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Abstract: The Sokoto Basin, a frontier basin area in northwestern Nigeria, has garnered

significant attention due to its favourable prospects for oil and gas exploration. This study

utilises potential field gravity data to investigate the depth architecture of the southwest-

ern Sokoto Basin and provide insights into the emplacement mechanisms of its anomalous

geological features. The Bouguer gravity anomaly reveals a regional gravity field dipping

at approximately 10◦ northeasterly, with a gradient of 0.38 mGal/km. Residual Bouguer

anomaly analysis identifies a prominent positive anomaly in the southern region and neg-

ative anomalies ranging from −74.88 mGal to −27.38 mGal. Integration of enhancement

filters, forward modelling, and spectral analysis reveals that source depths increase to-

wards the south. Gravity modelling indicates intrusions in the upper crust at depths of

10 to 20 km and 5 to 10 km. A 3D model assembled from the findings illustrates the

basin’s subsurface structure, supporting earlier works. The results suggest that Eocene

sediments and Quaternary faults/fractures play critical roles in the area’s hydrocarbon

system. Ultimately, the quantitative analysis of the gravity maps reveals the presence of

diverse structural features and their constituent components within the study area. No-

tably, the primary tectonic deformations exhibit trends oriented NW–SE, NE–SW, and

E–W. This study significantly enhances our understanding of the subsurface architecture

of the southwestern Sokoto Basin, offering crucial insights that will inform and optimise

future hydrocarbon exploration initiatives.
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1. Introduction

With the upbeat of petroleum exploration activities in Nigeria’s inland
basins attention is focused on the analyses of structural patterns in the area.
The Sokoto Basin, forming a significant part of the Iullemmeden Basin, has
drawn to attention of workers in the prospect for petroleum system and set
of this sub-basin. Potential field methods, particularly gravity and mag-
netic surveys, have proven instrumental in delineating subsurface features
and evaluating hydrocarbon systems (Copper, 1997; Dobrin, 1976; Hinze et
al., 2013; Reid and Thurston, 2014). These methods rely on contrasts in
physical properties (density and magnetisation variations in crustal rocks)
to infer geologic structures relevant as hosts to hydrocarbon accumulation,
migration pathways and other mineralisation.

Despite this progress, several knowledge gaps persist. The role of deep
crustal intrusions in hydrocarbon migration within the basin remains un-
quantified. Additionally, the spatial configuration and effectiveness of fault-
controlled hydrocarbon traps are not well understood. Integrated geophys-
ical studies, combining gravity, magnetic, and seismic data, are notably ab-
sent from most of these inland basins including the Sokoto basin. Intrusive
bodies associated with hydrocarbon source rocks have not been compre-
hensively characterised, and the links between basement configurations and
petroleum system development remain uncertain.

Furthermore, recent advancements in gravity data processing, such as
enhanced balanced total horizontal gradient (EBTHG) and directional fil-
tering offer improved edge detection capabilities (Fairhead, 1986; Pham et
al., 2024; Pham, 2023; Mohamed and Al Deep, 2021) that can improve and
expose exploration targets in a more robust way. The comparative per-
formance of such filters has not been tested over the regions covering the
Nigerian inland basins as there is no documentation as such. The basin-
wide variability in source depth and its geological implications also require
further refinement using enhanced digital tools.

To address these gaps, this study employs both qualitative and quan-
titative gravity interpretation techniques, including enhanced balanced to-
tal horizontal gradient (EBTHD), directional filtering, spectral analysis,
Werner depth solutions, and 2D forward modelling of the gravity data
(Adamu et al., 2021; Abraham et al., 2025; Chen et al., 2016; Chen, 2019;
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Nwankwo, 2015; Ku and Sharp, 1983; Likkason et al., 2013; Likkason, 2011;
Reid et al., 1990; Reid and Thurston, 2014; Salem et al., 2007, 2011). The
tools are applied to the Bouguer gravity anomaly data over this part of
the Sokoto basin, primarily to delineate subsurface structures and assess
their potentials as hosts for hydrocarbon and mineral accumulations. The
findings are significant and would throw more light on the basin’s tectonic
framework and recommendations that would assist future exploration efforts
over this and similar basins.

2. Location and geological context of the area

A significant sub-Saharan inland sedimentary basin in West Africa, the
Iullemmeden Basin includes the Sokoto Basin and extends over western
Niger, Algeria, Mali, and Nigeria (Figs. 1 and 2). This study focuses on
the southwestern part of the Sokoto Basin, situated between 11◦ 00′ N and
13◦ 00′ N and longitudes 3◦ 30′ E and 5◦ 30′ E. The study area covers approx-
imately 37,600 km2 (Fig. 2, Table 1) and has an elevation range of 200 to
400 m above sea level.

Fig. 1. A global tectonic map of the rifted basins in western, central, and eastern Africa
that depicts the connection between the “Sokoto basin” and the other basins where com-
mercially successful oil and gas discoveries have been made.
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Fig. 2. Location map of Sokoto Basin, its general geology and Study Area with gravity
distribution points (Kogbe, 1979).

Geologically, the Sokoto Basin is part of the West African Sub-Saharan
Sudan belt, characterised by semi-arid region with Savanna-type flora. The
basin’s tectonic evolution is closely linked to the opening of the Atlantic
Ocean and the break-up of the Supercontinent Gondwana (Kogbe, 1979;
Obaje et al., 2013). The Sokoto Basin underwent rifting and extension dur-
ing the Late Proterozoic to Early Paleozoic (c. 600 – 400 Ma), followed by
thermal subsidence in the Late Paleozoic to Early Mesozoic (c. 300 – 200 Ma)
(Kogbe, 1979). The opening of the Atlantic Ocean during the Early Creta-
ceous (c. 130 – 100 Ma) led to another phase of rifting and faulting (Obaje,
2009; Kogbe, 1979; Kogbe, 1981).
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Table 1. Lithostratigraphic successions of Sokoto Basin sub area after Kogbe (1979).

