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Abstract: The Cote d’Ivoire Basin is one of the most important oil production areas in Africa; and it is
also the focus of global oil and gas exploration, but the degree of oil exploration and development in
this basin are still in the early stages. Based on a comprehensive analysis of drilling, logging, and
geochemical data in the Céte d’Ivoire Basin, this study comprehensively evaluates the Cretaceous
lacustrine source rocks in the study area, establishes a total organic carbon (TOC) quantitative
prediction model by using the total organic carbon method, determines the relationship between
seismic reflections and the geochemical characteristics of the source rocks, and tracks the main source
rocks horizontally. The results show that the TOC of the Lower Cretaceous Albian stage source rocks
is 2.63 wt.%, the kerogen type II is dominant, and the vitrinite reflectance (Rp) ranges from 0.3%
to 0.9%. The source rocks are mainly in the low-mature to mature stage, and they are generally of
good and premium quality. The distribution range of high-quality source rocks with TOC values
of 4.00~5.00% is predicted using the total organic carbon method, and useing the seismic method,
we determine that high-quality source rocks with larger thickness values and better continuity are
mainly developed in the eastern depression center of the basin.

Keywords: Albian source rocks; geochemistry; source rocks distribution; Céte d'Ivoire Basin

1. Introduction

With the continuous growth of the world economy, the global demand for oil and gas
is rising, and countries around the world are seeking out rich resources and lower-cost
exploration areas. In the past 30 years, 54 large oil and gas fields have been discovered in
Africa, accounting for 22% of the world’s total [1]. The deepwater area of West Africa has
seen major breakthroughs, with the discovery of large oil and gas fields such as Jubilee [2],
which has become a hot spot for oil exploration today. About 10% of China’s oil imports
come from Africa, and through the “Belt and Road” project, China and West Africa’s
oil cooperation is increasing [3], There is an urgent need for source rock and oil and gas
geochemistry research in the less developed areas to help Chinese oil companies better
conduct post-exploration deployment. The Coéte d’'Ivoire Basin, which is located in the
northern part of the Gulf of Equatorial Guinea in West Africa, has good prospects for
petroleum exploration and development. Up to now, reserves of 4.926 billion barrels of oil
and 9.96 trillion cubic meters of natural gas have been discovered [4]. Little exploration
has taken place along the transition margin between Céte d’Ivoire and Ghana, and the lack
of basic geological data restricts the research process. Therefore, it is necessary to study
the petroleum system in the study area [5] and to analyze the geochemical characteristics
of the source rocks by conducting experiments such as total organic carbon analysis,
rock pyrolysis, vitrinite reflectance, and saturated hydrocarbon chromatography-mass
spectrometry [6-8] so as to classify and evaluate the source rocks and clarify the distribution
of organic facies. The sedimentary environment is discussed, in order to shed light on
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the parent material source and the preservation conditions of the organic matter [9]. This
research provides promising guidance for the follow-up development of the study area.

Previous studies on the formation, evolution, structure, and oil and gas geological
characteristics of the Cote d’'Ivoire Basin have concluded that the basin can be divided
into two first-order structural units; the eastern main depression and the northern sub-
depression. The eastern main depression is the key area of oil and gas production at present
and is also the subject of this study. It can be further divided into three second-order
structural units, namely, the eastern depression, the eastern bulge, and the southern bulge.
There are two main sets of Lower-Cretaceous-Albian-stage source rocks and Late Cretaceous
Cenomanian-Turonian marine source rocks, in which large hydrocarbon reservoirs have
been discovered, Thus, Chinese oil companies must carry out in-depth exploration and
development in this area as a matter of urgency [10]. Previous attempts only searched for
oil and gas resources through drilling, but there is a lack of comprehensive analyses and
distribution predictions of the oil and gas geochemical characteristics of the source rocks,
meaning that the exploration prospects and directions are not clear. It is therefore important
to conduct in-depth research on the main Cretaceous source rock system. At present, the
study area is sparsely drilled, and there are relatively few geochemical data. Based on
the experimental results, we comprehensively analyzed and evaluated the geochemical
characteristics of the Cretaceous-Albian-stage source rocks, also using logging and seismic
methods to predict the plane distribution of the source rocks. This research provides an
important theoretical basis for the follow-up exploration and development of Chinese
enterprises in Africa and the search for favorable areas.

