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ABSTRACT
The Bornu Basin, located in northeastern Nigeria, is a sub‑basin of the larger Chad Basin and has long been

considered a prospective area for hydrocarbon exploration. Despite the presence of quality source rocks, favor‑
able reservoir properties, and structural traps, exploration efforts have largely resulted in dry wells. This study
investigates the fault seal integrity of the Bornu Basin as a potential explanation for this paradox. Using 3D seismic
data and well logs from the Bulte‑1 well, fault seal analysis was conducted with Move and Petrel software (2018
versions). Key techniques included the interpretation of fault geometries, stratigraphic modeling, and quantita‑
tive analyses such as Shale Gouge Ratio (SGR), Shale Smear Factor (SSF), Probabilistic SSF, Clay Smear Potential
(CSP), and Hydrocarbon Column Height (HCCH) estimations. The F13 fault was identified as a regional structure
of interest, and detailed analyses revealed heterogeneous sealing behavior along its plane. Results show that while
some intervals demonstrate high sealing potential (high SGR and low permeability), other segments, particularly
at greater depths, exhibit high fault throw, low smear continuity, and high leakage risk. These findings suggest that
fault‑related leakage and early hydrocarbon migration, possibly induced by tectonic or magmatic activity, are key
factors limiting successful hydrocarbon entrapment in the basin. The study concludes that fault seal integrity is a
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critical risk factor in the Bornu Basin, and integrating advanced fault modeling into exploration workflows is es‑
sential for future prospect evaluation.
Keywords: Bornu Basin; Fault Seal Integrity; Hydrocarbon Exploration; Shale Gouge Ratio (SGR); Move Software;
Structural Trap Leakage

1. Introduction

The Nigeria Chad Basin (Figure 1), located in
Borno State, NortheasternNigeria, spans roughly 23,000
km² between latitudes 9°30′ N–13°40′ N and longitudes
11°45′ E–14°45′ E. It is separated from the Upper Be‑
nue Basin by the Zambuk Ridge [1]. Most of the Chad
Basin lies beyond Nigeria, covering about 2.5 million
km² across Chad, Libya, Niger, Sudan, Cameroon, and
northern Nigeria. To date, around 23 exploratory wells
and several 2D seismic surveys have been conducted
in the Nigerian sector (Figure 1). Many wells drilled
in the Bornu Basin have turned out dry, raising ques‑
tions about why this is the case, especially given that
geochemical studies confirm the presence of quality
source rocks [2–4], reservoir assessments indicate favor‑
able petrophysical properties [5,6], and structural map‑

ping reveals numerous faulted structures and anticlines
that could serve as effective traps [7]. Furthermore, adja‑
cent basins in Niger and Chad have shown significant oil
discoveries under similar conditions [8]. This suggests
a need to investigate fault seal integrity to determine
whether these traps are leaking. If the traps are intact, is
it possible that hydrocarbons nevermigrated into them?
Alternatively, could hydrocarbons have migrated but es‑
caped before trap formation? If early leakage occurred,
what geological event might have triggered it? Is there
field evidence, such as oil stains, to support this sce‑
nario? Additionally, do the analogue basins share com‑
parable sedimentary sequences and thicknesses with
the Bornu Basin? If not, what are the implications for
the petroleum system in the Bornu Basin? Several key
geological and geodynamic factors can help explain this
paradox.

Figure 1. Map of Bornu Basin with 23 exploratory wells, seismic survey area, and drainage systems.
Source: Modified after Adekoya et al. [9] .
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Geochemical analyses confirm that formations like
the Gongila and Fika Shales contain sufficient organic
matter for hydrocarbon generation, with TOC values of‑
ten exceeding the 0.5 wt% threshold and vitrinite re‑
flectance values indicating maturity [9–11]. Fault planes
in Bornu Basin are often steeply dipping and extensional
in nature [12]. This can lead to open fractures that allow
hydrocarbons to leak, making fault‑related traps risky [7].
Fault seal analysis, such as stochastic juxtapositionmod‑
eling, is essential to accurately predict sealing capac‑
ity [13].

There is evidence that hydrocarbon generation in
the Bornu Basin may have occurred before trap forma‑
tion, possibly due tomagmatic intrusions during the Late
Cretaceous. These events caused early maturation and
hydrocarbon migration, followed by loss through open
faults before effective traps formed [14]. Oil seepages have
been reported in the oldest stratigraphic units of Bornu
Basin, like the Bima Sandstone, suggesting that hydrocar‑
bons did migrate and possibly leaked to the surface [14].