The study area comprises rugged and resistant sedimentary deposits,
forming gently undulating plains and flat-topped hills that cut across the
entire formations in the Sokoto Basin. A moderate undulating plain with
varying elevation makes up a major part of the Sokoto sedimentary basin,
northwestern Nigeria. The terrain is dominated by gently to moderately
undulating plains, interrupted by flat-topped, steep-sided hills such as the
prominent “Dange Scarp” (Kogbe, 1981) although extensive erosion has ob-
scured its original features.
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Fig. 3. (a) The study area’s topographic map created using ASTER GDEM (ver. 3);
(b) ASTER-based three-dimensional topographic map of the area.
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The topography and surface elevations of the rock units in the study area
were used to create the 30 metre accurate ASTER Global Digital Elevation
Model (Fig. 3a). The correlation between altitudes and lithological units
provides valuable information for pinpointing rock units and determining
the crustal framework over the Sokoto Basin. For instance, the highest to-
pographies reflect the late-to-post tectonic Gundumi/Illo formations, which
range in altitude from 300 to 550 m.

The study area’s geomorphological characteristics, including terrain, el-
evation, and environmental relief, provide insights into potential mineral-
isation controls, and the indices of the subsurface vertical and horizontal
borders from a depth of 30 m are shown in Fig. 3b.

3. Methodology

3.1. Gravity data acquisition and processing

To investigate the upper lithospheric structures beneath the southwestern
part of the Sokoto Basin and its surroundings, gravity measurements were
collected, analysed, and processed. The gravity method detects variations
in the horizontal density distribution of subsurface materials (Cooper, 1997;
Dobrin, 1976; Telford et al., 1990). This technique has been widely ap-
plied in developing conceptual exploration models, identifying prospective
hydrocarbon-bearing zones, and conducting regional crustal characterisa-
tion (Hinze et al., 2013; Salem et al., 2011; Treitel et al., 1967). A total
of 1,095 gravity stations were established across the study area, with an
inter-station spacing ranging from 0.5 to 1 km (some representative location
shown in Fig. 2). The survey traverses were oriented northwest-southeast
and tied to three primary absolute gravity stations within the Sokoto Basin:

– Birnin Kebbi (90010, 978171.260 mGal),

– Daki-Takwas (90011, 978135.860 mGal), and

– Sokoto (90012, 978184.039 mGal).

Gravity measurements were acquired using a Lacoste and Romberg gravime-
ter (Model CG-725).

Standard corrections were effected for instrumental drift and Earth tides,
elevation and simple Bouguer slab and even though the study area has a
near-plain topography the terrain corrections were ignored in the calcula-
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tions. Prior to the field work, the instrument drift/earth tides were observed
over a period of 6 days at the Geophysical Laboratory of Federal University
Birnin Kebbi, Nigeria. The mean drift rate was +0.12 mGal per 24 hours
with a maximum of +0.12 mGal in 6 hours. Because of this low value it
was felt that it would be justifiable to take few hours to elapse between
drift checks. From drift curves (not shown), the drift was linear between
consecutive base-station readings. The majority of ties between two bases
A and B were made by an outward and return journey only, i.e. sequence
of A–B–A. During the outward A–B journey, intermediate stations were es-
tablished at approximately two-km intervals. Where it appeared important
to determine a relatively steep gravity gradient more precisely, additional
stations were put in at 1-km intervals or less on the return journey. Station
positions were fixed by use of global positioning system (GPS). Latitude
corrections followed the IGR-1967: the 1967 International Gravity Formula
(Hinze et al., 2013; Salem et al., 2011). Bouguer anomalies were computed
using a reduction density of 2.60 gcm−3, representing the average density of
exposed lithologies in the study area. Terrain corrections were calculated in
Geosoft MontageTM using methods from Jacobsen (1987) and Kebede et al.
(2020), yielding the terrain corrected Bouguer gravity anomaly data. The
latitude correction was handled by the use of IGR-67 expressed as:

gθ = 978171.260 (1 + 0.005278895 sin2 θ + 0.000023462 sin4 θ) ,

where gθ is the predicted value of gravity in mGal and θ is the latitude.
The regional gravity field was removed by applying a high-pass filter with a
cut-off wavelength of 20 km. This process isolated residual anomalies rep-
resenting short-wavelength, shallow sources—by subtracting both the 5 km
upward-continued field and a first-order trend surface from the Bouguer
gravity anomaly data. The resulting residual anomaly maps were compared
with directionally filtered gravity anomaly maps to evaluate the extent of
resolution of the shallow subsurface features.

Three gravity profiles, trending NE–SW, NW–SE, and N–S were quan-
titatively analysed using the 2.5-D (GM-SYS) modelling program to char-
acterise the subsurface structures of the study area. The models were con-
strained by mapped surface lithologies, with density parameters derived
from direct bedrock measurements, ensuring geologically consistent and
plausible interpretations.
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Data analyses included the generating the complete Bouguer anomaly
(CBA), and regional-residual separation of the CBA. Enhancement filters
from Geosoft Oasis Montaj software were applied. Advanced geophysical
techniques, such as power spectrum analysis, Werner deconvolution, and
forward modelling (2D and 3D) were used to analyse and model the data,
focusing on estimating depths and dips of the geological formations.

3.1.1. Regional-residual separation technique

Potential fields are projected from one datum to another using the mathe-
matical technique known as upward continuation (Agarwal and Sivaji, 1992;
Copper, 1997). By using this technique, an anomaly is produced that gives
the impression that the data were collected at a higher level. If a potential
field is carried upward to a height of z, anomaly sources can be found at
and below a depth of z/2 (Agarwal and Sivaji, 1992).

3.2. Digital filtering tools apply for data processing in the study
area

Regional and residual components can be distinguished using a variety of
methods. The following computer-based Fourier Transform techniques were
used in this study:

3.2.1. Enhance balanced total horizontal gradient (EBTHG)

Shallow basement formations and mineral targets are mapped using the en-
hanced balanced total horizontal gradient (EBTHG) filter (Copper, 1997; Ai
et al., 2023; Hinze et al., 2013; Pham, 2023; Pham and Prasad, 2023; Salem
et al., 2007; 2011). With amplitudes limited between +π/2 and −π/2, this
filter uses the absolute value of the EBTHG (Hinze et al., 2013; Salem et
al., 2007). The edges of model structures are where the tilt derivative’s zero
crossing occurs.

