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ABSTRACT

This study carried out a seismotectonic analysis of parts of Togo-Benin-Nigeria shield by
delineating and characterising crustal discontinuities using gravity bouguer anomaly data.
This was with a view to understand the significance of the discontinuities to the seismicity of
the area. Three dimensional (3-D) Euler deconvolution and horizontal gradient magnitude
(HGM) at varied upward continued layer were applied on the filtered bouguer gravity data to
highlight crustal discontinuities and determine their dip directions. The result showed that 89
lineaments were mapped as faults/fractures from the gravity data. The lengths of the linea-
ments range from about 6.2 to 94.3 km. The prominent fault/fracture trends were in the
N-S and NNE-SSW directions with less dominant trends in the NE-SW and NW-SE directions.
The prominent N-S trend pattern aligns with the general N-S foliation strike emplacement
across the shield. The Lagos-Ibadan-ljebu-Ode fault line was identified in this map as having
close proximity to locations of previous earth tremors and therefore might be associated to
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those events.

1. Introduction

Devastating earthquakes are known to occur along
tectonic plate boundaries, although there have been
intraplate earthquakes which have also resulted in
devastations. In Africa, the East African Rift system
and the North Africa Atlas thrust and fold belt are
areas experiencing a lot of seismicity of earthquake
magnitude (Yang and Chen 2010; Meghraoui and
Pondrelli 2012). Other parts of the continent such as
the Southern African plateau, the Congo basin, the
Cameroon Volcanic Line and the West Africa region
are also seismically active. In the West African region,
major historic and recent earthquake events have
occurred in the region. Examples are the M,, 6.5 earth-
quake that occurred in Accra, Ghana on the 22nd of
June 1939 and the intraplate earthquake of
22 December 1983 (M,, 6.4) on the stable West
African Craton (WAC) in Guinea (Ajakaiye et al.
1987). The Togo-Benin-Nigeria (TBN) shield, which
lies southeast of the WAC, has also recorded cases of
earth tremors especially in the southwestern part of
Nigeria. The first reported event of earth tremor
around the shield was in 1933 near Warri (Ajakaiye
et al. 1987). Recently within and around the shield,
events such as tremor of 6 June 2016 in Saki;
10 July 2016 in Bayelsa with attendant destruction of
buildings; and the 2.6 M; magnitude tremor of
12 September 2016 in Jaba Kaduna State have been
witnessed. These occurrences establish the fact that the
TBN shield is not aseismic as previously thought. The

reoccurrence of tremor events within and around the
shield suggests the need for identification of weakness
zones in the region and their relationship with the
tremor events. This will serve as a measure for earth-
quake preparedness in this region, necessitating this
study.

Previous studies, though limited by paucity of
instrumentally recorded seismic data, suggested that
the tremors in the shield are as a result of the inland
extension of the Atlantic fracture system in the NE-
SW direction which is inferred to be associated with
the Ifewara-Zungeru fracture systems (Adepelumi
et al. 2008; Anifowose et al. 2010; Akpan et al.
2014). Eze et al. (2011) suggested that the zones of
weakness resulting from magmatic intrusions and
other tectonic activities in the sediments could be
a possible mechanism for the intraplate tremors
experienced in the shield. Onuoha and Ezeh (1992)
in their examination of the association of fossil plate
boundaries and seismotectonics events in West
Africa observed that there exist a relationship
between fossil plate boundaries/suture zones and
seismic events in the region, indicating the impor-
tance of lineament mapping in the study of intra-
plate earthquake events in the region. This study
therefore seeks to delineate the discontinuities
within the study area to provide further insight
into the tectonic setting of the region and its rela-
tion to the reoccurring seismic events within the

shield.
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Figure 1. Map of the Study Area within the TBN Shield
(Ajibade and Wright 1989).

2, Study area

The study area is situated within the TBN shield from
longitude 1°02" E to 5°16’ E and from latitude 6°56'
N to 8°47' N (Figure 1). It spans through Togo, Benin
Republic and southwestern Nigeria.