Neighboring basins like Termit (Niger) and Doba
(Chad) have greater sediment thickness (up to15,000m)
and more consistent trap‑seal relationships. These dif‑
ferences enhance hydrocarbon retention and commer‑
cial discoveries [15,16]. Intrusive magmatic activity and
uplift events caused cooling and erosion, disrupting the
normal maturation and entrapment processes [11,17]. De‑
spite favorable source, reservoir, and trap conditions,
Bornu Basin’s dry wells are likely due to fault leakage,
premature migration before trap formation, and mag‑
matic or tectonic disturbances. Detailed fault seal anal‑
ysis and deeper drilling strategies, as seen in neigh‑
boring basins, are essential next steps. Therefore, this
study concentrates on analyzing fault seal integrity in
the Bornu Basin by applying advanced tools available
such as Petrel and Move Software (2018 version).

2. Geological Settings

The Bornu Basin, located in northeastern Nigeria,
is a significant sub‑basin (Figure 2) within the larger
Chad Basin and forms part of the West and Central
African Rift System (WCARS) [7,16,18–21]. Its geological
setting reflects a complex history of tectonic, sedimen‑

tary, and structural processes tied to the breakup of
Gondwana and the subsequent evolution of inland rift
basins [16,22]. The Bornu Basin is a product of failed
rifting and is classified as an aulacogen formed during
theMesozoic era from extensional tectonics when South
America and Africa separated [7,23,24]. It is bounded by
major faults trending predominantly NE‑SW, ENE‑WSW,
and NW‑SE, which were likely reactivated during tec‑
tonic episodes, such as the Santonian inversion [25–27].
The Bornu Basin features a well‑defined stratigraphic
succession (Figure 3) reflecting diverse depositional en‑
vironments over time [28]. At the base lies the Bima
Sandstone (Lower Cretaceous), composed of fluvial con‑
tinental sandstones [29–31]. Above it, the Gongila Forma‑
tion represents a marine to paralic environment with
alternating shales and limestones. This is followed
by the Fika Shale, a deeper marine unit rich in or‑
ganic matter, indicating significant hydrocarbon poten‑
tial. Overlying this is the Kerri‑Kerri Formation (Ter‑
tiary), made up of continental sediments, and at the
top is the Chad Formation (Quaternary), consisting of
lacustrine (lake‑derived) deposits [17,18]. The basin is
characterized by horst and graben structures resulting
from extensional faulting. Subsurface data reveal sedi‑
mentary thicknesses reaching up to 11.5 km in places,
with several deep‑seated faults acting as potential hy‑
drocarbon migration pathways [32]. Depositional envi‑
ronments vary from high‑energy fluvial systems to shal‑
low marine and deltaic settings [23,33]. The sedimentary
deposits in the basin show heterogeneity in lithology,
including coarse‑grained sandstones and finer shales,
supporting hydrocarbon system development [34]. The
basin has the fundamental elements for hydrocarbon ac‑
cumulation: source rocks (organic‑rich shales), reser‑
voirs (sandstones), and seals (shales and carbonates).
Organic matter is predominantly Type III kerogen, in‑
dicating a gas‑prone system with localized oil poten‑
tial [10,35]. Remote sensing, aeromagnetic, and seismic
methodshave enhanced theunderstandingof thebasin’s
hidden structures. Depth to magnetic basement varies
widely, and volcanic intrusions are common in the south‑
ern part of the basin [36]. The Bornu Basin is a com‑
plex rift‑related geological system with a diverse strati‑
graphic and structural framework that supports hydro‑
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carbon exploration [23,37–40]. Despite challenging surface
conditions and mixed exploration results, its geological

setting remains promising for further studies and poten‑
tial resource development.

Figure 2. Map showing sub‑sedimentary basins in Nigeria, including Bornu Basin. Source: Didi et al. [12].

(a)
Figure 3. Cont.
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(b)
Figure 3. (a) Tectonostratigraphy of Bornu Basin showing ages, lithologies, petroleum systems, and (b) its geomorphology.

Source: Modified after Suleiman et al. [41] .

3. Methodology
The materials (well log data and 3D seismic data)

used for this study were obtained from the Nigerian Na‑
tional Petroleum Corporation (NNPC) through the Nige‑
rian Upstream Petroleum Regulatory Commission, for‑
merly the Department of Petroleum Resources (DPR)
(see Table 1). The fault seal analysis was conducted on
a major regional fault structure located proximal to the
Bulte‑1 well, with the objective of evaluating the seal‑
ing integrity of the fault‑controlled trap. Fault seal anal‑
ysis in Move software involves a systematic workflow
designed to evaluate the sealing capacity of faults and
their impact on hydrocarbonmigration and entrapment.
The process integrates seismic interpretation, structural
modeling, and petrophysical data to quantitatively as‑

sess fault‑related sealing mechanisms (Table 2). The
process beganwith the interpretation of 3D seismic data
to identify and map the regional fault system using the
Petrel tool (2018 version). Detailed fault mapping was
carried out on multiple inlines and crosslines, capturing
the spatial continuity, geometry, and orientation of the
target fault. Following fault delineation, seismic hori‑
zons were interpreted across the faulted seismic sec‑
tions to map key stratigraphic surfaces. These horizons
were correlated with well tops and formation bound‑
aries identified in the Bulte‑1 well to ensure accurate
stratigraphic control. This correlation established the
relationship between primary markers (from well logs)
and secondary markers (seismic reflectors), enabling
confident time‑depth calibration. The following steps
outline the standard method used:

