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A B S T R A C T   

Borno (Chad) Basin is an intra-cratonic rift basin located at the southwestern terminal of the West Africa Rift 
System. Despite its reported low petroleum potential, oil seepages have recently been found in the basin from its 
oldest and lowest stratigraphic unit, the Bima Sandstone. The lack of source beds below this reservoir sandstone 
makes it challenging to classify the basin petroleum system elements (PSEs) in their normal order and to predict 
the origin of the oil seepages in the region. Coupled structural analysis (2D Move) and petroleum system 
modeling (PetroMod) were employed to investigate the structural and hydrocarbon evolution of the basin to 
reassess its PSEs, hydrocarbon potential and migration trends. The structural model shows that the basin has 
extended up to 2900 km since the Late Cretaceous. The extension controlled by regional tectonic activities has 
affected the West and Central Africa Rift System and caused some localized tectonic disturbance in the form of 
igneous underplating and magmatic intrusion, leading to regional uplift. The magmatic sill intruded into the Late 
Cretaceous source rock formations increased the heat flow for the study area to a peak value of 128 mW/m2. This 
anomalous high heat flow value is 38 mW/m2 above the regional average and 18 mW/m2 above the average 
value for a non-volcanic rift margin. Essential petroleum system elements for trapping and accumulation of 
hydrocarbons were missing as a result of the uplift during the Late Cretaceous, creating hiatus and diverting 
sediments to other parts of the basin. The PetroMod model result indicates three zones of oil generation: Early Oil, 
Main Oil, and Late Oil in the Fika Shale and the Gongila source formations. Source rocks became mature at a 
relatively shallow burial depth of 900 m due to transient heating from the magmatic sill intrusion in the Late 
Cretaceous. Oil migrated updip to the surface through fault breakouts. The modeling results show no significant 
entrapment of conventional hydrocarbons in the study area. The findings improve our understanding of the 
Borno Basin petroleum system setting and offer new insight on the petroleum exploration potential in the region.   

1. Introduction 

The breaking-up and rifting of the African plate has created the 
Western and Central Africa Rift System (WCARS; Fig. 1), comprising 
West Africa Rift Subsystem (WARS) in Algeria, Niger, Nigeria and Chad, 
and Central Africa Rift Subsystem (CARS) in Chad, Cameroon and 
Central Africa Republic. The Chad Basin is the largest sedimentary basin 
within WCARS with a size of approximately 1,145,000 km2 (Interna-
tional Atomic Energy Agency, 2013). Relative to the East Africa Rift 
System (EARS), the Chad Basin is unique and is devoid of major 

volcanism (Fairhead, 1986) common to EARS, despite the two systems 
resulting from extensional tectonics which produced crustal extension in 
the order of 70 km in the Chad Basin and about 10 km in EARS as 
measured from gravity models (Fairhead, 1986). EARS was formed in 
the Late Oligocene, splitting the African Plate into the Nubian and 
Somalian plates (Chu and Gordon, 1998; McQuarrie et al., 2003; Bos-
worth et al., 2005) and is characterized by active uplift and volcanism. 
In contrast, the Chad Basin in WCARS which developed during the 
Cretaceous was concurrent with high rates of sea-floor spreading and 
major continental deformation and is characterized by continued 
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sedimentation (Fairhead, 1986). 
Most sub-basins within the Chad Basin are unified in their tectonic 

patterns (Fairhead, 1986; Fairhead and Green, 1989; Abubakar, 2014; 
Yassin et al., 2017). Tectonic subsidence and eustacy are the key con-
trols of the range of sediment infills and their variations (Allen and 
Allen, 2005; Martins-Neto and Catuneanu, 2010) as seen across the Chad 
Basin. The Cretaceous-Tertiary rift basins (Fig. 2a) are filled with Lower 
Cretaceous to Neogene sediments, ranging in thickness from approxi-
mately 3000 m to over 12,000 m deposited in fluvial, lacustrine, and 
marine environments (Genik, 1992, 1993, 1993; Zanguina et al., 1998). 
Two types of oil have been identified in these Cretaceous-Tertiary rift 
basins: oil with a marine-paralic source origin and oil with a lacustrine 
source origin (Genik, 1992). Oils of marine origin have American Pe-
troleum Institute (API) gravities greater than 40 API, high gas-to-oil 
ratios, low viscosities, moderate wax content, and low sulfur content. 
Oils of lacustrine origin have medium to high API gravities around 35 
API, low gas-to-oil ratios, low viscosities, high wax and low sulfur 
contents. High viscosity and low API gravity are common in degraded 
oils from shallow reservoirs (Genik, 1992). The average depth for oil 
window in the Cretaceous-Tertiary rifts in the Chad Basin is between 
2500 m and 4000 m (Genik, 1993). 