3. Geological setting of the TBN shield

The TBN shield is the southward elongation of the
Pan-African mobile belt situated in-between the West
African and the Congo cratons (Black 1980). The
shield is understood to have emerged from plate tec-
tonics processes (Ajibade et al. 1989). It is bounded to
the west by a suture zone which emanated from the
collision of the passive continental margin of the
WAC and the active margin of the shield. This colli-
sion at the suture zone is thought to have resulted in
the reactivation of existing rocks and the emplacement
of large volume of granites in the internal region of the
shield (Ajibade and Fitches 1988; Ajibade et al. 1989).
Geochronological studies revealed that the shield is
made up of rocks of varying age which include
Liberian (Archaean), Eburnean (early Proterozoic),
Kibaran (middle Proterozoic) and Pan-African (late
Proterozoic) (Ajibade and Fitches 1988). The geology
of the TBN shield is subdivided into three structural
units as suggested by Affaton (1990), namely, the
external structural units, the suture zone and the inter-
nal structural units. The external units consist of the
Buem and Atacora groups. The suture zone is
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Figure 2. The Geologic Map of the Study Area (Affaton et al.
1991).

a narrow area that cut-across south-east Ghana,
Togo and north-west Benin Republic consisting of
ultrabasic and basic rocks. The internal units, also
known as the Benino-Nigeria basement, consist of
the Migmatite—Gneiss Complex (MGC), the Schist
Belt, the Older Granites and the undeformed acid
and basic dykes (Obaje 2009).

The study area is underlain by the atacora unit
(quartzites and mica schists), the ultrabasic and basic
rocks, the older granite, the schist belt and the MGC
(Figure 2).

4, Methodology

The Bouguer gravity anomaly data from Earth
Gravitational Model 2008 (EGM2008) was used for
this study. The spatial resolution of the EGM2008
model is 2.5 x 2.5. It was gridded using the minimum
curvature algorithm. High-pass filter using a 1000 km
cut-off wavelength was applied on the gravity data to
remove deep mantle sources. Upward continuation
filter at 10, 20, 30, 40, 50 and 60 km were also applied
to the filtered Bouguer anomaly data. The horizontal
gradient magnitude (HGM) of the filtered Bouguer
gravity anomaly was computed, at the varied upward
continued layers, to amplify lateral boundaries of den-
sity contrast in the gravity data at those layers. In order
to obtain depth estimates to geological lineaments,
3-D standard Euler deconvolution technique (Reid



et al. 1990) was also carried out on the filtered Bouguer
anomaly data. The Euler deconvolution parameters
used window sizes of 10 and 20 and structural index
of 0.

5. Result and discussion

5.1. Qualitative interpretation of the gravity
Bouguer anomaly map

The gridded map generated using the minimum cur-
vature interpolation on EGM2008 Bouguer gravity
data is presented in Figure 3. The values of the data
ranged between —36 and +28 mGal. The map indicates
an area covering a continental crustal region. It shows
the gravity anomalies arising from the lateral varia-
tions in density of underlying rocks within the crust.
From the extreme west of the study area, a broad
elongated gravity low oriented in the N-S direction is
observed at Sotouboua, Oranyi and west of Atakpame.
These gravity lows correspond to the external struc-
tural unit domain of the Dahomeyide range, coincid-
ing with the Atacora rock unit (Figure 2). The negative
gravity value is likely related to the tectonic overload
(crustal thickening) during the Pan-African Orogeny
in this area (Tidjani et al. 1993). Tending towards the
east from Oranyi, a gradient zone in which the gravity
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Figure 3. Bouguer Gravity Anomaly over the Study Area.
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anomaly value increases until Bante is observed. The
gradient zone confirms the presence of dense basic
rock massifs along the suture zone that passes in-
between Oranyi and Bante. At Bante, a north-south
trending positive gravity anomaly extends south to
Chetti. This high gravity anomaly value is connected
to the severe magmatic and high-temperature meta-
morphism that developed east of the suture zone indi-
cated by the presence of granulitic formations or of
syn- to post-tectonic granites along this line (Caby
1989; Tidjani et al. 1997). It suggests the existence of
subjacent dense bodies or rise of the upper mantle
(Tidjani et al. 1993). East of this positive gravity anom-
aly lies the N-S trending Kandi fault (Figure 2). At
Kemon and Saki, an east-west trending gravity low is
observed. Trending southward, the anomaly value
gradually increases and peaks at Ketou, Abeokuta
and Ijebu-Ode. The positive gravity anomalies noticed
at locations such as Abeokuta, Ibadan, Igangan, Ife
and Ilesha are due to the presence of mafic/ultramafic
bodies in the schist belt of southwestern Nigeria. Zero
gravity anomaly value is observed to run east begin-
ning from Bante through Glazoue, Ijio, Iseyin, Oyo
and Ede dividing the study area east of Bante to
negative gravity anomaly in the north and positive
anomaly in the south. This trend is likely due to the
gradual mantle rise going from north to south (Tidjani
et al. 1997).