Table 1. Data Sources Used in the Study.
Data Type Source Purpose in Study

Well log data Nigerian National Petroleum Corporation (NNPC) via
NUPRC (formerly DPR)

Stratigraphic correlation, lithology, petrophysical
inputs

3D seismic data Nigerian National Petroleum Corporation (NNPC) via
NUPRC (formerly DPR)

Fault mapping, structural modeling, seismic
interpretation

Table 2. Fault Seal Analysis Workflow in Move Software.
Step Activity Tools/Inputs Output/Objective

1 Interpretation of 3D seismic data Petrel (2018) Identification and mapping of the regional fault system
2 Fault mapping on inlines and crosslines 3D seismic dataset Fault geometry, orientation, spatial continuity
3 Seismic horizon interpretation Seismic sections Mapping of key stratigraphic surfaces
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Table 2. Cont.
Step Activity Tools/Inputs Output/Objective

4 Correlation of horizons with well tops
and formation boundaries Bulte‑1 well log data Accurate stratigraphic control

5 Time‑depth calibration Seismic reflectors +
well tops

Establish a relationship between primary & secondary
markers

6 Structural modeling and petrophysical
integration for seal analysis

Move software +
well logs

Quantitative fault seal evaluation (SGR, SSF, column
height, etc.)

3.1. Fault and Horizon Interpretation

Using 2D or 3D seismic data imported into Move,
faults are digitized across multiple sections and interpo‑
lated into a 3D fault framework. Stratigraphic horizons
are also interpreted and correlated across the faults to
generate a complete structural model. This model en‑
ables visualization of throw distribution, fault segmen‑
tation, and stratigraphic juxtaposition.

3.2. Stratigraphic Modeling and Fault Sur‑
face Construction

With the interpreted horizons and faults, a strati‑
graphic model is built. The software automatically gen‑
erates fault surfaces and calculates key structural param‑
eters, such as vertical separation, fault throw, and dis‑
placement profiles. These are essential inputs for fault
seal property calculations.

3.3. Shale Volume (Vsh) Analysis

Vsh values are derived fromgamma ray logs and im‑
ported into Move as well as log properties. These are as‑
signed to the relevant stratigraphic layers and mapped
across the fault surface using interpolation techniques.
According to Fisher and Knipe [42], Vsh is critical for de‑
termining fault seal parameters like Shale Gouge Ratio
(SGR) and Shale Smear Factor (SSF).

3.4. Shale Gouge Ratio (SGR) Calculation

SGR is one of themostwidely used fault seal predic‑
tors. InMove, SGR is calculatedby summing theVshale of
all formations that have moved past a point on the fault
surface and dividing by the total vertical throw. A high
SGR (typically > 20–25%) suggests increased sealing po‑
tential due to clay‑rich fault rocks [43,44].

3.5. Shale Smear Factor (SSF) and Proba‑
bilistic SSF

SSF is calculated using the thickness of shale beds
and the fault throw. It evaluates the potential for con‑
tinuous shale smear along the fault plane. Probabilistic
SSF (PSSF) incorporates uncertainties in bed thickness
and displacement, providing a range of possible sealing
scenarios [45–47].

3.6. Juxtaposition Diagrams

The move generates juxtaposition diagrams that
display the lithological contacts across the fault. These
diagrams help identify whether reservoir rocks are jux‑
taposed against seal or other reservoir units, indicat‑
ing the potential for cross‑fault leakage or sealing due
to stratigraphic contact [45,48,49]. According to Zhu and
Gong [50], fault sealing capacity was assessed based on
three main factors: fault throw, material within the fault
zone, and pressure conditions. Fault seals are gener‑
ally classified into two types: hydraulic and capillary
seals [51,52], with capillary seals being the more preva‑
lent. Fault throw determines which lithologies are juxta‑
posed across the fault. For example, a small throw may
place reservoir rock against seal rock (good for sealing),
while a large throwmayplace reservoir against reservoir
(bad for sealing). Therefore, throw controls the cross‑
fault contacts, which are key for understanding juxtapo‑
sition sealing potential [50]. The sealing effectiveness of a
fault largely depends on the lithological composition on
either side of the fault and the capillary pressure charac‑
teristics within the fault zone.