The Borno (Chad) Basin in Nigeria represents the southwestern 
segment of the Chad Basin. It is located in the northeastern flank of 

Fig. 1. Map of Africa rift systems - WCARS –showing the subunits: West Africa 
Rift Subsystem (WARS) in Algeria, Niger, Nigeria and Chad; and Central Africa 
Rift Subsystem (CARS) in Chad, Cameroon and Central Africa Republic 
(Modified after Genik, 1992). 

Fig. 2. Location map of Chad Basin showing the extent and boundary of Cretaceous-Tertiary Rift systems. (b) Map of Borno (Chad) basin showing locations of 
selected wells north of the Basin. The red square shows location of the studied seismic section and a control well (Modified after Adegoke et al., 2015). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Nigeria covering a land size of 179,282 km2, representing 9.4% of the 
Nigerian land area and 7.5% of the Chad Basin area (Fig. 2a and b). It is 
the third-largest basin segment after the segment in the Chad Republic 
and the Niger Republic (International Atomic Energy Agency, 2013). 

The Borno (Chad) Basin is separated from the rest of the inland ba-
sins of Nigeria by the Zumbuk ridge (Okpikoro and Olorunniwo, 2010) 
and the Dumbulwa-Bage High (Obaje et al., 2004; Zaborski et al., 1997). 
To its south, it is the Benue Trough, which is characterized by high 
magmatism related to the opening of the Gulf of Guinea (Guiraud et al., 
1992; Emujakporue et al., 2012) and has a geometry similar to the 
Cameroon Volcanic Line (Fitton, 1980). Significant disparities in strata 
sequences exist between the Borno (Chad) Basin and the adjacent Benue 
Trough (Obaje et al., 2004; Abubakar, 2014; Isyaku et al., 2016a). 

In the Borno (Chad) Basin, heavy oil has been discovered in the 
lowest and oldest strata, the Bima Sandstone (Bata et al., 2015) lying 
unconformably on the Precambrian basement (Avbovbo et al., 1986; 
Okosun, 1995). At present, there is no consensus on the origin and 
migration pattern of the heavy oil. Numerous geochemical studies on the 
two main source rocks in the basin, the Fika Shale and the Gongila 
formations have not linked the heavy oil seepages found to any of these 
two potential sources (Petters and Ekweozor, 1982; Olugbemiro et al., 
1997). Bata et al. (2015) proposed that the oil may have migrated 
laterally into the Bima Sandstone from the overlying Gongila and/or 
Fika Shale source rocks through a vertical juxtaposition of the sources 
with the Bima Sandstone. 

Geochemical analyses conducted on the two source rocks (Obaje 
et al., 2004; Adegoke et al., 2015b; Bata et al., 2015) and some oil 
samples from the two source rocks (Olugbemiro et al., 1997; Obaje et al., 
2004; Adekoya et al., 2014; Adegoke et al., 2015; Mijinyawa et al., 
2016) showed that both source rocks contain Type III and Type IV 
kerogens of mainly gas-generation potential and have surpassed the 
main oil generation window despite their shallow burial. The upper 
section of the Fika Shale source rock, however, is immature at present 
(Mijinyawa et al., 2016). It is thus unrelated to the heavy oil in the Bima 
Sandstone. 

In this study, efforts were made to reconstruct the sedimentary 
evolution of the Borno (Chad) Basin, the temporal and spatial relation-
ships of its PSEs, oil origin and migration pattern to improve our un-
derstanding of the petroleum system setting and highlight potential 
petroleum prospects. 

2. Geological setting of the Borno (Chad) basin 

The Borno (Chad) Basin located in northeastern Nigeria marked the 
southwest of the Chad Basin and north of the inland Benue Trough. It is 
the third failed arm of a rift triple junction system (Salako and Udensi, 
2015). Seven countries are connected to the Chad Basin tectonically 
(Nigeria, Niger, Algeria, Sudan, Central Africa, Chad Cameroon) and 
four by the Lake Chad - Nigeria, Niger, Chad and Cameroon (Interna-
tional Atomic Energy Agency, 2013, Figs. 1 and 2a). Many of the African 
basins are genetically related through tectonic and sedimentary evolu-
tion (Zanguina et al., 1998; Beglinger et al., 2009; Yassin et al., 2017). 
However, some differences exist in their basin geometries and tectonic 
units (Yassin et al., 2017) with each structural belt exhibiting distinct 
fracture system, migration, trap and accumulation pattern. Unlike its 
adjacent inland basin - the Benue trough which trends NE-SW (Abuba-
kar, 2014), the Borno Basin exhibits a spatial relation with the rest of the 
Chad Basins in structure pattern through its NW-SE and NW-SE trending 
lineaments (Hamza and Hamidu, 2012; Isyaku et al., 2016), which 
represents the Early Cretaceous fault regime and the Paleogene fault 
regime, respectively (Zhou et al., 2017). Thick sediments, up to 5 km 
thick, fill the Borno (Chad) Basin (Salako, 2014; Salako and Udensi, 
2015; Olabode et al., 2015), comprising Albian-Quaternary inter-
fingered continental to marine transgression sediments, 
continental-fluvial-lacustrine sediments, and fluvial alluvial sediments 
(Peters, 1981, Fig. 3). 