Figure 4 shows the bouguer map after the removal
of deep mantle effect using high-pass filter at 1000 km
cut-off wavelength. The filter enhanced short-
wavelength signal which corresponds to sources from
within the lithosphere. The filtered Bouguer anomaly
map has gravity anomaly values ranging between —21
and +24 mGal. The map can be subdivided into three
principal divisions of gravity anomaly values, namely -
high, intermediate and low. The high gravity anoma-
lies, 5 to 24 mGal, occupy a large part of the study area
underlying locations such as Bante, Glazoue, Ido,
Abeokuta, Igbeti and Ife. The intermediate value grav-
ity anomalies (values ranging from —4 to 4 mGal) are
noticed across the study area in between the high and
low gravity anomalies; they are present at Kemon,
Dagou Kajola and Ogbomosho. A number of gravity
lows are noticed at Sotouboua, Oranyi, Atahpame,
Ondo, Isin and Saki. The gravity low at Sotoubona is
elongated in the N-S direction while those at other
locations are diffused in no particular main direction.

5.2. HGM of the Bouguer anomaly

Figure 5 presents the amplitudes of the HGM of the
Bouguer anomaly. The horizontal gradient values
range from 0.095 to 1.205 mGal/km. The magenta to
red colour show areas of high horizontal gradient, the
greenish colour indicates moderate gradient, while the
blue clour shows low horizontal gradient. The high
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Figure 4. Filtered Bouguer Gravity Data over the Study Area.

amplitude HGM trend in varied directions ranging
from the NW-SE, NNE-SSW to N-S. The low gradient
anomalies are mostly closed and elongated trending in
the NE-SW and E-W directions.

The HGM map highlights gradient amplitudes of
various shapes in the study area. The elongated high
amplitude gradients indicate the presence of fault/
fractures while intrusions are indicated by circular
high amplitude gradients. The HGM map suggests
areas that have undergone varied geotectonic events.
These areas are indicated by the amount of faults,
fractures and intrusions of varying attributes repre-
sented by elongated and close-contoured high gradi-
ents. West of the study area, at Oranyi, the circular
high gradient zone, centred on the suture zone, is due
to the presence of dense mantle materials which are
displayed in nappes basic rock massifs (Tidjani et al.
1993). Similarly, the circular high gravity gradients at
Bante and Chetti confirm magmatic intrusives. In like
manner, the circular high gravity gradients at Ijio, Ife,
Ilesha, Ibadan and Ogbomosho indicate the presence
of magmatic intrusives (mafic and ultramafic rock),
especially in the schist belt, of the Precambrian base-
ment of southwest Nigeria (Rahaman et al. 1988; Caby
and Boesse 2001; Ariyibi 2011). The elongated high
gradients at locations such as Igbeti, Isin, Ijero,
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Figure 5. Horizontal Gradient Magnitude Map from Gravity
Data over the Study Area.