3.7. Hydrocarbon Column Height Estima‑
tion

Based on the SGR distribution and calibrated
thresholds from analog data, Move allows users to esti‑

61



Earth and Planetary Science | Volume 04 | Issue 02 | October 2025

mate the maximum hydrocarbon column height a fault
can support before leakage occurs. This aids in prospect
risking and volumetric assessments.

4. Results and Interpretations
4.1. Primary Markers

The Bulte‑1 well log (Figure 4) provides strati‑
graphic and petrophysical evaluation, dividing the sub‑
surface into four shale intervals (A–D) with interbedded
sand facies. Lithostratigraphy comprises Chad, Kerri‑

Kerri, Gombe, and Fika Formations. Key log tracks in‑
clude gamma ray (GR), resistivity (ILD), density (RHOB),
neutron porosity (NPHI), facies, Vshale, and porosity.
Shale tops and bases (A–D) frame sand bodies, high‑
lighted in yellow as potential reservoirs due to lower GR
and distinct facies. High GR correlates with shale, low
GRwith sand,while high resistivity indicates possible hy‑
drocarbon saturation. RHOB–NPHI crossplots estimate
porosity. Vshale and porosity logs highlight sands with
low shale content and good porosity, especially in lower
sections, suggesting favorable reservoir quality [53].

Figure 4. (a) Bulte‑1 well showing primary markers labelled Shale A Top and Base, Shale B Top and Base, Shale C Top and Base,
Shale D Top and Base; (b) The lower map shows the geographic setting and spatial relation of Bulte‑1 to nearby wells (Herwa‑1,
Kadaru‑1 well, and Kasade‑1 well).
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4.2. Secondary Markers

The seismic interpretation along inline 5927
(Figure 5) delineates seven horizons, including the tops
and bases of Shale A and Shale D, with fault analysis in‑
tegrated around the Bulte‑1 well. Ten faults (F1–F10)
were identified, showing normal and synthetic config‑

urations. Prominent faults (F4, F5, F6, and F9) display
significant vertical displacement, potentially serving as
migration pathways or structural traps. The Shale D
Top structure map, tied to the seismic via a red line,
highlights the spatial distribution of these faults and
their relationships to Bulte‑1, Kasade‑1, Kadaru‑1, and
Herwa‑1.

Figure 5. Secondary markers horizons (Shale A Top and Base‑ Shale D Top and Base) showing Bulte‑1 well, faults labelled (F1‑
F10), and horizon surface generated from Shale D Top with seismic horizon line (Red line).
Note: The red line indicates the position of seismic inline 5927.

Inline 5817 (Figure 6) reveals continuation of ma‑
jor faults (F4, F5) and introduces F11–F14 around Bulte‑
1 and Kasade‑1. F12 and F13 show moderate throws
near Bulte‑1, while the structure map confirms their
patterns and regional continuity. Cross‑cutting relation‑

ships indicate F11 and F14 as the youngest faults; they
terminate close to or just below the Shale D Top horizon
and lack significant deeper displacement, implying late‑
stage activity restricted to the shallow section. In con‑
trast, F4, F5, F12, and F13 extend deeper, with F4 and F5
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showing large displacements and early tectonic growth.
Thus, F11 and F14 are younger, while F4, F5, F12, and
F13 represent older tectonic phases.

Inline 5397 (Figure 7) emphasizes faults F15–
F20, mainly in the western section. Using cross‑cutting
principles, all faults offset the Shale D Top, making
them younger than this horizon. F18 and F20 appear

the steepest and most discrete, cutting Shale D Top
with minimal vertical growth below, suggesting post‑
depositional development. F15, F16, and F17 penetrate
deeper with gradual growth, indicating earlier faulting
initiated during or soon after Shale D deposition. There‑
fore, F18 and F20 are interpreted as the youngest, while
F15–F17 represent older activity.

Figure 6. Secondary markers horizon (Shale D Top) showing faults labelled (F4, F5, F11‑F14), and horizon surface generated
from Shale D Top with seismic horizon line (Yellow line).
Note: The yellow line indicates the position of seismic inline 5817.
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Figure 7. Secondary markers horizon (Shale D Top) showing faults labelled (F12‑F20), and horizon surface generated from
Shale D Top with seismic horizon line (Yellow line).
Note: The yellow line indicates the position of seismic inline 5397.