3.2.2. Directional filtering technique

Images moving in a particular direction can have their edges enhanced
or attenuated by directional filtering (Treitel et al., 1967; Bamberger and
Smith, 1992; Kowalik and Glenn, 1987; Maithya and Fujimitsu, 2018). This
method is applied to image processing and geophysical research to improve
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linear characteristics (Bamberger and Smith, 1992; Naidu and Matthew,
1998; Naidu, 1968; Thorarinsson et al., 1988). This study used the filter
design process described by Hu and Rabiner (1972), using a filter wedged
at 40◦ and 25◦ transition zones. The band-pass used in directional filtering
is made up of a wedge pointed in a particular direction and plotted against
the spatial frequencies u and v (radian/km). The solution is zero outside
of the wedge (Fig. 4). The ripples in the pass-band and stop-band are min-
imised in order to find the filter response in the transition zone (Fig. 4).
Features are improved when they are parallel to the pie-slice filter (Kowalik
and Glenn, 1987).

Fig. 4. Directional filter, the pass-band is flanked by transition bands there is circular
stop-band over zero frequency; the main aim is to suppress the usually strong power
present in the low frequency region.

3.2.3. Spectral analysis of gravity data

The FFT provides the foundation for spectrum analysis of gravity data.
Radial averaging is used to construct the energy spectrum using the Geosoft
Oasis Montaj MAGMAP algorithm. The Fourier wavenumber domain is
used to convert grid data from the space domain (Spector and Grant, 1970;
Fedi and Mastro, 2018; Mishra and Naidu, 1974).

3.2.4. Werner depth technique of gravity data

To determine the depth of gravity sources, the Werner de-convolution ap-
proach is employed (Hartman et al., 1971; Ku and Sharp, 1983; Werner
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1953; Tarlowski et al., 1996). The 2D Werner de-convolution mathematical
model is provided by:

F (x) =
Ah+B (x− x0)

(x− x0)2 + h2
, (1)

where, x is the distance from some origin along a line perpendicular to the
strike of the thin sheet; F (x) is the total field at x; h is the thickness of
the thin sheet; and x0 is the location of the top, projected vertically to
intersect the line. The constants A and B relate to the structural gravity
characteristics, thickness, and orientation of the thin sheet with respect to
the Earth’s gravity field.

3.3. Forward modelling of gravity data

The process of forward modelling gravity data entails using potential field
measurements to determine the dimensions, form, and physical properties
of the field anomaly’s source (Telford et al., 1990). Iterative quantitative
modelling is used to compare the anomaly generated by the computer-aided
model with the observed residual anomaly (Menke, 1989; Talwani et al.,
1959).

4. Results and discussion

4.1. Qualitative interpretation of gravity data

Interpreting gravity data depends critically on the availability of geological
data and the precision of gravity surveys. There is enough information about
the Sokoto Basin and its environs from earlier geological research (Kogbe,
1979; Kogbe, 1981; Turner, 1983; Obaje, 2009; Obaje et al., 2013; Ali et
al., 2016). The interpretation of geophysical data is made easier by this
knowledge. The complete Bouguer gravity anomaly map of the SW Sokoto
Basin reveals three major gravity zones, each with distinct signatures and
structural implications: (i) southern zone (high gravity value: −27.38 to
−39.29 mGal). These are characterised by NE–SW trending gravity highs,
and correspond to basement uplifts or intrusive dyke systems. These fea-
tures are interpreted as fault-controlled structural highs, likely formed by
reactivation of Pan-African basement fabrics during initial rifting phases
in the Late Jurassic to Early Cretaceous times. The presence of these
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anomalies suggests that the southern zone is underlain by denser litholo-
gies, possibly high-density igneous intrusions or some uplifted fault blocks,
(ii) Intermediate zone (intermediate gravity value: −41.47 to −54.02 mGal).
This zone exhibits NW–SE trending gravity patterns, indicative of fault-
bounded depocentres or tilted crustal blocks formed by oblique extensional
tectonics. Residual gravity analysis shows lateral offsets of 10–12 km, par-
ticularly along the boundaries of the Sokoto Group and Rima Group units.
These offsets, supported by EBTHG and directional filtering maps, are in-
terpreted as basin-scale normal faults that segment the crust and control
stratigraphic architecture, (iii) Northern zone (low gravity value: −55.26 to
−74.88 mGal). The northern most part of the study area is dominated by
pronounced gravity lows with N–S to NW–SE alignment. These anomalies
suggest the presence of thick sedimentary accumulation within a structurally
down-faulted trough. The continuation of gravity lows at higher altitudes
(5–10 km upward continuation) further supports a deep-rooted sedimentary
basin or a post-rift sag. The alignment of these features with known seep-
age zones and continental intercalair (CI) units indicates some bearing with
hydrocarbon accumulation and migration.

4.1.1. Topographic, free-air, and complete Bouguer anomaly maps

The terrain of the Sokoto Basin and its environs is unevenly undulating
(Fig. 5a). The Gwandu formation’s rift flow is at a lower height than the
southern and eastern rift borders, which are the highest elevation locations.
There is a strong association between the elevation map (Fig. 5a) and the
free air anomaly map (Fig. 5b). High-elevation regions, such the Gulma
(escarpment features), exhibit negative free air anomalies. Significantly neg-
ative free air anomalies, up to −55.84 mGal, are present on the rift floor.

Elevation and spatial variation in the Bouguer anomaly are inversely
correlated, as shown by the complete Bouguer anomaly (Fig. 5c). Lower to
upper crust density heterogeneities are responsible for the observed gravity
anomaly map.