Based on outcrop studies (Avbovbo et al., 1986), drilling data and 
wireline log analyses (Olabode et al., 2015), six stratigraphic units are 
identified in the Borno (Chad) Basin, including the Bima Sandstone, 
Gongila, Fika Shale, Gombe, Kerri-Kerri and Chad Formation (Fig. 3). 
Based on core samples analyses, only four stratigraphic units were 
documented: the Bima Sandstone, the Gongila, the Fika Shale and the 
Chad Formations (Olugbemiro et al., 1997; Moumouni et al., 2007; 
Boboye and Abimbola, 2009; Alalade and Tyson, 2010). Okosun (1995) 
reported five stratigraphic units; the Bima Sandstone, the Gongila, the 
Fika Shale, the Kerri-Kerri and the Chad Formations. In the Borno (Chad) 
section, the Gombe Sandstone and Kerri-Kerri Formation were not 
documented in the twenty-three wild cat wells drilled by Nigeria Na-
tional Petroleum Corporation (NNPC) (Peters, 1978) only with localized 
occurrence of the Kerri-Kerri Formation in the western parts of the basin 
below the Chad Formation (Miller et al., 1968; Okosun, 1995). What is 
established is that some formations mappable in one section of the basin 
are missing in other sections (Isyaku et al., 2016), making it difficult to 
generalize the features and hydrocarbon potential of the area. Another 
significant observation is the presence of a significant amount of 
post-Chad Formation (Isyaku et al., 2016) with a thickness range of 
approximately 819 m to less than 10 m in sections across the depression, 
consisting of lacustrine, fluvial and Aeolian sediments (Isyaku et al., 
2016). 

Ambiguity also exists in the number of divisions of the Bima Sand-
stone Formation, the lowest sedimentary strata in the Borno Basin. Some 
authors reported three sub-sections (Zaborski et al., 1997; Avbovbo 
et al., 1986; Yandoka et al., 2015), while others reported two 
sub-sections (Olabode et al., 2015; Tukur et al., 2015). All the reports 
have consensus on the lithology type of the Bima Sandstone. The lower 
Bima Sandstone facie is lithologically variable, comprising 
coarse-grained feldspathic sandstone, clay and shale; the Middle Bima 
Sandstone facie is a coarse-grained feldspathic sandstone with thin 
shales, calcareous sandstones and limestone. The Upper Bima Sandstone 
facie is homogeneous, medium-to fine-grained sandstone with oblique 

Fig. 3. Generalised lithostratigraphy cross-section of Borno (Chad) Basin, 
northeastern Nigeria showing the age of the different lithologies, their depo-
sitional environment and average thickness based on outcrop studies. Distinct 
intrusive of Sills recorded in the transitional marine (Gongila) to marine (Fika) 
formations (after Adegoke et al., 2015). 
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tabular cross-bedding (Tukur et al., 2015). The stratigraphy report of the 
Borno Basin by Avbovbo et al. (1986) recognized a pre-Bima Sandstone 
Formation lying over the Precambrian basement considered to be of 
early rift sediments (Fig. 3). 

2.1. Petroleum system settings of the Borno (Chad) basin 

Petroleum systems analysis is a vital study that describes the genetic 
relationship between a pod of active source rock and all related oil and 
gas accumulations (Magoon and Dow, 1994). Relationships in time and 
space between petroleum system elements (source rock, reservoir rock, 
seal rock, and overburden rocks) are established speculatively or hy-
pothetically (Magoon and Dow, 1994). Two petroleum systems are 
common in most of the Chad Basins; the Upper Cretaceous and the 
Paleogene (Genik, 1993; Zanguina et al., 1998; Zhou et al., 2017). The 
Paleogene petroleum system is partly compromised due to uplift and 
erosion in some basins. 