In all, the study area is fault‑dominated (Table 3),
withmajor andminor faults dissecting keyhorizons. Re‑
gionally persistent structures such as F4, F5, and F13
reflect long‑term tectonic influence, whereas younger
faults indicate post‑depositional adjustments. Faults
F1–F3 are normal, relatively shallow (950–1165 ft) and
short (≈2–2.3 km), indicating extensional deformation.
In contrast, F7 and F13 are reverse faults, much longer
(7.0–14.9 km) and deeper (≈1014–1221 ft), implying

later compressional tectonic activity or inversion of ear‑
lier structures. F13, being the longest, likely represents
one of the dominant structural boundaries controlling
deformation andpotential hydrocarbonmigrationpath‑
ways within the study area. The Shale D Top horizon
provides a key reference for correlating seismic sec‑
tions, mapping closures, and evaluating hydrocarbon
trap potential within a fault‑controlled reservoir frame‑
work.
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Table 3. Some selected faults from the study area indicating compressional and extensional regions.
Faults Depth (ft) Length (m) Type of Fault Interpretation

F1 1165.91 2337.3 Normal Shallow fault of moderate length, indicative of extensional stress regime.
F2 949.96 2080.78 Normal The shallowest and one of the shorter faults; represents early‑stage

deformation.
F3 1023.05 2297.56 Normal Similar depth to F2, consistent with regional extensional tectonics.
F7 1221.30 7060.15 Reverse Significantly longer and deeper, indicating compressional reactivation or

inversion of earlier normal faults.
F13 1013.88 14,895.13 Reverse The longest fault, suggesting major structural control—likely a principal

compressional feature or boundary fault

4.3. Fault Seal Analysis on F13

A total of 48 faults were interpreted and displayed
in 3D (Figure 8), with different colors representing fault
planes and attributes such as throw and dip. Fault F13,
a key feature identified in seismic sections, is clearly
visualized in the 3D model, confirming its spatial ex‑
tent and orientation relative to the Bulte‑1 well. F13
is emphasized as a major structural element, shown by
a yellow line in the seismic section and further ana‑

lyzed using a rose diagram, which reveals its dominant
northeast–southwest strike. The red arrowhighlights its
primary orientation, offering insights into the regional
stress regime and tectonic history. A time‑structural
contour map of the Shale D Top horizon illustrates el‑
evation variations, with red/yellow contours marking
structural highs and blue/purple indicating lows. Bulte‑
1, Kadaru‑1, and Herwa‑1 wells are positioned on struc‑
tural highs, while Kasade‑1 lies in a deeper low, consis‑
tent with the 3D fault model.

Figure 8. Interpreted faults and the structural time of the study area pointing at northeast trending F13 fault as a very regional
fault to be the point of interest for the fault seal analysis.
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4.3.1. Lithological Juxtaposition Analysis

The analysis of Fault F13 at the Bulte‑1 well
(Figure 9) provides insights into its sealing capacity.
Fault geometry shows displacement increasing with
depth, exceeding 4000 ft, confirming its structural sig‑
nificance. Vshale logs from the footwall and hangingwall
indicate interbedded sandstones (reservoirs) and shales
(seals). Correlating these logs with the juxtaposition di‑
agram highlights depth intervals where sand‑shale con‑
tacts (red cells) form potential seals, while sand‑sand
or sand‑silt contacts (yellow/orange) suggest leakage

zones. The Shale Gouge Ratio (SGR) refines this inter‑
pretation: high SGR may provide sealing even in sand‑
sand juxtapositions by reducing permeability, whereas
low SGR in sand‑shale contacts can compromise seal in‑
tegrity. This lithological juxtaposition analysis is crucial
for evaluating structural traps, predicting hydrocarbon
column height, and assessing lateral seal capacity. It in‑
forms well placement by identifying effectively sealed
compartments, while highlighting the complex fault seal
behavior of F13, shaped by variable sand‑shale contacts
and SGR values.

Figure 9. Lithological juxtaposition analysis of the F13‑hanging wall and footwall across the Bulte‑1 well.
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4.3.2. Shale Gouge Ratio (SGR)

The Shale Gouge Ratio (SGR) analysis of the F13
fault at Bulte‑1 well provides a quantitative measure
of sealing capacity (Figure 10). Unlike lithological jux‑
taposition (Figure 8), which shows sand–shale con‑
tacts, SGR evaluates how much shale is incorporated
into the fault zone. Low SGR values indicate insufficient
shale smear and a higher risk of leakage, while high
SGR values can create sealing membranes even in sand–
sand juxtapositions [44]. Zones with higher SGR (lighter

green/yellow/red) suggest effective sealing, capable of
supporting larger hydrocarbon columns. Lower SGR ar‑
eas (darker green) are more permeable, allowing fluid
flow and potential hydrocarbon loss. Variations in SGR
along the fault plane create compartmentalization, with
some blocks sealed and others leaky, resulting in dif‑
ferent pressure regimes. This analysis is vital for de‑
risking exploration, well placement, and pressure man‑
agement. Figure 10 demonstrates that sealing effective‑
ness decreases with depth, directly influencing hydro‑
carbon trapping and production strategies.