There are gravity highs on the Iullemmeden Basin floor, which follows
the Sokoto Basin’s northern limit. Whereas gravity low point to less dense
subterranean masses, these highs point to denser subsurface masses. Minor
high-gravity patches can be found in the northernmost pre-Maastrichtian
strata. There is a high gravity region that is heading northeasterly in the
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southern part of the research area. (Hinze et al., 2013; Telford et al., 1990)
These gravity highs may be due to dykes, which are high-density minerals
that penetrate from the mantle. Gravity highs and lows are depicted on
the map toward the northeast. Denser components inside the Earth’s crust
may be presumed to function as thermal sources in regions with large gravity
anomalies.

4.1.2. Separation of regional-residual gravity field

Isolating relative gravity anomalies or anomalies of significance is crucial
when evaluating Bouguer gravity anomalies (Jacobsen, 1987; Mickus et al.,

Fig. 5. Southwestern Sokoto Basin geology and geophysical characteristics (a) elevation
map displaying the region’s topography (b) free air anomaly map of the region (c) map
displaying the entire Bouguer anomaly map for the research area. The following labels
are applied to important geological features and structures on the maps: CT stands for
Continental Terminal Gwandu formation, and SEP for Southeast Plateau. SG stands for
Sokoto group Paleocene sediments, RG for Rima group Maastrichtian.
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Fig. 5. Continued from the previous page.

2007; Mekkawi et al., 2021; Mekkawi, 2012; Moussa et al., 2020). Region-
al and residual gravity anomalies make up the observed Bouguer gravity
anomaly field. Regional and residual separation techniques were applied
to the gravity dataset in order to ascertain the extent of the regional back-
ground. By subtracting the regional influence (Fig. 6) from the full Bouguer
gravity anomaly (Fig. 5c), the residual gravity anomaly was calculated.

4.1.3. Regional gravity anomaly from upward continuation

Various techniques can be used to characterise the causative bodies of grav-
ity anomalies, depending on the goals. Here, the entire crust underlying
the southwestern Sokoto Basin is investigated by looking at the regional
anomaly. The complete Bouguer anomaly map (Fig. 5c) was extended up-
ward to form the regional gravity anomaly map (Fig. 6). In order to observe
the impact of deep-seated entities, the CBA map was expanded for differ-
ent continuation distances. The distribution of the regional gravity field at
different distances is shown in Fig. 6. At subterranean depths of 0.5, 2.5,
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3.5, 5, and 7 km, respectively, gravity effects are detected at the subsequent
continuation distances (heights): 1, 5, 7, 10, and 14 km. Shallow-seated
bodies are suppressed, while deep-seated bodies are enhanced, as shown in
Fig. 6a-d. Low frequency (high wavelength) structures that simulate the
impact of deeper and broader Earth structures remain after high frequency
structures are filtered out by upward continuation (Jacobsen, 1987). The
complete Bouguer map at ground level (0 km) in (Fig. 5c) clearly shows the
influence of shallow plate sources on deep-seated entities.

On the other hand, when the complete Bouguer map is extended up to
5 km, the elimination of short-wavelength abnormalities and the enhance-
ment of deep-seated entities become visible (Table 2). Four unusual trends
are discernible: (i) Gravity responses from deep-seated entities are rela-
tively low on the flanks of the Sokoto Group (Dange and Gamba). (ii) Low
gravity responses are observed in the rift margins and floor following the

Fig. 6. Regional field map determined by upward continuation at the specific distance:
1 km (a), 5 km (b), 10 km (c), and 14 km (d). Labels: SWP = southwestern plateau, CT
= Continental Terminal Gwandu-Eocene, CI = Continental Intercalair pre-Maastrichtian,
SG = Sokoto group Paleocene, RG = Rima group Maastrichtian, respectively.
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Fig. 6. Continued from the previous page.

southern termination of the West Africa merging area; (iii) intermediate to
high gravity responses are observed in the Gundumi-Illo formation and the
rift floor; and (iv) a very high gravity field response is observed toward the
north following the southern terminus of the Basement complex.

The suppression of shallow-seated entities intensifies these gravity anomaly
zones at 5 km, 7 km, and 10 km upward continuation (Figs. 6a-d). With
a northward gravity increment along the axis of the profiles, the regional
Bouguer anomaly map (Figs. 6a-d) shows the broad regional gravity trend
of the Sokoto inland basin. At lesser upward continuation heights, the influ-
ence of border faults and structural highs is noticeable as the predominant
NE–SW prominent characteristics. A significant increase in the local grav-
ity anomaly is seen northwest of the Rima group (Figs. 6a-d). The Sokoto
and Rima groups’ respective regions are more developed than the western
region, according to previous claims supported by this anomalous signal
(Umego et al., 1992, 1995; Nwanko and Shehu, 2015).
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Table 2. Stratigraphic correlation with faults, after Obaje et al. (2013). Labels: CT –
Continental Terminal, CI –Continental Intercalair, SG– Sokoto Group, RG–Rima Group.

Fault influence Gravity Stratigraphic Hydrocarbon
Zone/Structural signature Unit Implication
interpretation

NW to SE residual Sharp gradients RG Possible faulted
anomaly flanks/ discontinuities (Maastrichtian) traps; sealing
Uplifted fault block +9.2 mGal (High) structures

Intersecting CT & Low anomalies CI Migration
CI zones (High depressed zones (pre-Maastrichtian) pathways
density intrusion & +16.2 mGal (High) & CT (Eocene) through
sedimentary trough) & residual lows fractures

−14.2 to 2.6 mGal

Positive anomalies Elevated residual SG (Paleocene) Potential uplift/
near SG/Thick zones fault-supported
sediment −2.7 mGal (Low) reservoir

4.1.4. The residual gravity anomaly map

The residual gravity anomaly map (Fig. 7) reveals a consistent NW–SE
alignment of both positive and negative anomalies across the Sokoto Basin.
These anomaly trends coincide spatially with key stratigraphic units: Con-
tinental Terminal (CT), Continental Intercalair (CI), Sokoto Group (SG),
and Rima Group (RG) suggesting underlying structural influences. High-
gradient zones within the residual anomalous zone probably coincide with
some faults, with lateral offsets estimated between 10 and 12 km (Fig. 7,
Tables 1 & 2). The deep gradients are observed RG and SG boundaries, sug-
gesting some uplifted fault blocks or crustal compartmentalisation. Subdued
anomaly zones within CI formations exhibit subtle troughs and low-density
corridors, potentially marking migration pathways for hydrocarbons from
deeper formations (Fig. 7, Tables 1 & 2).