2.1.1. Source rocks of the Borno (Chad) basin 
There are two known source rocks in the Borno (Chad) Basin: the 

Gongila Formation and the Fika Shale source rocks from bottom to top. 
The Upper Cretaceous Gongila and the Fika Shale represents transitional 
facies from continental to marine, and marine to continental, respec-
tively (Fig. 3). The Gongila Formation comprises a lower section with 
thin basal limestone marking the first appearance of marine sediment in 
the Borno (Chad) Basin, and an upper section of alternating fossilized 
and non-fossilized limestone with marine sandstone deposited during 
the Lower Turonian age (Abdullahi et al., 2014). The Gongila Formation 
has a shale thickness of about 250–1150 m. The shale total organic 
carbon (TOC) values range between 0.23 wt% and 2.05 wt% at the 
Kasade-1 well, indicating good hydrocarbon generation potential 
(Table 2). 

The Fika Shale comprises open marine shale with thin limestone beds 
and sparse gypsiferous layers (Avbovbo et al., 1986; Moumouni et al., 
2007) of Upper Turonian to Maastrichtian age (Abdullahi et al., 2014). 
The thickness of the Fika Shale ranges between 125 m and 1690 m. It has 
relatively lower TOC values in the range of 0.16–1.27 wt% and a low oil 
generating potential (Adegoke et al., 2015). The Lower to Middle con-
tinental Bima Sandstone is believed to be a potential hydrocarbon source 
rock (Olugbemiro et al., 1997) but little data is available because no 
exploration well penetrated this section (Olabode et al., 2015). 

2.1.2. Reservoir rock of the Borno (Chad) basin 
The Cenomanian Bima Sandstone, the oldest stratum lying uncon-

formably over the Pre-Cambrian basement rock (Avbovbo et al., 1986) 
of the Borno (Chad) Basin is considered a reservoir Formation. The 
Upper Bima Sandstone is a fluvial deposit that contains medium to 
coarse-grained feldspathic sandstone facies, mudstone and carbonate 
rock (Tukur et al., 2015). Oil leakage has been reported in some sections 
of the Bima Sandstone near the Zumbuk Ridge region (Bata et al., 2015). 

2.1.3. Cap rock 
The Borno (Chad) Basin lacks regional seals because the Maas-

trichtian Gombe and the Paleocene Kerri-Kerri formations considered as 
effective cap rocks are not widespread and have experienced intense 
weathering. The magmatic sill intrusion may form a low permeable 

layer that can act as a local seal (Schofield, 2016). The Fika Shale may 
contain a local seal and function as a self-sourcing and self-trapping 
system (Abubakar, 2014). The Plio-Pleistocene Chad Formation in the 
Borno (Chad) Basin serves as an overburden rock together with a less 
reported post-Chad Formation which measures up to over 800 m in some 
depressions. 

3. Methodology 

Seismic section line (Line-13) located in the north section of the 
Borno (Chad) Basin trending NE-SW and corresponding log data from 
Kasade-1 exploration well intercepting the Line-13 were used for this 
study (Fig. 4a). Gamma-ray log and acoustic log from the Kasade-1 well 
(Fig. 4b) were reinterpreted and tied with the Line-13 profile to rein-
force and highlight the stratal geometry and fault network that control 
the basin development. In a previous interpretation by Isyaku et al. 
(2016) adopted and reinterpreted in this study, depth-dependent 
acoustic log and time-based seismic log were used to generate syn-
thetic seismogram. Distinctive step-change was marked across the 
length of the log curve and major boundaries were highlighted. The 
discrete intervals measured from the sonic log across the well (Kasade-1) 
have fairly constant interval travel time (ITT). The constant ITT corre-
sponds to the interval velocity of the log (Fig. 4b). Using the method 
described by Herron (2014), a time-depth relationship was achieved by 
equating the seismic data Two-Way Time (TWT) velocity with the 
calculated TWT velocity from the sonic log (Fig. 4c). Sediment layer 
horizons were marked and faults were picked focusing on faults con-
trolling the basin development. A new sediment classification was added 
for the Chad Formation by identifying and separating from it, the 
youngest sediment strata (Post-Chad) previously considered as a part of 
the Chad Formation. Eighteen basement-involved normal faults and five 
strata-deep normal faults were mapped. 

The result of the above exercise was then used to build a 2D balanced 
structure model of the basin to capture its evolution using the Move Suite 
software, structural modeling and analysis toolkit by Midland Valley 
Exploration Company. The balanced cross-sections technique restores 
the sediment strata from the deformed state into their depositional pre- 
deformation position. The 2D Move simple shear method which controls 
deformation along the fault in an extensional model was adopted 
because it restores deformation along defined fault by diffusing it over 
the hanging wall. The interpreted seismic section was imported into the 
2D Move software, and horizons and faults were retraced. Each horizon, 

Table 1 
Parameters of sediment formations in Kasade-1 Well. (Age according to Zaborski et al. (1997); and thermal conductivity is from Emujakporue et al. (2012)).  