2. Regional Geological Overview
2.1. The Basin’s Tectonic Characteristics

The Cote d’Ivoire Basin is located in the central part of West Africa and the northern
part of the Gulf of Guinea (Figure 1). It extends from east to west [11] across Cote d’Ivoire
and Ghana, extending to the offshore area of Ghana in the east and deep into the deep-sea
area of Liberia in the southwest in a narrow strip with a total area of 185.5 x 103 km?.
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Figure 1. Location and drilling distribution of the Cote d’Ivoire Basin (a) and column chart of
formation filling (b) (Modified according to [12]).
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The Cote d’Ivoire Basin developed in the middle of the Paleoproterozoic Craton, on the
eastern edge of the Archean core of Guinea [12]. The northern part of the basin is controlled
by the Saint-Paulo fracture zone and its overland extension, the Lagunes fault zone, which
runs almost parallel to the coast of Cote d’Ivoire and Ghana. The south is controlled by the
Romanche fracture zone and is connected to the Ghana shelf by the Cote d'Ivoire-Ghana
conversion marginal ridge. These two giant transition fracture zones are the northern and
southern boundaries of the basin [13-15]. In the basin, there are several fault zones with
similar spacing and a nearly vertical strike to the coast, as well as two positive tectonic
zones with a parallel strike to the coast-the Abidjan marginal tectonic zone and the Grand
Lahou High. A number of NWW-SEE trending anticlinal structures and basement faults
developed between the Grand Lahou High and the Jacqueville Trough [16,17], and most of
the oil and gas fields discovered so far lie within this region (Figure 1a).

2.2. Basin's Evolution Characteristics

In the Early Cretaceous period, the South American plate and the African plate rotated
apart [18], and the equatorial Atlantic split to form the Cote d’Ivoire Basin, which constitutes
a typical transformational passive continental margin basin [19].

The Céte d'Ivoire Basin has undergone three major stages of tectonic evolution [4,10-12,19]:

(1) Early rift stage: early Cretaceous Berriasian-Barremian stage. During this period,
strike-slip faults and tensile movements formed extensional grabens, in which sedi-
ments accumulated rapidly and developed thicker fluvial facies, deltaic facies, and
lacustrine facies.

(2) The rift stage: Aptian to late Albian in the Early Cretaceous. Due to the tension-
torsion movement of continental cracking and transformation faults, some small folds,
inversion faults, fault blocks, and half-grabens were formed. Fluvial facies, deltaic
facies, and lacustrine facies of siliceous clastic rock deposits have developed. The
Albian—Cenomanian unconformity was formed in the study area during the Late
Albian stage when the African and South American plates separated.

(8) Late rift stage: late Cretaceous Cenomanian to Holocene. During this stage, the
continental margin subsidence formed steep slopes, and a large number of shovel
faults and slump structures were formed. Thick layers of marine shale were deposited
in most parts of the study area, and local carbonate deposits developed [20]. In the
Oligocene, the whole West African margin was in the low sea level stage, with high
levels of unconformity and less unconformity between the Santonian stage and the
Campanian stage. Therefore, the late rift stage can be divided into three stages: early,
middle, and late (Figure 1b).

2.3. Development of Source Rocks

Previous studies have suggested that the Céte d'Ivoire Basin is mainly composed of
three sets of source rocks: Aptian, Albian, and Cenomanian-Turonian.