The strong NW–SE residual gravity signature supports the presence of
deep-seated basement faults probably related to the basin’s structural evo-
lution. Residual lows within CI zones align with mapped seepage sites and
may represent fault-controlled vertical migration corridors (Fig. 7, Tables 1
& 2). The N–S trending faults intersecting major NE–SE structures act as
secondary conduits, with residual anomalies along these features showing
subdued gradients that may reflect sedimentary infill or fault sealing.
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Residual highs flanking the SG and RG units likely indicate uplifted
fault blocks forming structural traps. These blocks may create cap-rock
architecture critical for hydrocarbon entrapment, especially where they are
juxtaposed against impermeable units (Kogbe, 1979; Obaje et al., 2013).
The structural features derived from gravity anomalies correspond well with
mapped stratigraphic units, allowing for positive correlation and alignment
of geophysical data and lithological information. This alignment reinforces
the role of basement tectonics in shaping petroleum system architecture
across the Sokoto Basin.

4.1.5. Geological features and anomaly amplitudes

Several geological structures, such as the Rima group (RG), Sokoto group
(SG), Continental intercalaire (CI), and Continental terminal (CT), are de-
lineated by the residual anomalies. These characteristics are found close to

Fig. 7. Residual anomaly map Labels: CT = Continental Terminal Gwandu–Eocene; CI
= Continental Intercalair of pre-Maastrichtian sediments; SG = Sokoto group Paleocene
sediments; RG = Rima group Maastrichtian sediments, respectively.
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the Argungu-Gwandu formation, Kaloye, the Isah-Sabon-Birni structures,
Sokoto-Dogon-daji, and the Gundumi/Illo formation.

With amplitude of +9.2 mGal, the anomaly above the Rima group
(RG) in Sokoto-Dogon-daji shows a high gravity. The anomaly over the
Sokoto group (SG), on the other hand, has a low gravity with amplitude
of −2.7 mGal (Fig. 7, Table 2). Gravity amplitudes of the anomalies over
the Gwandu Continental Terminal (CT), close to the Argungu-Gulma com-
munities, range from −14.2 mGal to +2.6 mGal. The Gundumi and Illo
formations have a positive anomaly with amplitude of +16.2 mGal, which
corresponds to a continental intercalaire (CI) anomaly. Prominent NE–SW
trends in the southern zone exhibit clear structural alignments that cor-
relate with known pre-existing basement faults, likely the ones reactivated
during the early stages of basin rifting (Fig. 7, Kogbe, 1979; Obaje et al.,
2013). These fault systems appear to control uplifted basement blocks and
may have facilitated the emplacement of intrusive bodies, expressed in the
gravity data as localised highs. Residual gravity anomalies, together with
EBTHG results, indicate that these are deep-seated, high-gradient struc-
tures, interpreted as basin-segmenting transfer faults. Such faults exert a
strong influence on the spatial distribution of sedimentary facies and play a
critical role in the development of structural traps and hydrocarbon migra-
tion pathways (Kogbe, 1979, 1981; Obaje et al., 2013). The N–S trending
structures occur as secondary lineaments intersecting the dominant NE–
SW and NW–SE fault systems. These are interpreted as younger strike-slip
or transcurrent faults, possibly accommodating stress redistribution during
later tectonic phases (Fig. 7; Table 2). Depending on their geometry and
kinematics, these faults may act either as secondary migration conduits or
as sealing barriers for hydrocarbons.

4.1.6. Density contrast and geological implications

The high gravity in the vicinity of the Gundumi and Illo formation indicates
a good density variance with the basement or adjacent rocks. Thickened
sediments over the Paleocene Sokoto group or the Gwandu formations are
consistent with the area’s reported gravity lows (Fig. 7, Table 2). A strong
link may be seen between the geology map and the residual anomaly map.

Based on the Bouguer map, the most prominent gravity high Continen-
tal intercalaire (CI) anomaly is found in the Gundumi and Illo formations,
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which are situated outside the Pre-Maastrichtian sediment zone. There
might be a high-density intrusion in the foundation underneath, which
would explain this gravity high. The presence of high-density intrusive
rocks, like red molten ironstone, cannot be completely ruled out, but sub-
stantial sedimentary overburden may be the cause of a low relative gravity
(Kogbe, 1979; 1981).

4.2. Application of enhancements filters and depth analysis to
gravity data

To gain a deeper understanding of the gravity data, we employed various
techniques and filters, including power spectrum analysis, 2D and 3D mod-
els, enhanced balanced total horizontal gradient, and directional filtering.
These methods enabled us to estimate depths and detect edges. The residual
anomaly of the gravitational sources is presented in Fig. 7.

4.2.1. Enhance balanced total horizontal gradient

The EBTHG technique provides a more detailed representation of subsur-
face features compared to horizontal derivative gravity, as evident in Figure
8. This map simultaneously enhances short-and long-wavelength anomalies,
offering a clearer image of lithological and structural discontinuities. The
colour scale legend helps identify the edges (borders) of source bodies, dis-
tinguishing between the source body, edge, and outside source bodies. The
EBTHG technique also sharpens the peaks of gravity anomalies and widens
weak anomaly signals, making it useful for locating deep sources (Pham,
2023; Salem et al., 2011). Strong density differences are shown by anoma-
lies with high gradient values, while minima in the EBTHG map (Fig. 8)
describe the area near the Continental Terminal of the Gwandu’s Eocene
deposits. The viewing of both shallow and deep-seated subsurface entities
is enhanced by this filtered map. In Figure 8, the striking faults that in-
dicate the direction of boundary faults—NE-SW, E-W, and NW-SE—are
prominently displayed at their respective sites.