Formation Lithology Facies Thickness (m) Age (Ma) PSE Thermal Cond. (W/mᵒC) 

Post-Chad Silt and Sandstone Clay with sandstone interbed 360 2.8 Overburden  
Chad Sandstone Clay with sandstone interbed 490 5.3 Overburden 2.055 
Fika Shale Dark grey to black Shale with gypsum 330 86.3 Source Rock 1.895 
Gongila Shale Shale with sandstone 265 93.9 Source Rock 1.382 
Bima Sandstone Poorly sorted Feldspathic sandstone 155 100.5 Reservoir Rock   

Table 2 
Vitrinite reflectance (Ro), Total organic Carbon (TOC), Hydrogen Index (HI), 
Oxygen index (OI) with depth in Kasade-1 well (modified after Moumouni et al., 
2007).  

Well Depth 
(m) 

TOC (wt. 
%) 

Ro 
(%) 

HI (mg HC/g 
TOC 

OI (mg CO2/g 
TOC) 

Kasade1 1059 0.82 0.57 24 93 
1090 0.97 0.6 20 89 
1195 1.11 0.73 70 69 
1224 1.21 0.78 77 52 
1255 2.05 0.83 179 32 
1344 0.82 0.8 93 85 
1389 0.69 0.89 83 55 
1420 0.41 0.94 80 88  

K.S. Ahmed et al.                                                                                                                                                                                                                               



Journal of Petroleum Science and Engineering 208 (2022) 109505

5

from top to bottom was restored and removed sequentially using the 
simple shear method. Active faults were highlighted sequentially, and 
hanging and footwall determined and subsequently all the horizons and 
fault except the active fault, were selected and processed for kinetic. The 
process is repeated for each fault. The balanced structure results depict 
the basin evolution from its pre-rift condition to its present post-rift 
condition, allowing the interpretation of its fault regimes and 
geomorphology. 

The PetroMod Software from the Schlumberger Oil Field Service 
Company was used for the Petroleum System Modeling (PSM). PetroMod 
is the most advanced petroleum system modeling technique used to 
model the evolution of a sedimentary basin, oil prediction and tracing of 
hydrocarbon charge in a reservoir. The 2D balanced structure sections 
from the 2D Move simple shear restoration exercise were imported into 
PetroMod as background images. Five paleo-sections were highlighted: 
the Post-Chad Formation as the most recent strata, Chad Formation, Fika 
Shale, Gongila Formation and Bima Sandstone. All horizons and faults 
were digitized and gridded. Age and facies were assigned for each layer, 
which was then populated with corresponding geophysical/geochem-
ical parameters. Geological data such as lithology, formation age, 
thermal conductivities and surface temperature were from published 
works (e.g., Adegoke et al., 2015; Olabode et al., 2015; Tukur et al., 
2015; Emujakporue et al., 2012, Table 1). While geochemical data 
including Total Organic Carbon (TOC), Hydrogen Index (HI), Vitrinite 
reflectance (Ro) and Oxygen Index (OI) for the Fika Shale and the 
Gongila source rocks were also obtained from published works (Olug-
bemiro et al., 1997 and Obaje et al., 2004 and from Moumouni et al., 
2007, Table 2). 

4. Results 

4.1. Seismic interpretation 

Based on the observed changes in frequency characteristics (log 
wavelengths) and negative breaks (jump from high to low) of the GR and 
Sonic patterns (Fig. 4b), five stratal units were identified and mapped 
(namely, from bottom to top; Top Bima Sandstone, Gongila Formation, 
Fika Shale, Chad F Formation and Post-Chad F Formation (Fig. 4c). In 
this work, well depth, rather than the seismic reflection deduced depth, 
was used as the base of our interpreted sections to avoid over- 
representation of the Bima Sandstone which has some lower sub-
sections not penetrated by exploration wells in the Borno (Chad) Basin 
(Tukur et al., 2015). The Bima Sandstone in this study thus represents 
the Upper Bima and the base is inferred. (Fig. 4c). 

Six horizons and eighteen basin-controlling faults were mapped. The 
basin controlling faults flanked the depression on both side and other 
intra-basin faults arranged in an array forming a synthetic fault network. 
Fault intensity was greater in the Late Cretaceous than in the Tertiary. 
New arrays of faults were formed in the Quaternary as seen at both ends 
of the seismic profiles and few old faults of Cretaceous age were reac-
tivated while others became inactive commonly in the central part of the 
seismic section (Fig. 4c). 

4.2. Structural restored paleo-sections 

The restoration of a 2D balanced structural section is an important 
technique to unravel the evolution of a basin, thereby revealing 
important details about its structures and how they have evolved. 

Fig. 4. Interpreted seismic profile section (Line 13) of the northeastern Borno (Chad) Basin showing faults lines and horizons across the profile. Five well-established 
strata are present; Lower Bima, Upper Bima, Gongila, Fika, Chad and Post-Chad Formation (Modified after Isyaku et al., 2016). 