The Aptian-stage source rocks are mainly lacustrine shale, and the kerogen type is
mainly type III, with an average TOC of 0.6 wt.%~2.6 wt.%. The parent material source is
mainly terrestrial, with a small amount of marine organic matter, and the thin oil source
interval and thick gas generation interval are interbedded. At present, it has only been
drilled in Ghana and is a minor source rock, which may be found in deep-water areas in
the future [21].

The Albian-stage source rocks can be divided into middle- and upper-Albian source
rocks. The middle-Albian source rocks are lacustrine shale [22], which is the oldest source
rock found in the Céte d’Ivoire Basin and has entered the gas generation stage [23]. The
kerogen types are mainly type II and type III, with an average TOC of about 1.2 wt.%.
The source rocks of the Upper Albian stage are marine shale and marl, and the kerogen
type is mainly type II, with an average TOC of about 2.1 wt.%, which is mainly used for
oil generation.
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The main source rocks of the Cenomanian—Turonian stage are marine shale, and the
kerogen type is mainly type IL. The average TOC of the Cenomanian-stage source rocks is
about 0.75 wt.%~2.6 wt.%, and the average TOC of the Turonian stage is about 5.5 wt.%.
This set of source rocks extends in the deep-water direction, and the oil and gas in the
Jubilee oilfield come from this set of source rocks [15].

3. Methods

A total of 10 wells in the study area were selected for the study, with a sampling interval
of 5~10 m per well. A total of 955 samples were collected, including 190 each from wells R
and X; 115 each from wells P and Q; 75 each from wells L, Z, and S; and 40 each from wells
M, N, and Y. Dark mudstone and argillaceous sandstone were the mainly materials selected.
Total organic carbon, rock pyrolysis, vitrinite reflectance, sporopollen color index, saturated
hydrocarbon chromatography—mass spectrometry, and other tests were completed. The
total organic carbon was measured using a C5444-type organic carbon analyzer (Hammond
Manufacturing Company Limited, Guelph, ON, Canada). The specific method involved
taking a power sample of about 0.1 g and placing it in a crucible, then leaving it to stand
for 12 h with 5% hydrochloric acid to remove the carbonate. The sample was then washed
repeatedly with high-purity water to a neutral state and then placed into the instrument
for measurement. A YY3000A comprehensive evaluation instrument was used for the
rock pyrolysis. The specific method involved first pulverizing the sample to a 100 mesh,
and then putting it into the instrument for measurement. The reflectivity of vitrinite was
measured using a UMSP-50 microspectrophotometer. The color index of the sporopoly was
DIALUX-22EB. For the GC-MS analysis, an HP5890 GC/5970B MSD chromatograph and
an HP6890 chromatograph were used for determination. The chromatographic column
was HP-5MS (30 m x 0.25 mm x 0.5 um), the carrier gas was helium (constant current
mode, flow rate 1 mL/min), and the temperature was set to the initial temperature of 50 °C
for 2 min. The temperature was raised to 310 °C at 2 °C/min and then maintained for
15 min, in accordance with the national standard GB/T 18606-2017 [24]. The geochemical
characteristics and hydrocarbon generation potential of the Albian-stage source rocks were
analyzed according to the experimental results. All analytical experiments were performed
in the Geochemistry Laboratory of Yangtze University.