Figure 10. Shale gouge ratio analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.3. Shale Smear Factor (SMF)
The Shale Smear Factor (SSF) analysis of Fault F13

at the Bulte‑1 well reveals essential information about
its sealing characteristics (Figure 11). SSF works along‑
side the Shale Gouge Ratio (SGR) and lithological juxta‑
position to enhance fault seal evaluation. LowSSF values
(dark green) signify continuous shale smears that act
as effective seals, commonly found at shallower depths
with lower throw or thicker shale intervals. In contrast,
high SSF values (light green to red) denote leaky sec‑
tions, typically occurring at greater depths where high

throw disrupts shale continuity. Recognizing these vari‑
ations is crucial for distinguishing hydrocarbon trapping
zones (low SSF) from potential leakage zones (high SSF).
Such differences also contribute to reservoir compart‑
mentalization, where a single fault may seal in one in‑
terval but leak in another, affecting pressure commu‑
nication. This analysis aids in minimizing geological
uncertainty, optimizing well placement, and improving
drainage planning. The sealing efficiency decreaseswith
depth (Figure 11), indicating its relevance for explo‑
ration and production strategies.

Figure 11. Shale smear factor analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.4. Probabilistic Shale Smear Factor
(PSSF) Analysis

The Probabilistic Shale Smear Factor (PSSF) analy‑
sis of Fault F13 in the Bulte‑1 well indicates a more re‑
alistic evaluation of sealing potential by incorporating
uncertainty (Figure 12). Unlike the traditional binary
seal/no‑seal method, PSSF quantifies the probability of
sealing, providing direct input for quantitative risk as‑
sessment. It assesses shale continuity along the fault
plane and complements both the Shale Gouge Ratio (rep‑
resenting bulk shale content) and lithological juxtapo‑
sition (depicting rock‑on‑rock contact). The PSSF dia‑
gram differentiates high‑probability sealing zones (dark

green) from low‑probability or leaky sections (light
green to red), which is vital for interpreting reservoir
compartmentalization. Typically, seal probability de‑
creases with increasing depth and throw, as greater dis‑
placements compromise shale continuity. High PSSF re‑
gions imply effective sealing and favorable trapping con‑
ditions, whereas low PSSF areas indicate possible leak‑
age pathways responsible for dry wells or unanticipated
fluid contacts. By quantifying sealing likelihood, PSSF
enhances exploration risk evaluation, supports optimal
well placement, assists in pressure management, and
improves predictions of fault block connectivity for effi‑
cient reservoir development.

Figure 12. Probabilistic shale smear factor analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.5. Clay Smear Potential (CSP) Analysis
The Clay Smear Potential (CSP) analysis of Fault

F13 in the Bulte‑1 well offers a valuable understand‑
ing of the fault’s sealing efficiency (Figure 13). CSP ex‑
amines how ductile, clay‑rich layers are stretched and
smeared along the fault surface to form potential sealing
barriers. The results identify segments with high clay
smear potential (dark green) as effective seals, while
low potential areas (light green to red) represent pos‑
sible leakage zones. Generally, seal potential decreases
with increasing depth and throw, as greater displace‑

ments disrupt shale continuity. This variation deter‑
mines the maximum hydrocarbon column a trap can
hold before breaching and outlines potential migration
pathways. Differences in smear potential lead to reser‑
voir compartmentalization, influencing pressure distri‑
bution and fluid contacts, which are critical for produc‑
tion performance. The CSP evaluation assists in assess‑
ing exploration risk, optimizing well trajectories, avoid‑
ing non‑sealing zones, and refining field development
plans. At Bulte‑1, clay smear effectiveness is highest at
shallower levels with relatively small throws.

Figure 13. Clay smear potential analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.6. Permeability Analysis
The permeability evaluation of Fault F13 at the

Bulte‑1 well represents the concluding phase of fault
seal analysis, providing a direct visualization of fluid
flow potential across the fault zone (Figure 14). Un‑
like indirect proxies such as the Shale Gouge Ratio
(SGR) or Shale Smear Factor (SSF), permeability offers
a measurable indicator of seal integrity. Low perme‑
ability signifies effective sealing, whereas high perme‑
ability indicates potential leakage. Dark blue to purple
zones denote strong sealing regions favorable for hy‑
drocarbon entrapment, while red to yellow zones cor‑
respond to high‑risk leakage pathways. Variations in
fault permeability determine the maximum hydrocar‑

bon column height before capillary failure, with low‑
permeability faults capable of retaining higher columns.
Spatial differences in permeability promote reservoir
compartmentalization: zones of low permeability iso‑
late compartments and influence pressure and fluid dis‑
tribution, whereas highly permeable segments facilitate
cross‑fault communication. This mapping is essential
for delineating migration routes, optimizing production
and injection well locations, and forecasting reservoir
behavior. The results indicate that shallow sectionswith
smaller throws exhibit low permeability and effective
sealing, whereas deeper, high‑throw areas are more per‑
meable and prone to leakage, impacting trap stability
and reservoir management.