K.S. Ahmed et al.                                                                                                                                                                                                                               



Journal of Petroleum Science and Engineering 208 (2022) 109505

6

Timing of hydrocarbon maturity, bed juxtaposition and oil migration 
associated with structures, such as traps, can be tracked. Using an 
interpreted seismic profile (Line-13) from the northern section of the 
Borno (Chad) Basin with fault picks and horizons (Fig. 4c), a balanced 
section was performed as described in Section 3. The Basin is a multi-
phase extensional basin with two recorded rifting cycles spanning from 
Early Cretaceous to Quaternary (Fig. 5). A total measured crustal 
extension of 2900 km was recorded. The Cretaceous to Quaternary 
structural evolution documented in this exercise were classified into five 
phases for clarity. 

Basin subsidence and extension was mainly controlled in the first 
phase and the second phase by tectonic while coupled effects of tectonic 
and thermal were documented in the third phase. Thermal cooling and 
sagging dominate in the fourth and fifth phases (Table 3). 

4.3. Numerical simulation of petroleum generation and simulation 

A reliable basin thermal history model, timing of hydrocarbon 
maturity and heat flow (HF) calibration were achieved using laboratory 
measured Vitrinite Reflectance (Ro) from source rocks of the Kasade-1 
well. The Ro gives a direct and exact measure of rocks maturity and 
catagenesis in sedimentary basins as they get transformed with depth 
(Botoucharov, 2007). It is reliable and perhaps the most widely used 
calibration parameter for thermal maturity (Burnham, 2019). The 
Kasade-1 well Ro data (Table 2) was used to calibrate our simulation 
output. The calibration was repeated several times to achieve the best fit 
(Fig. 6a). The simulation was rerun multiple times with varying HF 
values to optimize the output. HF values range between 48 mW/m2 to 

168 mW/m2 (Fig. 6b), resulting in a model with a good fit between the 
calculated and the measured Ro. 

4.3.1. Oil generation 
The result of the simulation for the studied section of the Borno 

(Chad) Basin indicates the presence of three zones of oil generation; 
Early Oil zone, Main Oil zone, and Late Oil zone. The simulation results 
show that the Gongila Formation is in the Late Oil to Main Oil window. 
Late Oil in the Gongila was found along two basement-deep faults at the 
deepest southwest section (Fig. 7). The Gongila Formation has about 
230 m thickness along the Kasade-1 well, the thickness of the Gongila 
Formation here falls within the main oil zone (0.70–1.00% Ro) (Fig. 7). 
The Fika Shale is in the early oil window. The Fika Shale is also partially 
within the main oil window at the basin flanks where the depth is above 
1200 m and partially immature at its top section especially at the site of 
the Kasade-1 well. Along with the well (Kasade-1) site, the Fika Shale 
top section 890-990 m falls within the immature oil zone (0.55% Ro); 
the early oil zone (0.55–0.70% Ro) is between the depth range of 
990–1185 m. 

4.3.2. Oil migration 
The simulation result showed that the section has some hydrocarbon 

potential. The 2D simulation model shows the vertical migration of oil 
and gas. The migration vector suggests that oils have migrated from the 
Gongila Formation and the Fika Shale up along the fracture planes un-
hindered to the surface (Fig. 8). Fault break-out to the surface is map-
pable across the model and may explain the seepages documented in 
some parts of the basin. Likewise, there is no top reservoir and effective 
seal or cap rock to trap and store the produced hydrocarbon or prevent 
the updip movement of the generated hydrocarbon thus storage and 
trapping of the hydrocarbons remain a challenge (Fig. 9). However, in 
cross-section view, two types of trap are defined; anticline traps at the 
basin centre where the uplift and folding is eminent and fault closure 
formed by the basement involved faults. According to Harding and 
Lowell (1979), the degree of the basement involvement is critical to 
petroleum exploration, for it indicates not only how structures propa-
gated, but, qualitatively, how much of the sedimentary section is in a 
trap configuration. 