Ibadan, Dassa-Zoume, Bante and Chetti are indicative
of intrabasement faults/fractures and contacts.
Ajibade and Wright (1989) proposed that the TBN
shield is an aggregation of continental fragments and
that shears/fractures with close proximity to ultrama-
fic/mafic bodies of ophiolitic origin might be crustal
sutures along continental collisions zone. These crus-
tal sutures are important in understanding the seismi-
city of this shield as they provide zones of weakness
along which transcurrent movements might occur
(Sengor 1985). The eastern part of the study area is
dominated by brittle tectonics indicated by short wave
high gravity gradients.

5.3. 3-D Euler deconvolution

The result of 3-D Euler deconvolution applied on the
Bouguer map of the study area is presented in Figure
6. In this study, the structural index of zero and
window size of 10 gave the best clustering solution
representative of fault, contact and dykes. The clus-
tered Euler solutions revealed both linear and curved
elements which correspond to faults/fractures and
probable deep contacts, respectively. The result



obtained from the Euler deconvolution mirrors many
of the structures that were highlighted using the
HGM technique in Figure 5. By reason of the struc-
tural index used, locations with linear clustering
solution were assumed to be faults/fractures.
Therefore, the lineaments derived from HGM map
which do not indicate association to the Euler linear
clustering solutions were not considered as fault or
fracture. Significant lineaments highlighted by the
Euler plot (Figure 6) are noted by rectangles labelled
L1 - L7. L1 is a N-S trending lineament along Ibadan
and Jjebu-Ode. L2, which extends through the south
of Igbeti, is a major lineament oriented in approxi-
mately NNE-SSW direction. L3 marks a fault/frac-
ture system which extends across L2 in the NW-SE
direction. L4 marks a lineament in the northeastern
part of the study area. The lineament trends ENE-
WSW across Ilorin. L5 and L7 indicate lineaments
oriented in the NE-SW direction with L7 coinciding
with the well-known Ifewara fault. L6 trends in the
N-S direction and coincides with the Kandi fault. The
circular solutions C1 and C2 correspond to contacts
or magmatic intrusive bodies. C3 maps the intrusive
bodies at the suture zone while C4 reveals those close
to the Kandi fault.

The Euler plot result (Figure 6) shows that the
depths obtained range from about 2 km to greater
than 6 km. The plot reveals the non-uniform depth
distribution of the faults/fractures from shallow to
deep subsurface layers. Larger portion of L4 and
parts of L2 are either buried or deep faults as solutions
less than 2000 m are missing along these lineaments.
L5 and L7 are of relative shallower depth. L1, L2, C1
and C2 are deeper bodies than L5 and L7 though lesser
in depth compared to C3 and C4. C3 and C4 have
extension into deep depth suggesting the source of the
intrusive to be from the mantle. Generally structures
in the western part of the study area have deeper depth
in comparison to those in other areas.

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS e 543

Figure 7 is the 3D Euler solution plot obtained
using zero structural index and window size of 20.
The map gives additional details on the features and
was considered in delineating these structures. It
reveals that L1 and L2 from Figure 6 are intercon-
nected forming a NNE-SSW trending mega-structure
(hereafter referred to as Lagos-Ibadan-Ijebu-Ode fault
system). It can also be seen that L1 forms a part of
a ring structure running through Abeokuta, Ibadan,
Iseyin and Kajola. At Sotouboua, it is observed that C3
and C4 in Figure 6 are interconnected at deep depth
and might have the same origin from the collision of
the WAC with the TBN.

5.4. Multilayer horizontal gradient maxima
analysis

Figure 8 is the superimposed map of HGM solutions
at continuation heights 10, 20, 30, 40, 50 and 60 km.
The progressive migration of the lines of maxima
indicates the orientation of the dip of each lineament
and the depth extent of the lineaments in the study
area. Some of the significant structures within the
study area are labelled M1 to M10. M1, M2, M3, M5
and M6 indicate deep structures with noticeable pre-
sence at continuation height of above 50 km.
Intermediate depth structures are observed at M4,
M8, M9 and M10 indicated by their presence of 30
to 40 km maxima and not beyond. M7, whose location
and orientation suggest the well-known Ifewara fault,
is of relative shallow depth as no maxima solution is
noticed beyond the 20 km continuation height.

