important to determine the kerogen types due to the variation
of the chemical structure of organic matters and the hydrocarbon products.

According to [71 and [*5], there are four types of kerogen in sedimentary rocks:

1. Type - I, composed of oil-prone hydrogen matter generally in lacustrine and some marine
sediments;

2. Type - 11, also composed of oil-prone hydrogen organic matter mainly in marine sediments,
Even though oil is the main product of Type II kerogen, it actually produces more gas than
Type III kerogens.

3. Type - III composed of terrestrial organic matter derived mainly from woody plant material.

4. Type-IV composed of dead or inert carbon that has little or no generating capacity.
Waples [16] and Obaje [*71 used the HI values to differentiate between types of organic

matter. Type IV kerogen normally exhibits very low, less than 50 mg/g and is formed under

very oxic conditions. HI values for type III kerogen, is moderately low, between 75 - 300

HC/g TOC and has more type III than type II and are prone to generating mixed gas and oil,

but mainly gas. However, humic coals (with type III kerogen) may have HI up to 300 HC/g

TOC and possess the capacity to generate oil. Kerogen with HI between 350 - 600 HC/g TOC

contain type II macerals and has a good source potential for generating oil and gas at the

appropriate level of maturity. Kerogen with HI above 600 HC/g TOC is indicative of type I

kerogen and has excellent potential to generate oil.

The plot of Sz versus TOC and determining the regression equation (as seen in Fig. 3) is
the best method for analyzing the true average HI and measuring the adsorption of hydrocarbons
by the rock matrix [*8], The analyzed samples from SD - 1X well (Appendix 1) gave an average
HI of 214 mg HC/g TOC, indicating type II, II/III and III kerogen, but with the tendency to
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yield more gas (Fig. 7). The kerogen designation according to [51is based entirely on HI, but
the quality and maturity are determined by plotting HI versus Tmax rather than HI versus OI
(Fig. 7 and 8). This eliminates the use of OI as a kerogen type indicator (comparable to the
O/C in the Van Krevelen diagram).
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Fig. 7. Modified Van Krevelen diagram indicating  Fig. 8. Plot of Hydrogen Index versus Tmax show-
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maturity levels

4.3. Maturity of organic matter

The degree of thermal alteration of organic matter due to heating provides an indication of
source rock maturity. Thermal maturity is influenced by source rock organic matter type and
the presence of excess free hydrocarbon together with the other factors like mineral matter,
content, depth of burial and age [*1], Data indicators for maturity are Tmax, Production Index
(PI) and Vitrinite Reflectance. The increase of maturity level of organic matter corresponds to
an increase in Tmax particularly for immature samples. PI = {Si1 / [S1 + S2]} is a valuable
method for indicating the thermal maturity of organic matter. The following relations between
Tmax and PI are observed:
¢ Immature organic matter has Tmax and PI values less than 430°C and 0.10, respectively;

e Mature organic matter has a range of 0.1- 0.4 PI. At the top of oil window, Tmax and PI
reach 460°C and 0.4, respectively;

e Mature organic matter within the wet gas-zone has PI values greater than 0.4; and

e Post-mature organic matter usually has a high PI value and may reach 1.0 by the end of

the dry-gas zone [8 10, 151

In well SD - 1X, majority of the samples are indigenous except for a few dispersed within
the hydrocarbon generation and non-indigenous windows (Fig. 9, Fig. 10). The Tmax values
of < 435 and PI < 0.4, indicates that majority of the samples are immature to early mature
and few samples having PI > 0.4, indicating mature organic matter (wet gas zone).

According to [161and ['8], an overview of maturity distribution is provided by Ro data, which is
considered to be the most reliable and most commonly used maturity indicator. The Ro values
between 0.5 and 0.7% indicate low source rock grade, 0.7 to 1.0% reflect a moderate source-
rock grade, and 1.0 to 1.3% refer to a high source-rock grade. Based on the above criteria,
most of the samples from SD - 1X have inferred vitrinite reflectance (Ro) of between -1.00 -
0.94; (ave 0.53) and are thus immature to the early mature in terms of both Tmax and Ro
(Fig.11). They can be classified as predominantly low to moderate grade source rocks.

Plot of Production Index versus Tmax (Fig. 12) indicate that rock samples from well SD -
1X have poor to fair source rock quality which are mainly immature or early mature with low
level of conversion and no contaminated or migrated hydrocarbons.
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4.4. Expulsion ability

Si represents the free hydrocarbons already present in the sample, and S> represents the

hydrocarbons generated during pyrolysis. Free hydrocarbons are those already produced from
organic material and will be proportional to the Total Organic Carbon (TOC) of any given
source rock. The Ocean Drilling Program uses Si1/TOC of 1.5, to determine the presence of
indigenous versus migrated or non-indigenous hydrocarbon levels [51, The plot of S: versus TOC
(Fig. 13) shows that all source rocks contain an expected level of S: hydrocarbons for their
given TOC, and are hence predominantly indigenous.
S1/TOC had to reach 0.1- 0.2 for oil expulsion to start. The fact is that hydrocarbons may be
generated but S: steadily increases before being expelled. In most ideal situations, S1/TOC
increases as thermal maturity increases, and after expulsion remains constant and then gra-
dually decreases with increasing depth and maturity [*°l, Source rocks with Si/TOC values
exceeding 1.5 indicate a contribution of non-indigenous oil. A range of Si/TOC= 0 - 0.80 (Fig. 14)
therefore suggests mainly indigenous hydrocarbons with free (reservoir) hydrocarbons.

5. Conclusion

The organic geochemical studies consisting of TOC and Rock-Eval pyrolysis analysis of 66
samples for South Dixcove (SD - 1X) in the Tano Basin reflect that:

1. The source rocks show a good to excellent organic matter with TOC values between 0.69 -
8.58 wt. % (ave 2.39 wt. %) which suggests that there might exist conditions in the basin
that favour organic matter production and preservation.

2. In terms of thermal maturity, the samples have Tmax values of 342 - 450 °C (Ave. 427
°C), with majority of them indicating moderately immature to early mature source rocks,
with good to excellent organic richness.

3. The organic matter contained in the samples have fair to excellent potential kerogen types
II, II/III and III for generating oil, oil/gas and gas respectively.

4. The production index (PI) of between 0.02 - 0.53 (ave 0.11) indicate that majority of the
samples are indigenous hydrocarbons and with low levels of contamination.
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