4.2.2. Directionally filtered gravity map

A Fourier-based method was used to transform the Bouguer and residual
gravity anomalies, producing directionally filtered data that highlighted par-
ticular features. Following filtering, the data was inversely Fourier converted
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Fig. 8. Enhance balanced total horizontal gradient map over the Study area. Labels:
CT = Continental Terminal of Gwandu Formation, CI = Continental Intercalair of Gun-
dumi/Illo Formation, SG = Paleocene sediments of Sokoto groups, RG = Maastrichtian
sediments of Rima group.

into the space domain. Figure 9 shows the result of using a 45◦ directional
filter aimed at the northeast, which includes the Rima groups who noted
that linear features on topographic maps can show the positions of verti-
cal movements, tilting, or horizontal displacements, which are frequently
interpreted as faults or lineaments. We colour-coded the directionally fil-
tered maps to highlight areas where patterns were disrupted (Fig. 9). The
fault structures are successfully enhanced in the final map, which makes the
underlying geological characteristics easier to see. Enhanced edge detec-
tion filtering further refines these interpretations by suppressing noise and
clarifying contact zones, validating the correlation between residual gravity
signatures and subsurface fault dynamics.
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Fig. 9. Directionally filter gravity map of the Study area. Labels: CT = Continental
Terminal of Gwandu Formation, CI = Continental Intercalaire of Gundumi/Illo Forma-
tion, SG = Paleocene sediments of Sokoto groups, RG = Maastrichtian sediments of Rima
group.

4.2.3. Depth estimation and source characterisation

As illustrated in Figure 10, the logarithm of spectral energy plotted against
wavenumber represents the computed average power spectrum derived from
gravity anomaly data. Using a piece-wise least-squares linear curve fitting
method, linear segments were fitted to the power spectrum to estimate the
depth to the top of gravity sources (density interfaces). The spectral energy
was categorised into low, intermediate, and high-frequency bands, repre-
senting deep, intermediate, and shallow sources, respectively. The domi-
nance of low-frequency components indicates that a significant portion of
the anomaly arises from deep-seated sources. The estimated depth to the
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Fig. 10. Average power spectrum curve with their depth estimation.

deepest sources is approximately 11.5 km, aligning with values observed in
comparable tectonic settings within West Africa. Nwankwo (2015) reported
similar deep anomalies within the Iullemmeden Basin, reaching depths of
10–12 km. Obaje et al. (2013) also noted deep-seated magnetic sources in
the Sokoto Basin, confirming the reliability of the current estimates. The
shallow source depth of approximately 1.5 km corresponds to the thickness
of younger sedimentary covers, particularly within the Gwandu Formation.
These values are consistent with shallow source depths of 0.7 to 2.0 km re-
ported by Kogbe (1981). Table 3 provides a summary of spectral depth esti-
mates across different structural blocks. Deep source depths range between
3.04 km and 8.91 km, while shallow plate sources vary between 1.16 km
and 4.59 km. These estimates correlate well with lithostratigraphic data
from well logs and boreholes (Kogbe, 1979; Table 1), thereby validating the
spectral approach. For example, the depth of 4.54 km (Block 1) aligns
with the base of the Illo/Gundumi formations where intrusive bodies are
known to occur, as discussed by Adamu et al. (2021). The third segment
of the power spectrum accurately defines the data noise threshold, thereby
enhancing the robustness of the interpreted depth estimates. This tripar-
tite division into noise, residual, and regional components is consistent with
gravity interpretation methodologies described by Telford et al. (1990).
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Table 3. Depth estimates for the deep (regional), shallow (residual), and noise components
of the subsurface anomalous source, with their uncertainties of each of the blocks.

Blocks DDpt UErr DSha UErr LApp LInf

1 8.91 0.36 4.54 0.02
Intrusive at the bottom

bodies layers of Ilo/Gundumi

2 6.40 0.21 4.06 0.05
Lacustrine

at Dukamajeshale layers

3 4.12 0.10 2.41 0.08
Quaternary

at Gwandulayers

4 3.04 0.09 1.77 0.06
Lacustrine

at Talokashale layers

5 4.90 0.31 2.87 0.07
over the layers at the bottom

of gravel of Illo

6 5.02 0.27 4.59 0.16
Shale strata

Dukamaje/Dangewith variegation

7 3.99 0.10 1.16 0.06
Intrusive at the bottom

bodies layers of Illo

8 3.77 0.33 1.53 0.02
Lacustrine

at Dukamajeshale layers

9 4.25 0.06 1.74 0.04
Top of

at Talokagravel layer

Legend: DDpt = Depth to Regional (Components) (Deep, km); DSha = Depth to Resid-
ual (Components) (Shallow, km); UErr = Uncertainty Error (± m); LApp = Lithostrati-
graphic approximation from Table 1; LInf = Litho-structural Information.

4.2.4. Werner depth gravity analysis

The depth and location of gravity sources along the rift axis were further
assessed using the Werner deconvolution technique. Table 4 presents the
results of this automated inversion, identifying vertical contacts and dyke-
like structures. The estimated depths from the Werner method (ranging
from 3.2 to 4.5 km) correspond well with the intermediate depths derived
from spectral analysis. Structural alignments inferred from the Werner solu-
tions show strong conformity with fault patterns observed in residual gravity
maps.

4.3. Interpretation of the residual anomalies

Residual gravity anomalies were analysed to outline the subsurface struc-
tural configuration. Profile A–A’ indicates gravity lows and highs that cor-
relate with the Gulma and Duku-Tarasa escarpments. These are attributed
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Table 4. Investigation of Werner deconvolution anomalous depth profiles using statistics.