Figure 14. Permeability analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.7. Hydrocarbon Column Height (HCCH)
Analysis

The hydrocarbon column height analysis of Fault
F13 at Bulte‑1 well is the ultimate predictive output of
fault seal studies, directly estimating how much oil or
gas the fault can trap (Figure 15). The map quantifies
trap integrity by predicting maximum hydrocarbon col‑
umn heights along the fault plane. Dark blue/purple
zones represent strong sealing capacity and significant
accumulation potential, while red/yellow zones indi‑
cate leakage‑prone segments. This quantitative ap‑
proach moves beyond qualitative proxies, providing

critical input for volumetric calculations and economic
assessments. Variations in predicted column heights
highlight reservoir compartmentalization,withdifferent
fault blocks sustaining different fill‑to‑spill points. Low
or zero columnpotential raises prospect risk, while high‑
column areas guide optimal well placement and pres‑
sure management strategies. Results show sealing ca‑
pacity decreases with depth and throw, reflecting re‑
duced fault integrity. This analysis provides the most di‑
rect and actionablemeasure of fault performance, essen‑
tial for de‑risking prospects and estimating recoverable
reserves.

Figure 15. Hydrocarbon column height analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.8. Volume of Shale Analysis
The Volume of Shale (Vshale) analysis (Figure 16)

refines the lithological juxtaposition (Figure 9) by quan‑
tifying shale content across the F13 fault. Instead of
broad “sand vs shale” categories, it maps a spectrum of
shale proportions, allowing clearer evaluation of sealing
potential. Zoneswhere high Vshale (shale) is juxtaposed
with shale orwith lowVshale (sand/silt) suggest greater
sealing potential, particularlywhen supported by SGRor
SSF. Conversely, sand–sand contacts (low Vshale on both
sides) highlight likely leakage zones due to high perme‑
ability. Vshale data underpins the calculation of SGR and
SSF, asmore shale increases the likelihood of fault gouge

or smear development. This analysis also aids well plan‑
ning by showing where reservoirs are compartmental‑
ized by sealing shales or directly connected across leaky
sand contacts.

The results in Figure 16 highlight areas where
shales are predominantly in contact (suggesting good
sealing potential) versus areas where sands are in con‑
tact (suggesting leaky potential). This analysis forms a
fundamental building block in the comprehensive fault
seal assessment, providing the lithological basis upon
which more advanced fault seal mechanisms (SGR, SSF,
permeability, column height) are calculated and inter‑
preted.

Figure 16. Volume of shale analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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4.3.9. Throw Analysis
The throw analysis (Figure 17) provides a funda‑

mental framework for evaluating the F13 fault’s seal‑
ing behavior at Bulte‑1. It illustrates the magnitude
and distribution of vertical displacement, which directly
controls shale gouge ratio (SGR), shale smear factor
(SSF/PSSF), and capillary entry pressure, thereby in‑
fluencing fault permeability and hydrocarbon column
height. Increasing throw with depth identifies F13 as a
growth fault, active during sediment deposition, with im‑
plications for sediment distribution, basin architecture,

and hydrocarbon trapping. Variations in throw also af‑
fect lithological juxtaposition, creating complex patterns
of sealing and leakage potential. As the throw increases,
shale smears become less continuous, reducing sealing
efficiency in deeper sections. This analysis also serves as
a constraint for seismic interpretation, validating struc‑
tural complexity and fault growth. In addition, Figure
17 establishes throw as the critical input for subsequent
seal analyses, providing key insights into trap integrity,
reservoir compartmentalization, and subsurface hydro‑
carbon distribution.

Figure 17. Throw analysis of F13‑hanging wall and footwall across Bulte‑1 well.
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5. Discussion

The Bornu Basin is heavily faulted, and many of
these faults are steeplydipping andextensional [12]. Such
geometries can result in open fractures that act as con‑
duits for hydrocarbon leakage, thereby compromising
trap integrity [7]. The idea that faults may be acting as
migration pathways rather than barriers necessitates a
detailed evaluation of their sealing potential.

Fault sealing is influenced by various geologi‑
cal parameters including juxtaposed lithologies, fault
zone composition, clay content, and throw magni‑
tude [42–44,50]. The study adopts a quantitative approach
using advanced geospatial software to model these fac‑
tors in the F13 fault near the Bulte‑1 well, which is iden‑
tified as a structurally significant feature. Like in the
North Sea, fault‑related migration and seal integrity are
central to successful hydrocarbon discoveries. Similar
SGR‑based evaluations have been successfully applied in
fields like Brent and Forties [42].