As observed from Figure 8, structures M4, M7, M8,
M9 and M10 have vertical dip as the maxima lay on
each other with little or no offset. M1 and M2 dips
east, M3 dips west and M5 dips in south-west direc-
tion. M6 which trends NE-SW dips south-east at one
end and dips NW at the other end. Most of the max-
ima solutions show linear or curvy-linear structures
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Figure 6.

80

Gravity Derived 3-D Euler Solution Map of the Study Area (Window Size = 10, SI = 0).
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indicating fault or fractures. M3 however appears to be
part of a larger circle suggesting deep circular contact
or intrusive.

5.5. Inferred contacts from Bouguer anomaly

Figure 9 is the derived contact maps of the study area.
A total number of 149 lineaments were mapped with
lengths ranging between about 4.4 km and 64.8 km.
Each of these linear features can be considered to be
structurally significant as they extend beyond 4 km.
The sum and mean of the lineament length are
3056.2 km and 20.5 km, respectively. The rose dia-
gram prepared using the lineament length at 10° inter-
val (Figure 9) shows prominent lineament trends in
the NNE-SSW and NW-SE directions.
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Figure 8. Horizontal Gradient Maxima Solution Plot at
Continuation Height of 10, 20, 30, 40, 50 and 60 km.

5.6. Inferred faults/fractures from gravity data

Figure 10 is the inferred fault/fracture map of the
study area, its rose diagram and superimposed pre-
vious tremor locations. The map was generated from
the examination of the HGM and the 3D Euler tech-
niques. A total number of 89 lineaments were mapped
with lengths ranging from about 6.2 to 94.3 km. The
sum and mean of the lineament lengths are 2945.8 km
and 33.1 km, respectively. The rose diagram prepared
using the fault length at 10° interval shows prominent
lineament trends in the N-S and NNE-SSW directions.
The N-S and the NNE-SSW trend patterns align with
the general N-S foliation strike emplacement and the
transcurrent faults system across the region, suggest-
ing that this region has been intensively affected by the
reactivated Pan-African shear zones and transcurrent
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Figure 9. Inferred Contact Map over the Study Area. Insert:
Rose Diagram.

faults (Oluyide 1988; Dasho et al. 2017). Less domi-
nant trends, from the rose diagram, are the NE-SW
and NW-SE directions, the twin conjugate produced
by transcurrent movements (Oluyide 1988). The wide
spread in the lineaments’ azimuths confirms the poly-
cyclic history of the region (Rahaman et al. 1988). At
regional scale, the prominent trends align with Pan-
African - Brasiliano trends which are associated with
the Pan-African-Brasiliano orogeny (Caby 1989; de
Wit et al. 2008; Ganade et al. 2016).

The major faults/fractures were mapped as contin-
uous lines of the minor faults/fractures. The super-
position of the previous tremor locations on this
structural map reveals existing relationship between
the fault systems and the previous seismic events. The
proximity of most of the felt seismic events to the
N-S trending F7 fault, which runs through Ibadan
and extends south beyond the study area towards the
Atlantic, indicates that this fault/fracture zone could
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Figure 10. Inferred Faults/Fractures Map over the Study Area.

be associated to the tremors felt in Lagos, Ibadan and
Ile-Ife in 1939; Ibadan in 1948; Ijebu-Ode in 1963;
Ijebu-Ode, Ibadan, Shagamu, Abeokuta, Ijebu Remo
in 1984; Lagos in 1988; Ibadan in 1990; Ijebu-Ode in
1994; Ibadan, Akure, Abeokuta, Ijebu-Ode and Oyo in
2000; Abeokuta, Ago-Iwoye, Ajambata, Ajegunle,
Imeko, Ijebu-Ode, Ilaro and Ibadan in 2009; and
Abeokuta in 2011. Most of these events were pre-
viously linked to the NE-SW trending Ifewara fault
system (F12) by various authors (Afegbua et al. 2011;
Akpan et al. 2014; Tsalha et al. 2015). The Ifewara fault
system though believed to be an inland incursion of
the Atlantic fracture zone cannot be assumed to be
more associated to these tremor events than F7. It may
be difficult to confirm whether or not F7 is an active or
reactivated fault, due to the paucity of data, it is how-
ever by no means mere coincidence that the tremor
events had such proximity to the fault. The 1984, 1990,
2000 and 2009 tremors are the only events that were
instrumentally recorded. The 1984 and 1990 events
had their epicentres at Ijebu-Ode (Ajakaiye et al.
1987; Osagie 2008). These events could be due to
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crustal adjustment along F7. The 2000 and 2009 events
had their epicentres at Okitipupa and at Allada Benin
Republic, 129 km and 190 km from Ibadan, respec-
tively (Akpan and Yakubu 2010; Akpan et al. 2014).
Although these events had their epicentres far from
F7, the shocks were still particularly felt along this fault
system. In these events, the F7 might have served as
a zone of weakness thereby amplifying propagated
seismic waves along it. Shocks from distant plate
boundaries, such as the Mid-Atlantic ridge, could in
like manner, may have been propagated by the F7 in
some other events.