4. Results
4.1. Abundance of Organic Matter in Source Rocks

The formation of oil and gas is inseparable from the organic matter in the rock,
and only when the organic matter reaches a certain level can an effective source rock
be formed [25]. Therefore, the abundance of organic matter is an important basis for
evaluating the hydrocarbon generation intensity of the source rock. In this study, the TOC
and hydrocarbon generation potential of rock pyrolysis (S; + S;) are used to evaluate the
abundance of organic matter [6,7,26]. We referred to the standards of SY/T5735-2019, a
geochemical evaluation method for source rocks issued by the China National Energy
Administration when classifying the source rocks. According to the geochemical data of the
source rock samples from 10 wells in the Cote d’Ivoire Basin, the TOC distribution of Lower-
Cretaceous-Albian-stage source rocks ranges from 0.47 wt.% to 3.08 wt.%, with an average
valus of about 2.63 wt.%. Among them, 32% of the samples have a TOC value between 0.5
and 1 wt.%, indicating that they are medium source rocks. A TOC value in the range of
1-2 wt.% indicates a good source rock, and 125 samples account for 41% of the total. The
content of high-quality source rocks is high, with 77 samples accounting for a quarter of the
total, and the overall abundance of organic matter is high. The results of the hydrocarbon
generation potential S; + S, show that the data points of the Lower-Cretaceous-Albian-stage
source rocks S; + Sy are mainly distributed between 0.2 and 10.0 mg/g, with an average
value of 4.06 mg/g, indicating good hydrocarbon generation potential (Figure 2). Among
them, the mean TOC of the well located in the shallow water to deep-water area of the basin
is about 1.1 wt.%, the abundance of organic matter is high, the mean of 51 + S, is 6.3 mg/g;
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the hydrocarbon generation potential is good. The wells at the edge of the basin shelf have a
mean TOC of about 1.5 wt.%, with a high abundance of organic matter, but an S; + S, value
of 3.3 mg/g, indicating average hydrocarbon generation potential. In summary, the source
rocks in the shallow—deep-water area of the study area belong to the high-quality source
rocks with good hydrocarbon generation potential, while the source rocks near the shelf
constitute medium-good source rocks with average hydrocarbon generation potential.
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Figure 2. S; + S; relationship with TOC of Lower-Cretaceous-Albian-stage source rocks in the Cote
d’Ivoire Basin.

4.2. Types of Organic Matter in Source Rocks

The type of organic matter is an important factor when evaluating the type and
quantity of hydrocarbon generation; its type can reflect the ability of organic matter to
generate oil or gas [27]. Here, the maximum pyrolysis peak temperature (Tmax) and
hydrogen index (HI) are used to identify the organic matter types of the source rocks [6,7].
A total of 116 (n = 116) samples were selected from nine wells in the study area. The results
show that the hydrogen index of the Lower-Cretaceous-Albian-stage source rocks in the
Cote d’Ivoire Basin ranges from 100 to 550 mg/g, with an average value of 263.6 mg/g. The
maximum pyrolysis peak temperature ranges from 420 to 445 °C, with an average value
of 439 °C, and the values are concentrated in the range of 430—445 °C. Figure 3 shows the
characteristics of mixed-type kerogen, mainly type II kerogen, and some sample sites were
type III kerogen. This reflects the fact that the parent material of kerogen has the ability to
generate oil and gas, and the organic matter source is mainly a mixture of lower aquatic
organisms, such as algae, and higher terrestrial plants [28,29].

4.3. Maturity of Organic Matter in Source Rocks

The Lower-Cretaceous-Albian-stage source rocks in the Cote d’Ivoire Basin have
high abundance and goog types of organic matter, but the organic matter can only be
transformed into oil and gas through thermal evolution [30]. The maturity of the organic
matter is an indicator reflecting the degree of thermal evolution and is an important basis
for evaluating the type and production of oil and gas [9]. The vitrinite reflectance ranges
from 0.3% to 0.9%, with an average of about 0.5%. The Rp of 64 samples was more than
0.5%, indicating that it has entered the low-mature to mature stage; 5.6% of the samples
have an Rp value greater than 0.7%, constituting the mature stage, and all of the samples
are in the low-mature to mature stage. As shown in Figure 4, when the burial depth is
about 2600 m, the vitrinite reflectance reaches 0.5%, and the organic matter reaches the
threshold of hydrocarbon generation and begins to generate oil. When the burial depth is
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about 3500 m, the vitrinite reflectance reaches 0.7%, enters the mature stage, and begins to
generate a large amount of oil (Figure 4).
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Figure 3. Classification of the pyrolytic kerogen of Lower-Cretaceous-Albian-stage source rocks in
the Céte d'Ivoire Basin.
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Figure 4. Relation diagram of the vitrinite reflectance and depth of Lower-Cretaceous-Albian-stage
source rock in the Cote d’Ivoire Basin.