The F13 fault exhibits (a) increasing throw with
depth, (b) thicker sediment sequences at the down‑
thrownblock compared to theupthrownblock, (c) strata
divergence towards the fault plane, (d) a curved (listric)
shape, steep near the surface and flattening with depth,
classifying it as a growth fault [54–57]. Lithological juxta‑
position analysis shows both sealing (sand‑shale) and
leaking (sand‑sand) contacts, emphasizing compartmen‑
talized behavior. The SGR analysis indicates a range of
values along the fault plane, with some zones capable
of supporting significant hydrocarbon columns and oth‑
ers prone to leakage. This is because SGR quantifies the
amount of shale entrained in the fault gouge. High SGR
values (>20–25%) suggest that the fault may form an ef‑
fective seal [44].

SSF andCSP analyses highlight that deeper sections
of the fault, where throw is greatest, aremore likely to be
leaky. Higher SSF implies a greater risk of fault leakage,
especially in deeper sections where throw increases [46].
The probabilistic assessment (PSSF) adds realism by in‑
corporating uncertainties and showing variable sealing
probabilities across the fault plane [45–47].

Permeability mapping confirms the heterogeneity

in fault sealing behavior, with favorable sealing in shal‑
low regions and potential leak paths at depth. The HCCH
analysis supports these conclusions by showing declin‑
ing column height capacities with depth. These com‑
bined results suggest that while the F13 fault has some
sealing segments, its deeper portions likely act as migra‑
tion conduits.

The Termit Basin in Niger and the Doba Basin in
Chad have demonstrated successful hydrocarbon accu‑
mulations. These basins benefit from greater sedimen‑
tary thickness (up to 15 km), more favorable trap‑seal
relationships, and tectonic stability [40]. In contrast, the
Bornu Basin has thinner sediments, signs of intrusive
magmatic activity, and evidence of early hydrocarbon
generation before trap formation [14]. The Bornu Basin
may have experienced less intense rifting and shorter
subsidence duration compared to the Termit and Doba
basins. This restricted accommodation space for sedi‑
ment accumulation, resulting in a thinner sedimentary
fill (<7 km), is inadequate for deep burial and effective
source rock maturation. These geological distinctions
may explain the lack of commercial discoveries in Bornu
despite similar depositional settings.

Within this context; global and thematic studies on
fault seal analysis reveal major advances in understand‑
ing how faults influence stress analysis, prospect iden‑
tification; structural trends; hazard analysis, hydrocar‑
bonmigration, accumulation, and trapping and CO₂ stor‑
age [58–62]. Reliable fault interpretation and seal assess‑
ment are increasingly basedon integrating structural, ge‑
omechanical, and geochemical models to evaluate fault
sealing capacity and hydrocarbon prospectivity [63–67],
complemented by machine learning techniques for im‑
provedvisualization and characterizationof fault geome‑
tries [68]. Case studies from China, South Africa, Ireland,
and Egypt demonstrate the role of stress regimes, shale
gouge ratios, and lithological juxtapositions in control‑
ling seal behavior [60,61,63]. Novel approaches such as 3D
geomechanical simulations and machine learning mod‑
els enhance prediction of fault permeability and seal ef‑
ficiency [69–71]. Many studies also expand applications of
fault seal analysis to carbon capture and storage (CCS)
and seismic risk evaluation [72,73].
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6. Conclusions

The fault seal integrity assessment of the Bornu
Basin presents a thorough, methodologically sound eval‑
uation of why commercial hydrocarbons remain elusive
in a basin with apparent petroleum potential. By apply‑
ing advanced structural modeling techniques and inte‑
grating seismic, petrophysical, and geological data, the
study identifies fault leakage as a plausible explanation
for past exploration failures. The results demonstrate
that fault seals in the Bornu Basin are heterogeneous,
depth‑dependent, and influenced by complex tectonic
and depositional histories.

The study confirms that fault seal integrity is a sig‑
nificant risk factor in Bornu Basin hydrocarbon explo‑
ration. The variability in fault sealing capacity implies
that blanket assumptions about trap effectiveness are
untenable. Each prospect must be evaluated with site‑
specific data using a multidisciplinary approach that in‑
cludes seismic interpretation, well log analysis, and fault
modeling.

These insights are valuable for future exploration
strategies, such as:

a. Targeting prospective traps with lower fault throw
b. Avoiding sand‑on‑sand juxtapositions in high‑

throw zones

Incorporating fault permeability and column height
predictions into volumetric risk assessments. These find‑
ings align with global best practices in fault seal analysis
and underscore the importance of detailed geomechani‑
cal evaluations in frontier exploration regions.
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