5. Interpretation and discussion 

Seismic interpretation identified five formations in the studied area; 
three (Bima Sandstone, Gongila and Fika Shale) are of the Cretaceous 
age while two (Chad and Post-Chad) are of Quaternary age separated by 
hiatus, the “Santonian Hiatus” that separates the Cretaceous sedimen-
tations from that of the Quaternary. Several synthetic normal faults 
which controlled basin extension were mapped, five remained active at 
the present day and others became quiescence. A new set of faults sur-
faced at the north-eastern flank of the section suspected to have aided 
the present-day sagging observed in the basin. Before 126 Ma, rifting in 
the Chad Basin was insignificant until the period between 126 Ma to 98 
Ma when major early rifts were formed. Fully developed rifts formed 
across middle Africa at about 108 Ma (Popoff, 1988). Evidence for the 
fully developed rifts were eminent in the rise in heat, plate stretching, 
fracturing, crustal thinning and uplift recorded in some section of the 
Chad Basins. All these factors existed in the study area and have resulted 
in a series of extensional phases separated by major hiatus spanning 
between 85 Ma to 2.6 Ma (Late Cretaceous to Pleistocene; Fig. 4). The 
last tectonic phase (30 Ma -Present) affected sub-basins within the Chad 
Basin differently, accumulating terrestrial sediments in some region, 
especially around Lake Chad close to the study area, while some areas 
became uplifted and eroded (Genik, 1992) like in the Tenere Basin in 
Niger (Ahmed et al., 2020). 

During the cycles of tectonic evolution across the Chad Basin, a 
significant tectonic extension measuring around 2900 km observed in 
the basin. The north-eastern Borno (Chad) Basin evolved from two 

Fig. 5. Structural restored paleo-sections of seismic profile Line-13 from the 
northeastern part of Borno (Chad) Basin showing Cretaceous to Recent (99.6Ma 
to 0Ma) basin evolution. The red arrow shows the direction of basin growth. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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shallow unconnected sub-sags to a single depression that has experi-
enced both subsidence and uplift. During the early stage, the basin 
evolution through tectonic subsidence and sedimentation while in the 
late-stage magmatic intrusion triggered “topography swell” which 
affected the basin depocenter. Subsequently, the depocenter shifted to 
the flanks of the basin. This period saw the basin switched from rifting to 
sagging phase during the Santonian age, correlatable to the abrupt 
regional stress regime change (Genik, 1992) that resulted from varia-
tions in the spreading rate and direction between the equatorial and 
southern Atlantic plates (Fairhead and Binks, 1991). These localized 
domal uplifts may be the cause of the “Hiatus’ and/or the missing for-
mations (Gombe and Kerri-Kerri) in the part of the Borno (Chad) Basin 
(Fig. 10). 

Geothermal in the Borno (Chad) Basin have been moderately 
investigated through the use of available water wells drilling data, 
Corrected Bottom Hole Temperature data from oil wells (Nwankwo and 

Ekine, 2009; Kurowska and Schoeneich, 2010; Kwaya et al., 2016) and 
laboratory thermal analysis of rock samples (Kwaya et al., 2016). In the 
work of Nwankwo and Ekine (2009), geothermal gradient range be-
tween 30 and 44 ᵒC/km with an average geothermal gradient of 34 
ᵒC/km was documented from Corrected Bottom Hole Temperature 
(BHT) data of 21 exploration wells in the Borno (Chad) Basin. Kurowska 
and Schoeneich (2010) reported geothermal gradient ranges between 11 
and 59 ᵒC/km in the Borno (Chad) Basin. Likewise, Kwaya et al. (2016) 
used Fouriers’ equation to estimate the geothermal gradient and 
Heat-flow (HF) for the Borno (Chad) Basin and geothermal gradient 
range from 28.1 to 58.8 ᵒC/km with an average of 37.1 ᵒC/km, was 
documented. They also reported HF range from 45 to 90 mW/m2. These 
geothermal results were reevaluated using the Fourier’s equation where 
applicable to check their suitability for comparison with our model 
result. 

A comparison of the 128 mW/m2 maximum HF value from our 

Table 3 
Tectonic elements, processes and basin evolution from restored paleo-sections of seismic profile Line-13 northeastern part of Borno (Chad).  

Events Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 

Tectonic Control Tectonic subsidence Tectonic subsidence Tectonic/thermal subsidence Tectonic/thermal subsidence Thermal subsidence 
Extension 1208 m 1566 m 1115 m 222 m – 
Subsidence 270 m 630 m 1140 m 410 m 450 m 
Basin type Separate sags Single sag Single sag Single sag Single sag 
Structural type NF/GF NF/GF RF/NF GF/NF GF/NF/RF 
Depocenter SW edge SW edge Basin Center Basin Center NE edge 
Formation Bima Sandstone Gongila Fika Shale Chad Post-Chad 

NF = Normal Fault; GF = Growth Fault, RF = Reactivated Fault; RF = Reverse Fault. SE = Southwest; NE = Northeast. 