4.4. Biomarker Compounds

The special and stable structures of biomarkers that allow for little or no change during
thermal evolution can be used to identify and trace information about the parent material
of source rocks [31]. The organic molecular and geochemical characteristics of Well L
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in the Coéte d’Ivoire Basin show that, according to the m/z 191 mass chromatogram, the
Pr/Ph of the source rocks is greater than 1, indicating a weak oxidation-weak reduction
environment. The C3p hopane content is the highest, the kurtosis of C3;-homohopane
to Cszs-homohopane is gradually reduced, and Cs4-homohopane and Czs-homohopane
are almost not visible, indicating that organic matter is preserved under weak reduction
conditions [32,33]. Moreover, the gammacerane index is 0.06, indicating that there is no
obvious stratification in the water body during the deposition period. The salinity has no
significant effect on the preservation of organic matter [34]. Via whole extract GC analysis,
the main peak carbon number was found to be mainly nCy4, the main peak carbon number
is low, which shows that the parent material of the Lower-Cretaceous-Albian-stage source
rock in the Cote d’Ivoire Basin is mainly algae and other lower-aquatic organisms [35]. The
mass spectrum of m/z 217 shows (Figure 5) that the abundance of Cy7 regular steranes
is high, while that of Cyg and Cp9 regular steranes is relatively low, and the three are
distributed in an “L” shape, indicating that the parent material is mainly from microalgae,
but there are also mixed inputs of higher terrestrial plants [36,37].

whole extract GC

nCl14
nCl13

m/z 191 m/z217

. C,
S Cy .| Y

n UM w WL
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Figure 5. Mass chromatography of biomarker compounds in the Lower-Cretaceous-Albian-stage
source rocks of the Cote d'Ivoire Basin.

Pristane (Pr) and phytane (Ph) are the two most common types of isoprene in the
source rocks, and the Pr/Ph is an important index reflecting the source of the parent
material and the sedimentary environment [38,39]. Based on the available data, the Pr/nCyy
and Ph/nCyg crossplot (Figure 6) is established. The results show that the sedimentary
environment of the Lower Cretaceous source rocks in the Cote d’Ivoire Basin is in a
transition environment of oxidation-reduction, which is more conducive to the preservation
of organic matter [40,41].
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Figure 6. Pr/nCy7 and Ph/nCyg crossplot of Lower-Cretaceous-Albian-stage source rocks in the Cote
d’Ivoire Basin.
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5. Prediction of Source Rock Distribution
5.1. Total Organic Carbon Method

Passey et al. [42] overlapped the resistivity curve with the acoustic wave time differ-
ence curve and found that the curves in the non-source-rock segment basically overlapped,
while the curves in the source rock segment formed obvious intervals. The value at the
time of overlap is taken as the baseline value and the amplitude difference at the time of
the interval is expressed using the AlogR method, an empirical formula for the conversion
between AlogR and TOC, which is currently a commonly used method for predicting
the distribution of source rocks with well logging at present. However, there are many
parameters involved in this method that need to be determined manually, which can easily
makes it easy to cause errors due to subjective judgments [43]. According to the existing
logging data in the study area, combined with the improved method developed by Zhu
Guangyou et al. [44], we propose a relationship suitable for the study area:

TOC=a xlogR+b x DT +c¢ 1)

where R is the measured resistivity ((2-m); DT is the sonic time difference (us/m); and a, b,
and c are the coefficients, which are obtained via the multiple regression analysis of the
measured value of the sample.