Trend No Par Dmin Dmax Dmean SD Remarks

N to S 1
Z Contacts −4210.46 −0.25 −125.39 130.25 Estimates vertical
Z Dykes −4507.12 −0.23 −189.20 110.06 sources

NE to SW 2
Z Contacts −3245.51 −0.18 −110.28 143.23

//
Z Dykes −3450.04 −0.14 −122.90 107.12

NW to SE 2
Z Contacts −3756.98 −1.34 −140.32 167.21

//
Z Dykes −3865.90 −1.13 −137.08 189.09

E to W 4
Z Contacts −3989.54 −0.21 165.89 156.98

//
Z Dykes 4032.54 −0.18 −173.32 142.76

Total 9

Legend: No = Numbers; Par = Parameter; Dmin = Minimum depth (m); Dmax =
Maximum depth (m); Dmean = Mean depth; SD = Standard deviation (m).

to mafic intrusions with a density contrast of approximately 0.30 g/cm3,
and these match the values reported for similar intrusive bodies in the re-
gion by Kogbe (1979). Profiles B–B′ and C–C′ traverse the Illo and Rima
formations and display gravity signatures corresponding to basement undu-
lations, consistent with previous models from the Iullemmeden Basin (Obaje
et al., 2013). The main goal of interpreting quantitative gravity data is to
identify a subsurface structure that reflects the gravity field that is observed.
The deeper the underlying structure, the greater the anomaly’s size. This
method mainly uses geologic data, highlighting the importance of having a
sufficient understanding of the local geology. The Eocene-aged sediments in
the research area are part of the Gwandu Formation and have an average
density of roughly 2.35 g/cm3 (Tables 4 & 5). Paleocene and Maastrichtian
deposits (Kalambaina, Dange, Gamba, Wurno, Dukamaje, and Taloka for-
mations) make up the underlying strata. Their average densities are roughly
2.40 and 2.55 gcm−3, respectively. As stated by Kogbe (1979, 1981), these
deposits reach a depth of about 270 metres. Along with continental deposits
(the Illo and Gundumi formations) at roughly 700 m, which have an average
density of 2.64 gcm−3, there is a lower Cretaceous or Pre-Maastrichtian de-
posit below this depth (Kogbe, 1979, Tables 4 & 5). The value 2.35 gcm−3 is
the estimated mean density of the sediments covering the basement rocks.
Although the interpretation method employed in this work is vulnerable
to model ambiguities, it is beneficial because most ambiguities are kept
within reasonable ranges by geological and geophysical constraints. Ac-
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cording to the profile constructed on the residual anomaly, the substantial
Duku-Tarasa and Gulma magnetic anomaly is located exactly where the
aeromagnetic data shows a strong magnetic low in the northern region of
Argungu and Birnin Kebbi (Adamu et al., 2021). This confirms that the
gravity data’s location and magnitude of this anomaly are accurate.

Table 5. Density contrasts vs. observed lithologies used for the purpose of analysis (Kogbe,
1979; Telford et al., 1990).

Observed lithologies Density range (gcm−3) Average density (gcm−3)

Overburden soil 1.24 – 2.4 1.92

Sandstone 1.61 – 2.72 2.35

Sand 1.7 – 2.3 2.0

Gravel 1.7 – 2.4 2.0

Clay 1.63 – 2.6 2.21

Shale 1.77 – 3.20 2.40

Limestone 1.93 – 2.90 2.55

Basalt 2.70 – 3.30 2.99

Acidic igneous rocks 2.30 – 3.17 2.61

Metamorphic 2.4 – 3.1 2.74

Basic igneous rocks 2.09 – 3.17 2.79

Mafic intrusions 2.50 – 2.81 2.64

Schist 2.39 – 2.90 2.64

4.4. Gravity models

The residual gravity anomaly was used to build two-dimensional gravity
models. Profiles A–A′, C–C′, and B–B′ (Fig. 7) that run along the rift
axis were the profiles along which measured anomaly values were obtained.
In order to create 2D models, these profiles were specifically selected to
intersect at the Gwandu continental terminal (CT).

4.4.1. 2D gravity model along and across the selected profiles

In Figure 11, Profile A–A′ crosses the Gwandu formation and extends north-
south. This profile runs north to south across the anomalies of the Gwandu
formations. A gravity low is shown at around 4.5 km from the southern end,
while two gravity highs are visible at about 2.0 and 6.0 kilometres. A density
contrast of −0.20 gcm−3 in the sedimentary strata led to the introduction
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of two escarpment structures, Gulma and Duku-Tarasa (Fig. 11, Table 4),
to explain the low and intermediate gravity values. A causative body at
the profile’s southwest end has a density contrast of 0.30 gcm−3 (Table 4).
With a dip angle of almost 35 degrees on either flank, this body is roughly
3.0 km long and extends to 6.0 km. The “Gore” in Fokku, which is an
intrusive entity inside the Gundumi formation, is responsible for the high
gravity along the profile.

Profile B–B′, shown in Figure 12, passes through the Rima group and Illo
formation in a NE–SW direction. This profile’s basement intrusions were
described, with the southern part of the profile dominated by the Gwamba
scarp in the Illo formation. According to Figs. 2 and 12, the profile shows
two gravity highs at 4 and 10 km, respectively, and a gravity low at 3 km
from the southwest end. The eastern part of the Rima group has a gravity
low, which can be explained by a density differential of 2.0 gcm−3 in the ore
deposit (Table 4).

Fig. 11. Two-dimensional gravity model over the profile A–A′. In this case, gcalc (dashed
line) stands for the calculated gravity and gobs (solid line) for the observed gravity.
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By crossing the Rima group (Wurno-Rabah and the Sokoto-Bodinga-
Tambuwal trenches), Profile C–C′ (Fig. 13) moves from the NW to SE of
the Sokoto group to the NE to SW of the Gundumi formation. This region
is regarded as a potential hydrocarbon exploration site (Obaje et al., 2013).
When the model is seen, the lateral and vertical discontinuities of geological
formations and structures such as intrusive bodies and buried weak zones
and faults can be clearly seen.