F11 can be observed to be a part of an extended
NW-SE trending fault system comprising F17, F16
and F4 underlying Iseyin and Okounfo (Figures 8
and 10). The dislocations along this fault system at
Kajola, Oyo and at the location south of Ife are indica-
tion of past tectonic movements along F15, F7 and
F12, respectively. Similar tectonic movement is also
indicated, north of Ijio, by the dislocation of F14 - F6
NE-SW trending fault system along F17. Movements
(crustal adjustments) along this fault lines could be
trigger mechanism for some of the previous and pos-
sibly future seismic events within the study area.

The NNE-SSW trending F5 is observed to be linked
to the N-S trending F7 (Figures 7 and 10) forming
a megastructure across the study area. In like manner,
the NE-SW trending F8 is also connected to the F7.
Faults F8 and F12 trending in the same direction may
have emanated from the same tectonic process or pro-
cesses. The interconnection between these faults/frac-
tures could further be tremor trigger mechanism within
the study area. The NW-SE trending F11, which dips in
the SW direction, is connected to the F7 through F4. It
could be associated to the year 2000 tremor that
occurred near Akure. F16 which is directly connected
to F11 across F7 may also be associated to the 2016
tremor felt in Saki and Iseyin areas. The structural
attributes, in terms of strike and dip, of some of the
inferred faults/fractures are detailed in Table 1.

Table 1. Structural Attributes of some Inferred Faults.

Inferred Fault Segment Strike Dip
F1 NNW-SSE NE

F2 N-S E

F3 NNW-SSE WSwW
F4 WNW-ESE S

F5 NNE-SSW VERTICAL
F6 NNE-SSW NE

F7 N-S VERTICAL
F8 NE-SW VERTICAL
F9 NW-SE VERTICAL
F10 ENE-WSW VERTICAL
F11 NW-SE SW
F12 NE-SW VERTICAL
F13 NW-SE VERTICAL
F14 NE-SW NW
F15 NE-SW VERTICAL
F16 NW-SE VERTICAL
F17 NW-SE VERTICAL
F18 NW-SE VERTICAL
F19 NNE-SSW w

6. Conclusion

This study deals with the mapping of the crustal dis-
continuities in order to understand their significance
to seismic events within the study area using bouguer
gravity data. The inferred faults/fractures map
revealed footprints of major tectonic activities within
the study area. The rose diagram of the inferred faults/
fractures within the study area showed dominant
lineament trends in the N-S and NNE-SSW directions.
Major discontinuities were mapped at locations such
as Ijebu-ode, Ibadan, Igbeti, Saki, Ondo, Ilesha, Iseyin,
Kajola, Ketou, Okounfo and Bante. Footprints of tec-
tonic movements/dislocations were identified at
Kajola, Oyo, south of Ife and north of Ijio. Further
crustal adjustment along these fault systems could be
trigger mechanism for future seismic events. This
study concludes that the Togo-Benin-Nigeria Shield
contains footprints of past tectonic activities and that
the Lagos-Ibadan-Ijebu-Ode fault system is more
associated with the tremor events within the study
area than previously reported.
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