The 37 measured TOC values of the nine wells in the basin, the corresponding acoustic
time difference, and the resistivity value are analyzed via multiple regression according to
Formula (1), and the values of a, b, and c are obtained. Thus, the logging prediction model
for the Lower-Cretaceous-Albian-stage source rocks in the Cote d’Ivoire Basin is obtained:

TOC =0.728 x logR +0.033 x DT — 1.432

This method was used to predict the source rocks in the area, and the measured TOC
value was compared with the predicted log TOC value. We calculated the correlation
coefficient R? = 0.8083, indicating that the prediction accuracy of TOC was high (Figure 7),
and this method was adopted for the whole area. In order to verify the universality of the
model, Well X was selected for verification. The predicted total organic carbon content
value was compared with the measured total organic carbon content value, and the results
showed a high level of agreement between them, indicating that the logging interpretation
model made using this method was more accurate (Figure 8).
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Figure 7. Correlation between measured the TOC (green circles) and predicted TOC (dotted line) of
Lower-Cretaceous-Albian-stage source rocks in the Cote d’Ivoire Basin.
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Figure 8. Comparison between the predicted TOC and measured TOC of a single well of Lower-
Cretaceous-Albian-stage source rocks in the Cote d'Ivoire Basin. GR = natural gamma, SP = sponta-
neous potential, ILD = induction resistivity, DT = sonic differential time.

The method was applied to each single well in the study area to predict the TOC value
of the source rock, and the plane distribution of the TOC in the study area was obtained
after taking the average value (Figure 9). In the deep basin near Well R, the TOC values are
generally high, with an average value greater than 4 wt.%, indicating the good quality of
the source rocks. But the TOC value is low in Wells M, N, L, Y, and other wells at the edge
of the basin, with a maximum value of about 1 wt.%. From the center of the basin to the
edge of the transition area, wells such P and X have TOC values of about 2 wt.%-3 wt.%.
The source rocks in the central area of the basin are obviously better than those in the
peripheral area.
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5.2. Seismic Method

Since the study area is large, the number of wells is small and there are no wells in
the deep basin, it is necessary, after predicting the longitudinal distribution of the source
rock via logging, to predict the lateral distribution of the source rock by analyzing the
seismic data. The seismic method is suitable for basins with a low degree of exploration
and with few wells drilled [45]. On the basis of the tectonic stratigraphic framework and
DT data from 10 single wells in the study area, we compared the TOC curve of Well R in
the study area with the seismic profile, identified the seismic facies characteristics of the
source rocks (Figure 10), established a unified seismic facies standard, and converted the
seismic facies into sedimentary facies [46]. The results show that the following three main
types of seismic facies are developed in the study area: (1) the non-poor source rocks with
a TOC value less than 1 wt.% are mainly characterized by a medium-strong amplitude,
medium frequency, and relatively continuous and progradational reflection structures
in the seismic profile, which have mainly developed in the continental slope and gentle
slope zones of the basin and constitute delta subfacies deposits; (2) the medium source
rocks with a TOC between 1 and 2 wt.% are mainly characterized by a medium-weak
amplitude, medium-low frequency, and continuous and subparallel reflection structures,
which have mainly developed in the continental slope of the study area and the transition
area between the uplift and the deep basin. According to their location, they conform to the
characteristics of dark mudstone deposition in the shallow lake subfacies; (3) high-quality
source rocks with a TOC greater than 2 wt.% are mainly characterized by a medium-strong
amplitude, a medium-low frequency, and continuous, parallel, or subparallel reflection,
belonging to the seismic facies of deep lakes to semi-deep lake subfacies deposits; they
were mainly developed in the depression center of the study area [47] (Figure 11).