4.4.2. 3D model of shallow structural features of Sokoto Basin

The 3D geophysical model (Fig. 14) presents an integrated image of upper
lithospheric architecture. Basement depths vary between 2.5 and 9.0 km
along selected profiles. The deepest parts coincide with areas of low grav-
ity and thick sedimentary cover. These interpretations are consistent with
Kogbe’s (1981) structural division of the Sokoto Basin. The model illustrates

Fig. 12. 2D gravity model along the profile B–B′ crossing the Sokoto basin. Here, gobs
(solid) represents the observed gravity and gcalc (dashed) represents the calculated gravity.
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Fig. 13. 2D gravity model across the profile C–C′ crossing the Sokoto basin. Here, gobs
(solid) represents the observed gravity and gcalc (dashed) represents the calculated gravity.

ridges, trenches, and intrusive features, affirming the complex tectonic evo-
lution of the region.

4.5. Depth extent, density contrast and lithological correlation

Density contrasts derived from gravity modelling are consistent with litho-
logical units mapped in the study area. For instance, the Gwandu Formation
exhibits an average density of 2.35 gcm−3, while intrusive bodies are denser,
averaging 2.64 gcm−3. These values correspond closely with the ranges re-
ported by Telford et al. (1990) and support the stratigraphic correlations
established from well-log data (Table 6). An approximate depth extension
of 9 km was found in both profiles. The intrusion’s density contrast is
2.3 gcm−3, and its depth extension is 3 km. The depths to the top of the
basement vary between roughly 9.0 and 2.5 kilometres along and across the
three profiles. To comprehend the structure beneath the Sokoto basin, sub-
surface modelling was carried out, which showed that comparable density
interfaces varied in depth. It is in line with the findings of Kogbe (1979,
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Fig. 14. 3D architecture of the upper lithospheric structures beneath the Sokoto Basin.

1981), who proposed that the northwest structural high of the Gwandu for-
mation divides the northern and central portions of the Sokoto basin. The
geological map shows that the Quaternary rift sediment (ρ = 2.38 gcm−3,
Table 4) is the top density layer, covering the majority of the rift floor
(Fig. 2). This second layer includes the Sokoto group (ρ = 2.14 gcm−3,
Table 4), the Eocene Gwandu formations, the Gamba shale and claystone
(ρ = 2.49 gcm−3, ρ = 2.42 gcm−3, Table 4), and the Kalambaina forma-
tion, which unconformably covers the Wurno-Rima group (ρ = 2.24 gcm−3)
(Kogbe, 1979). According to several authors, Maastrichtian sediments are
present in the northern section of the Iullemmeden basin, despite the fact
that the thickness of these formations is not well constrained (Kogbe, 1979,
1981; Obaje et al., 2013).

4.6. Structural framework and basement depth

The fault planes and depressions of the shallow plate sources are revealed
by the inclusion of ferruginous rocks from the Sokoto and Gwandu groups.
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Table 6. Comparative summary of findings.

Parameter Present Ko79,Ko81, Nw15 Interpretation

study Ob13

Deep source ∼11.5 km ∼5 to ∼11.5 to Matches regional

depth 12 km 28 km basement estimates

Shallow ∼1.5 km ∼0.7 to ∼1.2 to Reflects younger

source depth 2.0 km 1.8 km sedimentary thickness

Density 2.21 to 2.2 to 2.3 to Consistent with

contrast 2.64 gcm−3 2.7 gcm−3 2.6 gcm−3 regional lithologies

Intrusive Confirmed Confirmed Confirmed Inferred from

bodies gravity anomalies

Legend: Ko79 = Kogbe (1979); Ko81 = Kogbe (1981); Ob13 = Obaje et al. (2013); Nw15
= Nwankwo (2015).

The shallow structural characteristics of the Sokoto basin were formed by
the movement of intra-sedimentary units to deep subsurface plate sources.
Because of underlying anomalies, the zones in the Sokoto Basin have various
structural frameworks due to discontinuity or lack thereof. The power spec-
trum analysis for deep sources is compatible with the 3D model’s basement
depth, which indicates a deep basement (11.5 km). The findings of power
spectrum analysis and the 3D block exhibit a strong correlation (Table 2).

5. Conclusions

This study presents a comprehensive investigation of the gravity data over
the southwestern Sokoto Basin, utilizing digital filtering techniques such as
enhanced balanced total horizontal gradient, directional filtering, spectrum
analysis, and 2D Werner depth analysis. The key findings of this study are:

(i) Gravity data confirm significant anomalies at Duku-Tarasa and Gulma,
with low negative anomalies and localised highs caused by high-density
materials with average densities of approximately 2.75 gcm−3 probably
indicating the presence of ferruginous rocks (a probable reservoir?).
This is a future exploration target. The escarpment is centred roughly
2-km depth anomalies.

(ii) The dip estimates of the primary scarp-producing anomalies vary from
20◦ to 48◦, with lateral extents of 3 and 6 km, respectively. Inward-
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dipping (convergent) walls are observed in certain places within Gwandu
formation; there is a 40-m thick layer of carbonaceous shale as reported
by Kogbe (1979) and recently by the Kebbi State Ministry of Mines and
Steel Development.

(iii) Source depths tend to deepen toward the south, as indicated by 2D
spectral depth analysis of gravity data and their joint 2D forward mod-
elling.

(iv) The 3D gravity model agrees with surface geological features and depth
measurement techniques, providing two depth estimates of 1.80 and
2.93 km, which closely correspond to the locations of two density in-
terfaces.

(v) Upper crust gravity modelling reveals intrusions at depths of 10 to
20 km and 5 to 10 km, respectively, in the up-dip sections of the Taloka
and Gundumi-Illo Formations.

The study also highlights the impacts of faults on hydrocarbon systems
in the southwestern Sokoto Basin: Quaternary faults and fractures in the
Eocene sediment at the Gwandu Continental Terminal play a crucial role
in the local hydrocarbon system, influencing sediment cover and potentially
enabling vertical migration through the Eocene seals. The faults and frac-
tures may provide pathways for hydrocarbon accumulation and migration:
highlighting the importance of understanding fault geometry for future hy-
drocarbon exploration.
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