Fig. 6. Chronostratigraphic of sediment deposits of 
Borno (Chad) Basin showing formation, lithology, age 
and controlling tectonic events. The table shows 
Cretaceous and Tertiary formations with much of the 
Tertiary sediments present in the generalized lithos-
tratigraphy cross-section missing. Each of the For-
mation present assigned a petroleum system element. 
The missing sediment sections/epoch marked with 
red ink. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 7. Source rocks maturation in the northeastern Borno (Chad) Basin, showing three oil zones (Early, Main and Late). Maturation increases toward the southwest.  
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simulated model with the 90 mW/m2 maximum value from Kwaya et al. 
(2016), showed a difference of 38 mW/m2. When compared with 110 
mW/m2 maximum HF for non-volcanic rift zones given by Allen and 
Allen (2005), it gave a difference of 18 mW/m2. This anomaly high HF 
value difference for the study area could be accounted for by the sill 
intrusion into the Fika Shale and the Gongila Formation which can 
locally increase their average HF values beyond the ambient HF (Peace 
et al., 2017). Sill forms a concordant tabular sheet below or above the 
invaded rock layer and influences its thermal maturity based on the sill 
thickness and spread (Muirhead et al., 2017; Goodarzi et al., 2019). 

Nwankwo and Ekine (2009) estimated a depth to oil-window of 
1522 m below the surface in the Kasade-1 well, the shallowest depth to 
oil-window in the 21 wells they studied. In some wells south of the study 
area, relatively shallower depth to oil-window such as 671 m (Kemar-1 
well), 1000 m (Tuma-1 well), 1040 m (Kanadi-1 well), exist except for 
Gaibu-1 well where oil-window was reached at 1775 m but entered the 
wet gas zone at a depth of 2286 m (Fig. 11a–e). The modeling result 

Fig. 8. Vectors showing migration pathways of expelled oil up-dip along active faults and laterally within the source rocks. A few accumulations around anticline- 
and fault-related traps were modelled, however, oil migrates predominantly unhindered to the surface due to the lack of effective trap and seal systems. 

Fig. 9. Petroleum system event chart showing the petroleum elements of the 
study area and their relationship in space and time. The chart shows that key 
petroleum elements in the basin (Seal, top reservoir and trap) are missing, 
making it unfavourable for the accumulation of hydrocarbons. 

Fig. 10. Chronostratigraphic of sediment deposits of 
the Borno (Chad) Basin showing formations, lithol-
ogies, and formation ages and controlling tectonic 
events. Tertiary formations such as the Maastrichtian 
and Paleogene sediments considered as important 
petroleum system elements are missing in the Borno 
(Chad) Basin. Each of the Formation present in the 
study section assigned a petroleum system element. 
The ages in red texts represent the missing formations 
and the question marks represent the unresolved 
sections in the study area. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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showed that the depth to oil-window in the Kasade-1 well is approxi-
mately 990 m (Fig. 7) which is consistent with the Ro data for the study 
region (Fig. 11d). 

6. Conclusions  

1) Significant tectonic extension of up to 2900 km occurred in the 
northeastern Borno (Chad) Basin during the breaking-up and rifting 
of the Western and Central Africa Rift System. This affects the 
regional tectono-sedimentary regimes and a localized tectonic 
disturbance in the Late Cretaceous, which controlled the petroleum 
system elements in the Borno (Chad) Basin.  

2) The Santonian (Late Cretaceous) tectonic event in the Borno (Chad) 
Basin resulted in tectonic uplift and caused a Late Cretaceous to 
Quaternary hiatus that prevented the deposition of the Gombe For-
mation and other pre-Chad Tertiary sediments. The study area lacks 

essential petroleum system elements such as effective seals, traps and 
reservoirs in the Tertiary litho-stratigraphy, making it unable to trap 
oil and gas.  

3) Vertical migration of hydrocarbons is dominant in the section. 
Migration patterns suggest that hydrocarbons have migrated from 
the Gongila Formation and the Fika Shale upward along fracture 
planes. Oils may have also migrated laterally from the overlying 
source rock into the underlying Bima Sandstone reservoir where 
folding and uplift are prominent.  

4) Where folding or juxtaposition of strata is not present, oil seepages 
from the Bima Sandstone in such area may have migrated from 
down-dip along the Precambrian unconformity underneath.  

5) The Late Cretaceous magmatic intrusion in the basin has led to an 
increase in basin geothermal gradients by 38 mW/m2 above the 
regional average for the Late Cretaceous sediments. This heating 
event played a critical role in source rock maturity and explains why 

Fig. 11. Vitrinite reflectance plots of wells in Borno (Chad) basin, (a) Kanadi-1, (b) Kemar-1, (c) Gaibu-1, (d) Kasade-1, (e) Tuma-1. Mature oil only exists at shallow 
depth (˂2000 meters) while deep samples show thermally overmature tendencies. Kinks are visible in the wells due to erosion and volcanism (modified after 
Moumouni et al., 2007 and Adegoke et al., 2015). 
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source rocks became mature at a very shallow burial depth of 900 m 
in the basin, and over-mature oils are found at depths of 2500 m in 
many wells in the Borno (Chad) Basin. 
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