In order to reflect the distribution characteristics of the predicted source rocks, some
seismic lines were selected for comprehensive analysis. The A-A’ profile (Figure 12, the
location shown in Figure 1) is located between the eastern bulge and the southern bulge
of the basin and is a southeastward profile. The seismic facies near the coastline have a
medium-weak amplitude, a medium-low frequency, and a continuous and subparallel
reflection, showing the sedimentary characteristics of shallow lake facies. To the south, this
gradually becomes a medium-strong amplitude, a medium-low frequency, and a continu-
ous, parallel-subparallel reflection, reflecting the semi-deep—deep lake facies. Continuing
to the south, and moving gradually closer to the central uplift area, the terrain is uplifted,
and the seismic facies develop a medium-weak amplitude, a medium-low frequency, and
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a continuous and subparallel reflection. The delta facies with a medium amplitude, a
medium frequency, and relatively continuous and progradational reflection characteristics
appeared in the southernmost part of the section. Therefore, the distribution characteristics
of sedimentary facies in the study area can be obtained, which is of great significance for
the subsequent prediction of the source rock distribution.
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Figure 10. Response characteristics of the source rock in Well R well earthquake comparison.

Lithology =~ Wellsection Periborehole seismic facies Seismic facies Ssedimentary
characteristics environment
Sandstone Medium-strong amplitude,
Non-poor intercalated m'edlum freguency, Delta subfaci
source rock with relatively continuous and clta sublacies
mudstone progradational reflection
Mudstone Medium-weak amplitude,
Medium interbedded medium-low frequency, .
source rock with continuous and Shallow lake subfacies
sandstone subparallel reflection
i 11:::[ ;%fgg: d Medium-strong amplitude, .
High-quality .0~ e medium-low frequency, Semi-deep lake and
source rock amount continuous, deep lake subfacies
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Figure 11. Seismic facies characteristics of Albian-stage source rocks in the Céte d’Ivoire Basin.
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Figure 12. Albian-stage seismic profile of the Céte d'Ivoire Basin.

5.3. Prediction of Distribution

In the study area, the degree of exploration is low, few wells are drilled, and most of
the areas have no drilling, so the source rock thickness can be predicted using the logging
acoustic velocity and seismic velocity. The acoustic time difference data of each well were
used to make a compaction model, and the superposition velocity obtained in the study
was converted to the root mean square velocity, and the layer velocity was calculated using
the Dix formula as follows:

2
v%,n'tO,n - vr,n—l 'tO,n—l

@

Oint =
" ton —ton—1
where v;,,; is layer velocity; v, , and vy ,,_; are the root mean square velocity of the nth and
n — 1 formation interfaces, respectively, and ¢, and ¢ ,_1 are the round-trip travel times
of the nth and n — 1 formation interfaces, respectively.

Introducing layer velocity into the time-averaged equation can yield the mudstone
index:
1P 1B
Uint  Um Us

®)

where v; and v, are the velocities of pure sandstone and pure mudstone at the same depth,
respectively; v';;; is the layer velocity at this depth; and Py, is the mudstone index.

The thickness of mudstone in the target interval can be calculated using the mudstone
index and total formation thickness, which is calculated according to the time—distance
relationship:

Hy, = Py-Hy (4)

where H; is the total thickness of the target interval and Py, is the mudstone index of this
layer [48,49]. On this basis, the effective source rock thickness of the Lower-Cretaceous-
Albian-stage in the Cote d'Ivoire Basin can be calculated.

For areas in the study area with less or no drilling, the distribution of the source rocks
is predicted by converting the sedimentary facies’ characteristics into organic facies. Based
on the overall TOC content predicted by the total organic carbon method in the initial
research, the source rocks are divided into three types of organic facies: good, medium, and
poor. The good organic facies have a large area, a high overall abundance of organic matter,
and greater hydrocarbon generation potential; locally, it meet the standard of high-quality
source rocks. The shallow lake facies of the medium organic facies are mainly distributed
in a circumferential pattern around semi-deep—deep lake facies, with a medium level of
organic matter abundance and a certain degree of hydrocarbon generation potential. The
poor organic facies are mainly river-delta plain sediments, distributed in the outer edge of
the basin; for the most part, they are not source rocks (Figure 13).
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Figure 13. Distribution prediction of the Lower-Cretaceous-Albian-stage sedimentary facies (organic
facies) in the Cote d’Ivoire Basin.

In order to accurately predict the distribution of source rocks, it is necessary to discuss
the various characteristics of the source rocks comprehensively [50]. Based on the methods
and results mentioned above, the geochemical characteristics, mudstone thickness, and
distribution of organic facies are comprehensively analyzed, and the distribution law of
the source rocks in the study area is finally obtained (Figure 14). The results show that
the Lower-Cretaceous-Albian-stage source rocks in the Cote d’Ivoire Basin have a wide
distribution range and have developed in the whole study area. The medium-poor source
rocks have mainly developed in shallow lake sediments, which are found in the shelf and
uplift areas, with a thickness of about 50~300 m. The high-quality source rocks have widely
developed in the semi-deep—deep lake subfacies. The sedimentary center is in the center
of the eastern depression in the southwest direction of Well R, with a maximum thickness
of 1200 m; it gradually thins to the edge of the basin with the uplift of the terrain, with a
minimum thickness of about 300 m. Due to the joint action of the eastern bulge and the
southern bulge, a small source rock thickness center is formed in the east of Well R, which
develops in the semi-deep—deep lake deposition. The overall east-west trendcomprises
gradual thinning toward the basin edge, and the maximum thickness is about 900 m.

Thickness (m)

1200
1000
800
600

400
200 ~
=~

50
Study area Isoline ‘ZI Well location Fracture zone

Figure 14. Prediction of the thickness distribution of the effective source rocks of the Lower-

Cretaceous-Albian-stage in the Céte d'Ivoire Basin.
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6. Conclusions

(1) The Lower-Cretaceous-Albian-stage source rocks in the Cote d’Ivoire Basin have
a good hydrocarbon generation potential with average values of 2.63 wt.% and
4.06 mg/g. The organic matter abundance of the rocks is between 0.47 wt.% and
3.08 wt.% and the average hydrocarbon generation potential is 4.06 mg/g. On the
whole, the rocks constitute good and high-quality source rocks. The organic matter
type is mainly type II, and it is mainly in the low-mature to mature stages. The TOC
is high in the depths of the lake basin and low at the edges, with the average value at
the highest point being greater than 4 wt.% and the lowest about 1 wt.%, indicating a
high overall abundance of organic matter.

(2) The high-quality source rocks in the the Albian-stage of the Cote d’Ivoire Basin are
characterized by a medium amplitude, a low frequency, and continuous, parallel-
subparallel reflection. They have widely developed in a semi-deep—deep lake en-
vironments, and the lithology is mainly thick dark mudstone. The medium source
rocks are characterized by a medium-weak amplitude, a medium-low frequency, and
a continuous and subparallel reflection structures in the seismic profiles; they are
mainly shallow lake sediments. The poor source rocks have the characteristics of
foreprograde reflection and mainly develop in delta deposits.

(8) The good-high-quality source rocks in the basin have mainly developed in the semi-
deep—deep lake facies in the center of the eastern depression, with a maximum
thickness of 1200 m, while the medium source rocks have developed in the shallow
lake subfacies with a thickness of 150-300 m. In the east, there is a small source rock
center with a maximum thickness of 900 m.

(4) The Albian stage source rocks in the research area are of good overall quality; they
are widely distributed and have significant thickness, exhibiting significant potential
for development. The semi-deep to deep lake facies in the center of the lake basin
represent a potential area for oil and gas reserve enhancement. As the area is located in
the deep sea, it is essential to actively innovate deep sea exploration and development
theories and technology, conduct comprehensive research around the Well R and
the surrounding areas, and assist oil companies in achieving outstanding results in
this region.
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